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FOREWORD

Welive as guests ofthe greenplants on earth. Thisisbecause green plants, through
the process of photosynthesis, constitute the source of primary productiviy.
Naturally, the process of photosynthesis has evoked great interest among physiolo-
gists, breeders, biochemists, geneticists and agronomists. Recent studies on
potential changes in climate as a result of the growing imbalance between atmos-
pheric carbon emissions and carbon absorption have underlined the urgency of
understanding the impact of high concentration of CO,and other greenhouse gases
in the atmosphere on food security. Precipitation, temperature, sea levels and
ultraviolet radiation can all be affected by changes in atmospheric CO, levels and
in the ozone layer. Anticipatory research is, therefore, essential to anticipate the
potential impact of climatic factors on photosynthesis.

Considerable data are already available on the impact of CO, on photosynthe-
sis and photorespiration. However, photorespiration rates may decrease with an
increase in atmospheric CO, . Past studies tend to suggest that a higher CO,content
in the atmosphere may be an advantage particularly in areas where water may be
alimited factor. Unfortunately, most studies on direct CO, effects have involved CO
concentrations of 660 ppm. We need studies using levels ranging from 450 to 500
ppm. Also under field conditions, the anticipated gain may not be realised due tothe
complex nature of interactions involved among atmospheric CO, levels, tempera-
ture, precipitation and sunlight hours.

This publication is thus timely. It contains a wealth of information which will be
valuable in crop modelling and in the agronomic and genetic improvement of
productivity. In population-rich, but land-hungry countries like India, China and
Bangladesh, the only pathway available for meeting the growing food needs is the
improvement of productivity per day, and per units of land, water and energy. Much

of the progress made so far in improving the yield of crops has come from a better
pamtnomng of photo-svnthatee in faunmiw ~f 2o~ -
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I congratulate Dr.Y.P. Abrol for getting this publication ready for dissemination
both speedily and in a very readable manner.
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Director
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PREFACE)

The biosphere, lithosphere, hydrosphere and at . ae’in
dynamic equilibrium. Human activities during the la . wwing particularly
landscape modification, resource exploitation and\_muent flow have reached
sufficient magnitude as to disturb the global eco-system. Higher temperatures,
redistribution of rainfall, increased UV-B radiation due to stratospheric ozone
depletion and increased levels of atmospheric CO, and other greenhouse gases
may have profound but at the present state of our knowledge unpredictable effects
on photosynthesis and plant productivity.

interaction of US and Indian scientists for over a decade due to operation of US-
india Fund supported co-ordinated project entitled “Photosynthesis and Crop
Productivity under Tropical Environment” at some ICAR Institutes/Universities led
to a suggestion by the US scientists to hold a workshop in India to develop a clear
understanding of the climate changes at global level and to pool research efforts to
develop strategies so as to ameliorate the basic environment in which we grow our
crops. Further, it was felt that this will provide an opportunity to the international
community of scientists to freely exchange ideas, share data and develop collabo-
rativeresearch efforts designed to understand the impact of global climatic changes.

Inresponsetothe above suggestion, the Indian Council of Agricultural Research
constituted a steering committee under the Chairmanship of Dr. N.S. Randhawa,
Director-General, ICAR with the following members: Dr. R.S. Paroda, Deputy
Director General (CS); Dr. A.M. Michael, Director, IARI; Dr. R.C. Hedlund, Acting
Director, FERRO; Dr. S.C. Adlakha, Agricultura! Research Specialist, FERRO;
Mr. J.C. Malhotra, Assistant Director General (PIU); and Dr. Y.P. Abrol, Head,
Division of Plant Physiology, |ARI, as Member-Secretary.

The workshop was inaugurated at the Indian Agricultural Research Institute
Auditorium by the Deputy Prime Minister of India, Shri Devi Lal. During the function,
a book entitled “Photosynthesis and plant productivity under tropical environment
— a co-ordinated effort”, summarizing the work done in thz project was released.
From the US side, His Excellency the US Ambassador to India, Mr. William Clark,
Jr. also participated in the inaugural function. Professor M.G.K. Menon, M.P., Rajya
Sabha, delivered the Opening Address. This was followed by an Overview Lecture
on “Global Climate Change Scenario” by Dr. A.P. Mitra, Director General, CSIR and
Special Lecture by Professor Fakhri A. Bazzaz, Harvard University, on “CO, and
global climate change”.

The five-day deliberations which included presentation by invited speakers,
poster presentations and discussions by the working groups were held at Hyatt
Regency, New Delhi. Experts from different fields of environmental sciences
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including Dr. T.P. Coohill (Atmospheric Physics), Dr. B.L. Deekshatulu (Remote
Sensing), and Dr. D.R. Sikka (Tropical Meteorology) and a number of agro-
climatologists were invited to share their views on possible hazards of climatic
changes with experts in the fields of photosynthesis and plant productivity. This
Proceedings Volume comprises papers presented/submitted for presentation and
recommendations of the working groups regarding identification of future research
priorities and areas where collaboration is desirable amongst the international
community of scientists.

I wish to put it on record that the success of this workshop was entirely due to
the active support by all members of the Organizing/Technical Programme Commit-
tees, Chairpersons and Rapporteurs of different sessions/working groups, staff of
FERRO and the Division of Plant Physiology. My special thanks are to Drs. Aruna
Sharma and S.N.Bhardwaj for their ungrudging help in attending to each and every
detail of preparation of materials required for the workshop.

Thanks are due to ISRO and CSIR for supplying copies of “Geosphere and
Biosphere Programme” and “Global Change — Indian contributions, 1980-1989",
respectively, for distribution among the participants.

Division of Plant Physiology Y.P. ABROL
IARI{, New Delhi 110012, India Organizing Secretary
May, 1991
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

OVERVIEW:
GLOBAL CHANGE AND INDIAN EXPERIENCE

A.P. Mitra

pirector General, Council of Scientific and Industrial Research,
Rafi Marg, New Delhi-110 001.

Present address: Bhatnagar Fellow, National Physical Laboratory
Pusa Campus, New Delhi-110 012.

1. INTRODUCTION

In this overview lecture I present to you, instead of an
overview of the general subject of global change =~ matters that have
been described in different fora in considerable details - an outline
of the role that Indian scientists have been playing in this area in

the past and are continuing today and the plans for the future.

Past work that I will outline here includes:

i) the ozone network in India
ii) the Indian Middle Atmospherz Programme (IMAP)

I will also give you an account of the major facilities that have
been developed over the years, including the period of the IMAP and

finally an outline of the current activities and some results.

2. THE INDIAN MIDDLE ATMOSPHERE PROGRAMME (IMAP)

During the years since the IGY, the most important international
programme from Indian point of view and also in the context of
global change was an intensive multi-institutional and multi-
disciplinary study of the middle atmosphere beginning on January 1,
1982, and continuing till March, 1989. This is the Indian Middle
Atmosphere Programme (IMAP), a part of the International MAP

activity. About 200 Indian scientists (at least 50 of whom were
young and new entrants in this area) coming from 20 institutions were
involved in this programme, operating in stations spread all over
India (Fig.1).

The Indian effort was centered on specially organized campaigns
with specific goals. These campaigns were multi-technique and multi-

institutional. These were so organized that normal routine or
XVii



standard measurements (often continuing over a long time) could also
be integrated with these programmes with enhanced utility. Thus
the effort was alsc to include input of scientists from small

institutions.

The programme was divided into five broad disciplines: minor
constituents and atmospheric chemistry, atmospheric dynamics,
radiation, ionization  including electrodynamics, modelling  and
theoretical studies, and four operational activities: balloons, rockets,
satellite data and software and information cell. There was provision
also for the establishment of centres. All these areas are critical
for global <change studies, especially those relating to major

constituents, dynamics and radiation.

A total of 178 rockets were launched for the primary and
subsequent phases of IMAP. This was a major effort of a magnitude
we had not undertaken before and required careful planning for
production of rockets in time, for payload fabrication and integration
to be in phase. Of those large number of rockets a major fraction
went for Ozone Intercomparison and Equatorial Dynamics Campaigns.
The Ozone Intercomparison (March 23-31, 1983) Campaign and the
Diurnal Variation Campaign (Dec.3-8, 1987), both carried out jointly
with Soviet scientists, with payloads from both India and USSR, used
up a total of 37 M-100 rockets fired within two periods of roughly a

week each.

A national high altituds balloon facility operating at Hyderabad
was available to the IMAP community. 100 kg (ionization and minor
constituents) balloons were used. Special high altitude balloons were

used during the equatorial wave campaign from a number of places.

Balloons were planned to be one of the major tools for study
and a total of 33 balloons were to be deployed for special
experinents. These were high altitude balloons and the expected
minimuir altitudes to be attained were between 25 and 35 km. These
were in addition to those flown by India Meteorological Department
till the end of 1984, launched 1000 high altitude balloons for
temperature and wind measurements from different places in the
country; about 50 ozonesonde flights (fortnightly) from Delhi, Pune

and Trivandrum; about 400 radiometersonde flights from 8 stations.

A major aim was to evolve a first order reference middle
atmosphere over India. '

xviii



A reference atmosphere must include at least the following

elements:
i) Concentrations of the main atmospheric constituents NZ' O2

and the neutral temperature T.

ii) Distributions of the interacting minor constituents:
a) greenhouse molecules COZ' CH4, NOX, CFMs
b) ozone
c) radicals OH, C10, NO
d) aerosols

ifi) Electron and ion distributions; and preferably also the

nature of the ions,

iv) Profiles of wind motions of different types

For the reference atmosphere, the least known and in the
context of the global change problem, the most critical were the
minor species. Amongst the many in the oxygen, hydrogen, nitrogen,
carbon and chlorine families, not all could be measured in the short
.timeframe or with the techniques and facilities available in India or
could be developed during IMAP. Nor was it considered necessary to
measure all minor species in India. For example, CO2 measurements
at Mona Loa continuing for several decades are global representative
values and can be accepted for Indian conditions as for others. The

status is given in Table 1.

Table 1: Greenhouse molecules - Status of Indian observations

CO2 Not measured routinely but flux from biomass burning
by portable gas chromatograph (PGC)

CH, Yes. PGC (NPL) Profile: Balloons (Hyderabad)

O3 Yes. Extensive: Groundbased, Balloons, Rockets

NOX NQ in mesophere (Rockets)
NZO in Tropo/Strat (Balloons)}
NO2 in Tropo/Strat (Laser heterodyning system)

CFM:S Tropo/Strat in Hyderabad (Balloons)

H,0 Radiosondes 6-8 km

Yiy



LASER HETERODYNING UPTO 35 Km
ROCKETS UPPER STRAT/MESOSPHERE

The hierarchy of interest was:

Troposphere EZQ’ 93, (_:ﬂ4, CFMs, N;ZQ‘ OH
Stratosphere IjZQ, (_33, OH, NO, C10, (_3E4, CFMs
Mesosphere NO, IjZQ, 93. 0

Those underlined were the ones for which measurements were
undertaken. This meant introduction of new ground -based and a

heavy dependence on balloons and rockets.

In the early 80's when the IMAP started, ozone measurements
were well in hand with a long series of measurements with Dobson
spectrophotometers and some balloon and rocket measurements, but
there were limited amount of observations for other minor species.
For nitric oxide measurements had been made with rocket- borne
techniques for the mesophere but not for the stratosphere or the
troposphere. Water vapour measurements through the radiosonde
technique gave HZO concentrations upto only 6-8 km. The newly
introduced NPL technique which uses atmospheric emission around 22.3
GHz essentially measured water vapour content and the profile
determination involved several assumptions and in any case was
restricted to the lower troposphere. The only stratospheric HZO
measurements were those by the Soviet scientists who launched
rocket-borne techniques in the late seventies over Thumba. However,

the concentrations were believed to be too large.

During the IMAP we intended to correct this situation. A new
high quality ground-based technique was introduced: the laser
heterodyning system at NPL (described 1later) that could make
realtime profile measurements of HZO (in addition to 03) upto about
25 km. Added to this were some estimates by Jayaraman and
Subbaraya et al from attenuation of solar radiation with balloon-borne
payloads carried in March 1988. As a result we find that Hzo

mixing ratio profile is now on a firm footing.

Thers were successful measurements of CFMs, NZO‘ CH4 from
Hyderabad through a joint Indo-German campaign. Scientists from
PRL, Ahmedabad and MPAE, Lindau, had a composite payload
including a cryogenic gas sampler from MPAE and a multichannel

suntracking photometer provided by PRL. Trace gases collected and
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analysed were COZ' CH4, Ccao, 03; halocarbons such as CFC-11, CFC-
‘12, CFC-22, CFC-13B1, CFC-114, CFC-12B1, CFC-113, CH,CC1, and

3 3
CC14. As a result of the IMAP activities, representative profiles
of several critical minor species have been derived. These are

shown in Fig.2.

3. OZONE OVER INDIA

Of several minor constituents, measurements on ozone have been
the most comprehensive in India and involving essentially all known
techniques except satellite-borne measurements. New techniques such
as laser heterodyning system and UV-B photometers were introduced

during IMAP. The observational techniques include:

i) Dobson spectrophotometers
ii) Surface chemical ozonesondes
iii) Balloon measurements

iv) Rocket measurements at Thumba (by two Indian groups and
also by jointly with USSR scientists)

V) Ground-based UV-B photometer network
vi) A laser heterodyning system at Mew Delhi; and
vii) Microwave radiometry at 110.836 GHz (limited

measurements)

Dobson values are available in most cases from IGY onwards

and the Delhi Dobson equipment was calibrated with world standard

at International Intercomparison in Boulder in 1977. Dakshin
Gangotri station is new and so far had limited operation. Balloon
measurements are available from 1971. Intercomparison was made

with six other countries at Hohenpeissenberg, FRG in January-
February, 19870. Rocket measurements are relatively recent. Uv-B
photometry started in NPL several years ago and with its help a

network was established under the umbrella of IMAP.

Details of the different set-up along with data availability are
indicated below:
(i) Dobson Spectrophotometers
Srinagar (Dobson No0.10) 34°05'N,74°50'E 1959 onwards
New Delhi (Dobson No0.36) 28°38'N,77°13'E 1957 onwards
Varanasi (Dobson No.55) 25°18'N,80°01'E 1963 onwards

Ahmedabad (Dobson No0.54)23°0'N, 72°39'E (earliest since 1951;
initiated by
Ramanathan)

Pune (Dobson No.39) 18°32'E, 73°51'E 1973 onwards

XXi



(ii)-

(iii)

(iv)

(v)

Kodaikanal (Dobson N¢.45)

Dakshin Gangotri

Surface Measurements

Pune

Trivandrum

New Delhi
Kodaikanal
Nagpur

Balloon Measurements

Pune
Delhi

Trivandrum

Dakshin Gangotri

Notes: (a)

(b)

(c)

(d)
Rockets
Thumba

Notes: (a)

(b)

10°14'N, 77°28'E 1953 onwards

70°5, 11°E 1987 onwards

1972 onwards

1972 onwards

1973 onwards

1978 onwards

1978 onwards
Intercomparison with sondes from six other
countries at Hohenpeissenberg, FRG. In January-
February, 1970. The instrument produced slight
positive deviations from the mean in the

troposphere ( 15%) and corresponding low readings
in the stratosphere ( 5%) - several improvements

since.

Measurements available from 1971 onwards.
Feqquency of soundings: fortnightly. More
frequent during campaigns.

At Dakshin Gangotri, special flights in 1987, as

part of the International Ozone Hole Campaign;
flights continuing in 1988, 1989 and 1990.

ECC ozonesondes used.

Indo-USSR Intercomparison Campaign:March 23-31,

1983.

Second Indo-USSR Campaign: December 3-8, 1987.

UV-B Photometers

Delhi

Waltair
Jodhpur
Mysore

Shilong

Trivandrum
Pune

First one to be set Data since November,

1978.
set up during IMAP

up;

set up during IMAP
set up during IMAP



Notes: (a) Narrowband UV-B photometer at ground to measure
directly the erythemally effective radiations with
3 interference filters of 10 nm half bandwidth;
central wavelengths are:
280+10nm; 290+10nm and 310+10nm

{b) Observations obtained first in Delhi (NPL) and
data available since November, 1978.

(vi) Laser Heterodyning System

Delhi (NPL)

Note: Uses tunable CO waveguide laser. Ozone
profiling 15-40 l%m. Capable of monitoring
several other minor species: Water vapour (0-20
km) and NOZ‘

(vii) Microwave Radiometry
Bangalore (RRI)

Notes: (a) Vivekanand and Arora used a mm wave
superheterodyne receiver built for radio
astronomy to obtain spectral line observations of
atmospheric ozone at 110.836GHz.

(b) A new radiometer is now under construction at
NPL for regular operation.
The distribution .of Indian Ozone observing network with

indications of the techniques used is given in Fig.3.

It is also important to note that Indian Dobson network is
amongst the most dense in the tropical regions. Amongst 71 Dobson
stations in the world, only 19 are within $30°N,S and 9 within
*20°N,S8, Of these 19, India has five.

The second major strength of the Indian Ozone programme is
the multiplicity of techniques often used simultaneously or near
simultanegusly for profile determinations. In this context, the two
rocket-balloon-groundbased intercomparison campaigns carried out at
Thumba, as part of the IMAP during 1983 and 1987 are of special
value.

1983 intercomparison data have been compiled and issued
(1987) and a mean reference profile has been derived from these and
other rocket and balloon measurements for the tropics and
specifically for Trivandrum, For the latter, Subbaraya uses a total
of 19 ozone profiles obtained during 1980 to 1984. In Fig.4 we show

the spread in the values for the March



(the last two are at different times and different locations). One
notices: (i) a very sharp rise in ozone concentration from the

tropopause level, (ii) high variability at tropopause.

We have now a very substantial set of data on ozone for the
Indian subcontinent. We can use this: (a) to provide a base
reference profile, (b) to examine trends in ozone changes over the
Indian subcontinent as others are doing for data elsewhere to
examine if there has been any measureable effect so far on CFC
injections, and (c) the nature and extent of the ozone "depression"
that already exists over low latitudes as in India. This last
aspect is one that one needs to emphasise at the outset. There is
a low ozone belt over a good part of India. Any further decrease

would have more impact than in mid-latitude stations.

MAJOR FACILITIES AVAILABLE FOR GLOBAL CHANGE STUDIES
4.1 Rocket Soundings

There are three rocket ranges; (Thumba close to geomagnetic
equator, Sri Hari Kota range near Madras and at Balasore in Orissa)

the rockets normally available for global change related studies are:

RH200 Meteorological payloads . 89 km/10.3 kg at 85°
(haff)

RH300 Scientific experiments 100 km/50 kg at 82°

RH300 Scientific experiments 150 km/60 kg at 82°

The locations of the three rocket ranges are indicated in Fig.

A picture of an IMAP payload carried in a rocket is shown in
Fig.5.
4.2 Balloon Facilities at Hyderabad

A permanent Balloon Facility was set up at Hyderabad in 1971
by the Tata Institute of Fundamental Research. Subsequently this
became a National Facility and Facility was widely used during the
Indian Middle Atmosphere Programme. The current capability is
fabrication and launching of balloons upto 175000 m3, payloads upto
100 kg and flights upto 38 km altitude and durations of 10-12 hours.
The facility has been available for sometime for participation of
scientists from different parts of India on programmes that are
examined by the Balloon Board. Joint programme with other
countries have also been carried out (such as the ones on jointly
organized between PRL and Max Planck Institute at Lindau,

referenced earlier).



4.3 Lidar and Laser Heterodyning System ‘

There were several new facilities set up during the IMAP
period. The lidar facility is at Thumba on the magnetic equator
designed, 1installed and operated by VSSC. It is a ruby lidar
operating on 694.3 nm with a pulse energy of 10J, a pulse width of
a nmicro-second and with essentially regular observations since
October, 1986.

The laser heterodyning system located in Delhi, designed,
fabricated and operated by the NPL, uses a tunable CO2 laser. The
experimental set up 1is shown in Fig.5. The equipment, in
principle, can monitor the following absorption lines of gaseous

species in 9.11 nm range:
1

CF,C12 926.7510cm 10-20 km
NH, 966.2514 0-15
C,H, 974.7500

H,0 (Vapour) 975.9400 0-20

0, 1043.1775 15-40
CFC13 1084.6000 : 10-20

The heterodyning system has been used quite successfully to
derive profiles in a real time sense for ozone, water vapour and
nitrogen dioxide. The profiles were checked against other standard
measurements such as balloon ozonesondes and the technique has been
validated. An exanple is shown in Fig.7. This shows a run on
ozone with near simultaneous balloonsonde measurement (both at

Delhi).

4.4 Indian Remote Sensing Satellite IRS-1A

This Satellite launched on March 17, 1988 provides a major
tool for Indian scientists for remote sensing of several areas of
interest in global change: land use, forestry, water resources,
marine resources and agricultural products. A diagramatic
representation of the IRS system (courtesy: ISRO) is given in Fig.8.
The satellite carries three cameras using CCDs as detectors. The
satellite has two types of imaging sensors - one with a special
resolution of 72.5 metres and the other with two separate imaging

sensors with a special resolution of 36.25 metres each.

4.5 UV-B Photometers
To measure directly the solar ultraviolet-B radiations, instead

of competing it indirectly through measurements of ozone. A network



of UV-B filter photometers have been set up in India (outlined
earlier) operating at 290, 300 and 310 nm. One unit was sent to
the Antarctica to measure UV-B radiation en route and at the Indian

Station, Maitri. Data are standardised in units of microwatt cm-2

-1 s . . .
nm for radiation received at ground for different times and
different solar zenith angles. The intensity of the received
radiation depends on a number of environmental parametsrs: aerosol

loading, cloud (in particular).

In addition, a network of multiwavelength radiometers has

been set up under the supervision of the Trivandrum- group.

5. CURRENT PROGRAMME AND SOME RESULTS
5.1 Reference ozonosphere over India and Special Characteristics
Since ozone has been measured very extensively over India in
different locations, a Reference Ozonosphere for different seasonal
conditions and for different locations can be built up. One example
of the profile structures over Trivandrum (8°N), as obtained from
simultaneous or near simultaneous use of different techniques, has
already been given earlier. Since India covers a fairly large
latitudinal range from equatorial latitudes to mid-latitude conditions,
it is also of interest to see how the profiles shape changes with
latitude. This diagram is shown in Fig.9 in which average profiles

are comparzd for Delhi, Varanasi, Poona and Trivandrum.

No detailed trend analysis of the data, some existing for
three decades or more, has been attempted seriously in India. In
the WMO-NASA Report on International Ozone Trends Panel 1988, most
of Indian Dobson Stations have not been included for trend analysis.
The primary reason it is understood, is claimed to be lack of

information on instrument calibration.

These comments, in our view are not well taken. It has been
pointed out by the Indian Meteorological Department that when the
International Ozone Commission introduced new absorption coefficients
in 1958, these were brought into use in 1India from 1963.
Corrections for the old data from 1957 to 1963 were not made, but
an 8 per cent correction can be made for all data using the C-
wavelength before 1963. Delhi data from 1971 to April 1974 should

be deleted from long-term series, since Dobson No.36 at Delhi

suffered some damage in 1871 and withdrawn from routine use in

April 1974 whe No.112 was brought into operation. It seems to us



that once these points, and those regarding calibration procedures

used are ‘kept in view, a reliable trend analysis is possible.

The next important thing to note is that a good part of India
is sitting in a low ozone belt. This is clearly seen in Fig.10.
Any - further decrease would have more serious impact than in mid-
latitude stations, because then, in addition to increase in UV-B
flux, radiations below 290 nm, which are biologically more active
will begin to penetrate to the ground. The diagrams include both
summer and wintere values and the very large changes between these

dosages are also worth noting.

The third important point concerns India's own observations in
its Antarctic Station Dakshin Gangotri as a part of the International
Antarctic Ozone Hole Campaign of 1987. The observations were made
with balloons throughout the year and- have been continued during
the years 1988, 1989 and 1990. The 1987 October observations,
when the depletion was at its maximum, are shown from a number of
stations in the Antarctic (including the observations made in Dakshin
Gangotri (Fig.12). It is important to remember that the Indian
station (70°S, 11°E) is located on the fringe of the polar vortex and
as the boundary of the vortex shifts from one day to another, the

Indian station also shifts into the containment vessel and outside.

The fourth point is \the direct measurement of the UV-B
radiation at several wavelengths in the erthymcally active regions in
different parts of India. Instead of calculating UV-B dosages from
observations of ozone, use of these photometers gives us directly
the flux reaching the ground. In one sense these equipments are
unique. It is possible to generate UV-B dosages contours over India
from the network that has been set up. The distribution of dosage
over Delhi for different times of the year are shown in Fig.13

(after Srivastava et al).

Since CFCs have now been recognised to be the principal
contributor to the depletion of ozone, view with which Indian
scientists are in agreement, a policy decision undertaken in India is
to undertake technology developments for CFCs alternatives. Two
CSIR laboratories are currently engaged in this work: the National
Chemical Laboratory at Poona and the Indian Institute of Chemical
Technology. Along with this, parameters needed for design
modifications such as compressor, heat exchangers, motors,
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insulational 1lubricants as also the question of toxicity of the

substitutes are under invesdtigation at several CSIR laboratories.

In regard to R-22 which is being suggested as an immediate
(but temporary) solution, Indian manufacturers which are now
producing R-11 and R-22 are also in position to produce R-22.
However, India have some hesitation in using R-22 as a replacement.

The reasons are the following:

a) Although it has a lower ozone depletion potential (ODP}, the
dissociation rate is nevertheless appreciable. This has been
also seen in the balloon measurements of R-22 concentrations
over Hyderabad recently through a joint experiment between

India and West Germany (Fig.14); and

b) Consequent changes in the components and the mechanical

system for refrigeration are not considered worthwhile.

5.2 Warming Scenario

IPCC scenario for changes by 2030 for Southern Asia (5°to

30°N, 70° to 150°E) is outlined to bz as follows:

"The Warming wvaries from 1 to 2°C throughout the year.
Precipitation changes 1little in winter and generally increases
throughout the region by 5 to 15 per cent in summer. Summer soil

moisture incrreases by 5 to 10 per cent".

To provide a better resolution over the entire Indian sub-
continent a large mass of meteorological data recorded for over 100
years are now being analysed in a number of Indian Institutions.
Two special efforts are by the India Metecrological Department and a
group at ISRO. The trend analysis from the India Meteorological
Department of the annual temperature of India with five year running
mean is shown in Fig.15. The variations are within the * level
but nevertheless a trend (of about 0.3°C over the 90 year period)
is observable. The ISRO group (Datta and Chakravarty, personal
communication) 'have taken 90 years of temperature and precipitation
data over some 100 stations in India and have chosen from this 5
warmest years and 5 coldast years. The warmest yeeirs chosen were
1937, 1953, 1973, 1980 and 1983; the coldest years chosen were

1903, 1906, 1908, 1916 and 1964. The differences in average
|




from longterm averages of 1951-1970. Global deviations for these
two groups were: =-0.41°C and +0.22°C. The corresponding values
for India are: 0.24°C and +0.28°C (i.e. a warming of €.53°C ).
Thus warming over India was nearly of the same magnitude as that
for the above as a whole. One notices that except for a few
localized regions of cooling, warming occurs over most part of India
with varying magnitudes upto 0.8°C. In regard to rainfall, changes
in monsoon rainfall are shown in Fig.17. \e notice excess rainfall
over a large part of India. Rainfall deficiencies are seen in South

and South-East and in North-West regions.

5.3 Methane

The IPCC Document (1990) has made a somewhat sweeping
statement relating to emission of methane from paddy fields in Asia:
"one difficulty in obtaining accurate estimates is that almost 90% of
the world's harvested arza of rice paddies is in Asia and of thesz
about 60% are in China and in India from which no detailed data are
available". Detailed data do indeed exist for several parts of Asia
and measurements in India have been going on for a number of
years, principally by the National Physical Laboratory. A number
of publications exist describing the details of the measurement
techniques and the results of measurements from paddy fields under
different conditions (Parashar et al, 1988; Saha et al, 1989;
Parashar et al, 1990; Parashar et al, 1991). The measurement
nethod involves the use of a gas chromatograph with FID. Air
samples are sometimes analysed in situ with a portable gas
chromatograph. Also, samples are collected in teflon bags and
analysed with a microprocessor controlled gas chromatograph in the
laboratory. Methane standards for comparison were prepared in the

laboratory.

Methane flux rate was found to depend as indeed seen
elsewhere on a number of parameters including: (a) whether the
paddy field is water~logged or not, (b) on soil temperatire, soil
moisture and its pH wvalue, (c) on the nature and content of

fertilizers and (d) the phase of the going season.

Measurements in India shows a very wide range of values for



representative flux rates are:

Inundated rice fields : 3-10 mg/mz/h
Wet soil with no stagnating water ¢ 0.1-0. mg/mz/h

Comparisons given by Parashar (private communication) with

data taken from other countries are shown in Table 2.

Table 2: Comparison of India Observations with those elsewhere
(after Parashai)

(In gm m 2d_l)

Indian Data OECD Data

Acidic (0.5 - 3.2) x 10_3 0.19 - 0.69 (China}
(Av: 0.5)

Alkaline (5-75) x 10_3 0.16 - 0.38 (Italy)
(unfertilized)

LOWLAND: (5-75) x 10—3 0.28 - 0.60 (Italy}
Acidic (fertilizad)

Alkaline (31-1530) x 10”3 0.25 (California)

(fertilized)

Total contribution is a product of three parameters: the flux
rate (A), the area of the particular category (B) and the duration
of the rice growing season (C). The total emission is then given

by a product of these three.

The duration assumed in the Indian calculations is 90 days and
the estimated acreage of water-logged paddy fields is taken to be
16 million hectares. With these values the current Indian estimate
of methane emission from paddy fields in India is between 5 to 10
terragram per year in contrast with over 30 Tg/yr reported in some

calculations elsewhere.

6. Concluding Remarks

It is clear that the currently existing facilities in India (IRS
satellite, the three rocket ranges, Balloon Facility in Hyderabad;
the LIDAR at Thumba, the Laser Heterodyning System etc.) provide
excellent opportunities for global change progranmne. The National
Natural Resources Management System (NNRMS), now being establishad
under ISRO/DOS, which uses remote sensing data from IRS-1A,
Landsat, SPOT and NOAA, data interpretation facilities at five
Regional Remote Sensing Service Centres and 21 State Remote Sensing

Centre will provide a major support system. IGBP-related
XXX



information expected from NNRMS includes:

(i) Regular mapping of changes in forerst cover
(ii) Mapping of flooded areas

(iii) Land form changes

(iv) Components of hydrological cycle

Other satellite applications envisaged include: vegetation index
derivation from NOAA-AVHRR; study of Thar desert covering parts of
Rajasthan, Haryana, Punjab and Gujarat states wusing currently
available aerial photographs from Landsat MSS/TM, IRS-1A, LISS-1 and
II, SPOT-HRV, NOAA-AVHRR and also future missions like ERS-1 and
EOS polar platform; sea surface temperature and chlorophyll

concentrations using NOAA-AVHRR channels.

A new facility available to atmospheric scientists will be the

MST (Mesospheric Stratospheric Tropospheric). radar now operating

on ST mode in a place {(13°N, 79°E) near Tirupati in Andhra Pradesh
(Fig.18). The neighbouring rocket range at SHAR provides
opportunities for intercomparison and complementarity. The radar
operates at 53 MHz with peak power of 2.5 MW (and a peak power

10,.

aperture products of 3 x 10 Wm_z), an antenna array consisting of

1024 crores yagi elements.

The Radar was commissioned on ST mode on 29 October, 1990
and is available also to international community of scientists. The
radar provides high resolution 3-d contours of dynamical parameters
on a realtime basis. In addition, it allows a study of the
tropopause characteristics with a resolution of 150m, and consequently
provides an important tool for study of stratosphere - tropospheric

exchange processes.

A major effort this year will be the "1991 Methane Campaign".
This will comprise of networked and intercalibrated set of
measurements in different rice-growing areas of India (Orissa,
Assam, West Bengal, Bihar, Andhra Pradesh, Tamil Nadu, Kerala,
Delhi, Haryana etc.) and new measurements of emissions from animals

vis-a-vis nature of food intake.
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STRATOSPHERIC OZONE DEPLETION AS IT AFFECTS
LIFE ON EARTH - THE ROLE OF ULTRAVIOLET
ACTION SPECTROSCOPY

Thomas P. Coohill
Department of Physics and Astronomy
Western Kentucky University
Bowling Green, Kentucky 42101, U.S.A.

ABSTRACT

It is widely agreed that a portion of the earth’s protective stratospheric ozone layer is
being depleted. The major effect of this ozone loss will be an increase in the amount
of ultraviolet radiation (UV) reaching the biosphere. This increase will be completely
contained within the UVB (290 nm - 320 nm). It is imperative that assessments be
made of the effects of this additional UVB on living organisms. This requires a
detailed knowledge of the UVB photobiology of these life forms. One analytical
technique to aid in these approximations is the construction of UV action spectra for
such important biological end-points as human skin cancer, cataracts, immune
suppression; plant photosynthesis and crop yields; and aquatic organism responses to
UVB, especially the phytoplankton. Combining these action spectra with the known
solar spectrum (and estimates for various ozone depletion senarios) can give rise to a
series of effectiveness spectra for these parameters. This manuscript gives a first
approximation, rough estimate, for the effectiveness spectra for some of these
bioresponses, and a series of crude temporary values for how a 10% ozone loss would
affect the above end-points. These are not intended to masquerade as final answers,
but, rather, to serve as beginning attempts for a process which should be continually
refined. It is hoped that these estimates will be of some limited use to agencies, such
as government and industry, that have to plan now for changes in human activities that
might alter future atmospheric chemistry in a beneficial manner.

INTRODUCTION

By 1988, the scientific community had reached agreement that a portion of the
earth’s protective stratospheric ozone layer was being depleted, largely by man-made
chemicals (1, 2, 3).This consensus was arrived at by the careful analysis of a
substantial amount of data on the vertical ozone column, recorded by balloon, rocket,
airplane, and other measurements. Earth- based wavelength measurements in the UVB
(290-320 nm), largely conducted with "Dobson" meters, confirmed the former
experiments (4, 5, 6). But the amount of stratospheric ozone loss above temperate
areas, especially in the northern hemisphere, was not enough (less than 10%) to alarm
the general public, even though (see below) it may have serious consequences for life
on earth. It was the advent of the antarctic "ozone hole” that convinced the public,
governmental agencies, and even skeptical scientists that the ozone layer was indeed
being reduced, by as much as 50% in this case, and that this loss could be attributed,
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in large part, to human activities (3). The ozone hole (7), which appears only in the
austral spring, was further observed to break up in the summer months and spin off
depleted areas that caused severe temporary ozone losses above some major populated
areas in the southern hemisphere (e.g. the reported 35% depletion above the city of
Melbourne).

Although the list of chemical pollutants responsible for the loss of stratospheric
ozone is long, one major group stands out, the chlorofluorocarbons (CFCs) invented
in the 1930’s (8). These CFCs are widely used in a variety of manufactured goods
because of their stability, inertness, and long life. Thus many coolants, electronic
solvents, foams, etc. contain CFCs which are slowly released into the atmosphere
where they can exist for up to one hundred years. About thirty years after release
these CFCs perculate into the stratosphere where, via a reaction involving short
wavelength (A) ultraviolet radiation (UV), they produce free chlorine which destroys
ozone. Each CFC molecule acts in a catalytic fashion to destroy about 100,000 ozone
molecules.

A rapid response to this world wide threat, considering the geopolitical situation
produced the first Montreal Protocol in 1985, which addressed the problem directly by
proposing limits on CFC production. These restraints have been made more stringent
as additional data accumulates (9). It is hoped that this treaty will turn off the source
of CFCs (and other offending gases) by the early twenty-first century.

The use of transition chemicals, eg. HCFCs, will allow us time to evolve to a
series of chlorine free substitutes for CFCs that are both safe and energy efficient.
However, even if all CFC usage were to stop by the turn of the millennium, the release
of the CFCs already in the world, and their long lifetimes, means that the ozone layer
will continue to be adversely affected until at least the mid-twenty-first century.

Ultraviolet Radiation and Living Forms

The immediate question that the stratospheric O, problem poses is "what will
this mean for the world?" The most important direct consequence of this loss of ozone
is an increase in the amount of a certain portion of the UV spectrum reaching the
surface of the earth. This increase will be largely confined to the wavelength region
295-315 nm since shorter wavelengths are absorbed by other atmospheric components,
while longer ones penetrate the current atmospheric column. This narrow region is a
large fraction of the so-called UVB. Thus the effects of O, depletion can be assessed
by estimating or measuring the additional consequences of increased UVB exposure.
These consequences are largely biological. Hence, a broad understanding of the UVB
photobiology of living organisms is essential, if we are to estimate the worldwide
effect of O, depletion. What follows is a general attempt at such estimations and a
description of the biological assay most applicable for addressing the extent of this

Abbrcviations used in this manuscript:

UV- Ultraviolct radiation (190-380 nm).  AS - action spectrium (a) A - wavelength (s)
(Docs not include the vacuum UV). AAS --analytical AS CFC - chlorofluorcarbon

UVA - UV of A 320-380 nm PAS - polychromatic AS

UVB - UV of A 290-320 nm ES - effectivencss spectrum (a)

UVC - UV of A 190-290 nm
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problem. Future estimates will follow as the amount of data collected on these
systems increases. A goal is to provide the scientific, governmental, and public
communities with reasonable, scientifically based values that can be used for
determining appropriate responses to this worldwide problem.

The vast majority of biological organisms evolved after the initial formation of
the stratospheric O, layer. This layer provided for living forms an umbrella of
protection from the deleterious effects of UV by absorbing heavily those UV
wavelengths below 320 nm. It is probably not a coincidence that the single most
important molecule in living cells, i.e. the genetic material DNA, has an absorption
spectrum that peaks at 260 nm (well below 320 nm) and drops by three orders of
magnitude at 320 nm. In addition, the molecules plastoquinone and plastoquinol, both
important in photosynthesis, also absorb strongly at A below 310 nm (figure 1). The
percentage of UVB in the solar output reaching the top of the earth’s atmosphere is
less than 1.5% (20 Wm'®); the amount reaching the earth’s surface is less than 0.3%
(2Wm?) due to the filtering effect of atmospheric chemicals. Even so, there is enough
ambient UVB reaching the biosphere to produce some damage to cellular DNA. UV
effects on DNA are widely reported and include such photochemical changes as
pyrimidine dimers, 6-4 photoproducts, DNA-protein cross links, and lesions that can
lead to single and double strand breaks (10, 11, 12). If left unrepaired, these lesions
may lead to impairment, mutation, or even cell death. For these reasons, some
organisms avoid exposure to high levels of ambient UV, or are in the case of humans
advised to do so to prevent serious damage. The biochemical and physiological
consequences of UV exposure to some biological systems are well characterized and
reasonably well understood (13, 67, 14) when compared with other insults, eg. ionizing
radiation (15).

Any analysis of biological responses to UV is complicated by a large number
of variables (16). In addition, animals, especially humans, can avoid sunlight if they
choose; terrestrial plants cannot. Some plants have evolved in brilliant sunlight and
would be expected to have developed defensive mechanisms to cope with high levels
of UV. Shielding of component cells and tissues in higher organisms, or shielding of
single cells by other cells in a system, is difficult to estimate. Plant cells are often
highly pigmented and hence especially able to protect centrally located target
molecules such as DNA (17) from the harmful effects of UV. Pigmentation in animal
cells varies. The wide variety of biological responses measured in plants also limits
the degree to which comparisons between laboratories may be made (18). Plants are
exposed to many stresses in addition to UV radiation (19, 20, 21). T\hese include, but
are not limited to, available nutrients, water stress, atmospheric composition. Any
attempt at providing a general picture of a typical plant’s responses to these varied
parameters is at best difficult and at worst impossible. Most animal studies are
confined to laboratory studies, often single cells or groups of cells in culture, a highly
artificial situation (22). This paper attempts to provide a limited first approximation
of the type of general data that may be useful in this regard. It follows from the plant
work of Caldwell (18) and Tevini (23) and includes important results from their work
and that of others (24, 25, 16, 26, 27, 28). Results reported for lower plants have
already been compiled (29, 30). Data from animal, mostly mammalian cells in culture,
are from a variety of sources, partially summarized by Coohill (22) and Coohill et al.
3.
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Figure 1. The umbrella-like protection from solar UV afforded to several
important biomolecules by the absorption proporties of ozone. Solar
UV at the top of the atmsophere. Absorption spectra for Ozone,
DNA, Plastoquinone, and Plastoquinol.

Action Spectroscopy

Among the methods of obtaining and analyzing photobiological data, the
technique known as Action Spectroscopy plays a central role in the initial
characterization of bioresponses. Action spectroscopy is most simply defined as the
measurement of a biological effect as a function of wavelength. Crude action spectra
(AS) the term "action spectrum” was not coined until the nineteen forties (32) were
first used in the nineteenth century to help identify chlorophyll as the chromophore
most responsible for the growth of plants (33, 34, 35). In this century more
sophisticated methods refined the analysis of AS such that it is now possible, in some
instances, to make a reasonable determination of the molecule likely to contain the
chromophore(s) responsible for the response being studied. It is this latter usage that
has allowed such important identifications as the determination of DNA as the genetic
material (36, 37). This was possible because of the experimental availability of small
unicellular organisms (such as bacteria and fungi) for photobiological studies. Such
systems meet a variety of rather stringent criteria (see below) for reliable analysis of
what [ will term an analytical action spectrum. However, it is still possible to glean
some information about the photoresponses of organisms that do not meet these
criteria, although it may be impossible to identify either the molecule(s) or the
mechanism(s) involved in the process being studied. It may not be possible to
circumvent these limitations if a complex process, such as plant "growth”, is to be
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analyzed. Action spectra for this latter process may be nothing more than a
determination of effect as a function of wavelength and remain uninterpretable as to
the mechanism causing the effect. But even here, such action spectra can be useful
in estimating response to ambient or changing light exposures.

Analytical Action Spectra (AAS)

If it is desirable and possible to do so, a carefully constructed AS can identify
the absorbing chromophore. This can occur if the AS corresponds closely to the
absorption spectrum of a molecule that can be shown to be affected by exposure to
radiation in the A region tested, and that, within reason, can be thought of as being
involved in the metabolic process being studied. Whether this chromophore is directly
responsible for the effect, or whether it has an energy level configuration that matches
the energy of the incident photons which excite or alter the molecule and then, in turn,
transfers the absorbed energy to a molecule that directly causes the effect, can
sometimes be determined (13, 22, 31).

The following five fundamental conditions are necessary for the construction
of an analytical action spectrum (for a more complete description see Jagger {13]).
First, at no A should more than half of the incident radiation be absorbed by the
sample before every participating chromophore is exposed. Ideally, each chromophore
should be exposed to the same number of photons in order to have the same
probability of responding. This is never the case with biological samples. The higher
the transmission of the sample, the more accurate the AAS can be. Thus, Gates (36)
was able to obtain a relatively rigorous AAS, because he used the bacteria E. coli and
S. aureus which have cellular diameters of less than 2. He measured the absorption
of a monolayer of these cells at 260 nm to be about 25% (36), saying in addition that
a thin layer of such cells was "all but colorless in visible light, and so transparent that
objects may be seen through it clearly and without distortion". Jagger (13) estimated
the amount of absorption to the center of an E. coli cell, at this same A, to be equal
to or less than 15% (depending in the growth stage of the cell). Various measurements
and calculations for mammalian cells show that more than half of the radiation at 260
nm will be absorbed before it reaches the center of a spherical cell (radius 10 ), while
less than a third will be absorbed before it reaches the center of the nucleus of a
flattened umbonate cell (38, 39). Even still, reasonable AAS for such important
mammalian cell functions as survival, mutation, and viral induction have been reported
(40, 41, 42, 43, 44, 45, 46). Significant absorption of UV radiation by multicellular
organisms, such as plants, usually precludes an AAS, but useful AS have been
constructed, even utilizing higher plants (24, 25, 16, 26, 47, 28).

The second criterion for an AAR is that scattering and absorption of radiation
in front of the target chromophore should be either negligible, and thus satisfy the
criterion of high transmission, or amenable to a "correction factor” for such shielding.
For example, if the absorption and scattering properties of the membranes and
cytoplasm, and their thicknesses between the incident beam and a centrally located .
target chromophore, such as nuclear DNA, are known, then it may be possible to
subtract these effects and predict the intensity and wavelength distribution of the
radiation reaching the target molecules (17, 39). Even better, if a target, such as
adjacent pyrimidine molecules in DNA, is known to cause an effect, and if the
consequent photoproduct (the pyrimidine dimer) can be measured, then an AS for



dimer formation can be compared to an AS for cell killing. If they are similar, any
observed shift in the peak of this spectrum compared to the absorption spectrum cf
isolated DNA (22) can be accounted for if knowledge of the target chromophore or of
the absorption and scattering events before the radiation impinges on the chromophore
is not detailed, then any correction factor is suspect. For those cells that can change
their size (17) or shape (39) it is sometimes possible to alter the exposure to the cell
surface in such a manner as to expose the center of the cell to the same fluence (17,
39).  Again, such experimental modifications should be avoided if careful
measurements of cellular dimensions are not available.

A third criterion demands that (for a given chromophore) the absorption
spectrum in vitro, be identical to its absorption spectrum in vivo, in order to compare
it to an AAS. In addition, the quantum yield, which is the probably of a
photochemical change in a chromophore that has absorbed a photon, should be the
same for all the A tested in the AAR. Otherwise the effect can vary with A even
without a change in the absorption of radiation by the chromophore. Although this
should be tested, it rarely is, but it is often a safe assumption for biomolecules (13).

The fourth criterion for an accurate AAS involves the shape of the fluence
effect curves ("survival” curves if cell killing is being measured). It should be possible
to multiply each separate A survival curve by a suitable fluence modification factor so
that the curves are reasonably superimposable upon one another. This is an easily
tested and crucial factor in determining whether one is looking at the same mechanism
of action throughout the A region. This can often be complicated by the extent of the
non responsive (shoulder) portion of the fluence effect curves, which in turn, may well
be affected by extraneous factors, such as the amount of photochemical repair being
accomplished during the assay period (13, 16).

The fifth, and often the easiest, criterion to test is whether the effect is the same
regardless of the rate at which the exposure is given. In other words, does the
efficiency of the process change, if a given amount of radiation is delivered to a
sample in a short time at one A, but due to experimental constraints, over a longer time
period at a different A? It is therefore imperative that each A used be tested in fluence
rate over as much of the range of fluence rates used at other A as is possible. It is
usually impossible to shorten each fluence rate to that of the briefest exposure, since
sources do not usually emit at the same rate for each A, so one normally extends the
most effective A to longer times. Often this reciprocity has to be tested over a fluence
rate range of at least a factor of three.

Even if all of the above constraints are met, and they never are, there are
experimental variables that can limit the reliability of any AS. These include, but are
not limited to: the spectral purity of the radiation source; the accuracy of the dosimetry
measurements; the placement of the dosimeter (ideally-at the sample); the presence of
exogenous and/or endogenous “non-participating” chromophores; the ambient (even
micro-environmental) conditions; the time in the life cycle (cellular) or growth cycle
(developmental) of the exposed organism; and the physical state of the target molecule
(eg., DNA extended or coiled in chromotion). In addition, cells often harbor
sophisticated and efficient methods for repairing photobiological damage (13). Again,
the extent of this repair during irradiation and before assay can significantly effect the



measured response. All of these variables can given rise to errors in the interpretation
of an AAS. Hence, "a particular action spectrum is a very specialized thing and may
apply only under the conditions actually used to obtain it" (13).

Even given the above constraints, AAS have been produced that have pointed
to the answer for crucial biological questions. Perhaps the most famous AAS is that
of Gates (36) who showed (figure 2), for the first time, that nucleic acid (presumably
DNA) was the target molecule for the death of bacterial cells (both E. coli and S.
aureus). This was the first clear evidence that the genetic material was DNA, not, as
‘was then widely believed, protein. Almost a decade later, even more tenable results
for identification of the genetic material were the AAS that involved cellular mutation
by UV. Knapp, Reuss, Risse, and Schreiber (48) using the spores of Sphaerocarpus
Donnelli; Stader and Uber (49) using the pollen of maize; and Hollaender and Emmons
(37) using the fungus Trichophyton metagrophytes, all showed that UV in the region
about 265 nm was the most effective A for cellular mutation. Hollaender and Emmons
(37) went on to compare these results with those for cell killing in these organisms and
concluded that "the 265 nm maximum coincides with the high absorption coefficient
of nucleic acids near this wavelength". All of these studies and those of Gates (36)
preceded the biochemical work of Avery (50) which is usually regarded as the first
"clear" evidence that DNA was the genetic material.
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Figure 2. Analytical action spectrum for bacterial cell killing by UV radiation
(Gates, 1930 [36]). This was the first clear evidence that DNA was
the genetic material. The solid time is the absorption spectrum for
DNA. The points are the quantum corrected efficiences for cell
killing at the plotted wavelength.



Although AAS utilizing small cells flourished, it was difficult to extend these
studies to larger (e.g. mammalian) cells because of the substantial absorption of UV
by large cells and tissues. Early attempts by Mayer and Schreiber (51) failed to
produce AS (figure 3) with the fine structure of those of Gates (36), because they
employed hanging-drop mammalian tissue samples that were essentially opaque to
radiation near the peak of DNA absorption (260 nm). But, with the advent of single
cell mammalian culture techniques, and with the unique flattened geometry that
mammalian cells assume when in monolayer culture (39) these studies began to appear
in the later 1960’s. The first AAS for mammalian cell killing (40) reported data
similar to that of Gates (36) with bacteria, but with a peak effect shifted slightly
toward longer A (peak 270 nm). This gave rise to the belief that both nucleic acids
(peak absorption 260 nm) and proteins (peak absorption 280 nm) might contribute to
reproductive death in these cells. However, once measurements of the AS for
pyrimidine dimer production were available (41, 44, 51, 52.), it could be shown that
DNA alone was responsible for mammalian cell lethality (22).
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Figure 3. Action spectra for killing of bacteria (36), mammalian cells (22), and
mammalian tissue (51). Also represented is the absorption spectrum
for DNA. Note that the fine structure inherent in the AS for bacteria
and mammalian single cells is absent in the case of mammalian
tissue. This is because the latter is essentially opaque to UV (see
text).
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UV-A (320 - 380 nm) Action Spectra

It was widely thought that experimental work in the UVC and UVB (ie. A
range 190 -320 nm) could be extrapolated to predict photobiologial responses in the
UVA (320 - 380 nm). This is not the case and UVA AS are much more complex than
what had previously been predicted (53, 14, 31). Here even events such as cell
mutation, which surely involves the genetic material, can be affected at fluences far
below those necessary to affect DNA in these A regions. It is thought that an
intermediate molecule is involved that absorbs the incident UVA photon and transfers
the effect to DNA (31). Hence, studies in the environmentally relevant UV
wavelength region, ie those UV wavelengths that reach the earth’s surface (290 - 380
nm), are being increasingly reported, and AS in this region do not lend themselves to
ready interpretation (54, 55, 56, 57).

Polychromatic Action Spectra (PAS)

In addition, many authors, perhaps realizing the futility of attempting to
construct AAS using multi-cellular organisms, have reported AS that employ
polychromatic sources. These polychromatic AS (PAS) add to the complexity already
inherent in the literature involving A studies and bio-effects. These studies vary from
irradiating the affected system with single UV wavelengths only (and then growing
them under normal illumination, i.e. a "standard" AS), adding single wavelengths to
a "white" light background, or generating a set of data using polychromatic sources
that employ cutoff filters at successively shorter wavelengths. The former
monochromatic system is accurate, and the preferred way for determining the target
chromophore and the classical method for generating a true action spectrum, i.e. a plot
of biological effect as a function of single-wavelength irradiations. However, this
system is highly artificial and greatly removed from the natural setting. The
polychromatic system is complex and tends to obscure individual chromophores, but
it is closest to natural field conditions. A major advantage of using polychromatic
radiation in the development of PAS is that interactions of biological responses to
different wavelengths (usually unknown) can be empirically incorporated into the
composite spectrum. For example, the involvement of photorepair systems or other
cellular responses to longer wavelength radiation that might mitigate the damaging
effect of shorter-wavelength radiation can be assessed without knowing about the
nature or spectra for these repair and/or mitigating responses (13, 18, 58). While a
PAS is useful because of its closer relation to the natural setting, it should be
remembered that the monochromatic action spectra widely used for erythema (59) and
for DNA (60) have proven useful in making general statements about biological
responses to UV. The same would be true for more complex systems, such as plants.

Stratospheric Ozone Depletion and Action Spectroscopy

So the field of action spectroscopy is quite complex. However, once again, it
is an important first analysis in determining bioresponses to the natural environment.
For example, the known depletion of stratospheric ozone and the consequent increase
in the amount of UVB (290 - 320 nm) radiation reaching the biosphere (4, 61), is of
major concern to the worldwide community. Government agencies, the popular press,
and others, are keenly aware of this environmental problem, and, as is correct, have
turned to the photobiological community with the question "how will this affect life
on earth?" One obvious method of providing at least limited estimates for these
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effects is to obtain AS for a given effect, and combine these with the known (or
estimated) ambient solar radiation expected due to various ozone depletion scenarios.
Such an effectiveness spectrum (ES, 62) can be used to give first approximation
preliminary estimates for the effects of this increased UVB on the biosphere.

For example, one could combine the AS for cell erythema with both the known
and an estimated depleted ozone layer, solar spectrum reaching the earth’s surface to
produce two ES and measure the increase in effect due to the latter (figure 4). Other
well established AS could be used to produce similar ES that would allow reasonable
estimates to be stated for the biological consequences of a decreased ozone layer.
Preliminary attempts for some biological parameters, such as skin cancer, have already
been made (63, 64, 65, 66, 67). For example, Henriksen, Dahlback, Larsen and Moan
(65) predicted a 2% increase in overall skin cancer for each 1% depletion of
stratospheric ozone. Other estimates for direct effects on human health are needed,
e.g. cortical cataracts (68); some are being proposed, e.g. immune suppression (69).
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Figure 4. Erythema action spectrum (59) and solar effectiveness spectrum (14)

for human skin. Added to the figure is the solar spectrum for a 16%

Q, depletion and the corresponding effectiveness spectrum for this
additional UV radiation exposure.

But perhaps the most significant detrimental biological effects, even for human
populations, will be those due to increased exposure to UVB of both terrestrial and
aquatic organisms, especially plants. Data for UV effects on terrestrial higher plants
is being collected, mainly for important crops, and, in some instances, forest species
(70). Initdal crop data show that several cultivars of some major crop species are
sensitive to UVB. These include soybeans, beans, wheat, peas, rice, potato, squash,
and cassava (71, 23, 72, 73, 74). Some studies show other cultivars of rice and wheat
to be insensitive to UV (71). Other crops appear to be UV resistant, e.g. corn,
peanuts, and cabbage (71). Estimates of the extent of this sensitivity are difficult to

/
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make even for such vague assays as "yield". But the results cited above seem to show
that decreases in yield quantity and quality may well occur under enhanced UV
exposure. Attempts to construct as ES from a generalized plant damage AS (18) or
from a variety of end-points weighted for photosynthesis (75) allow a preliminary
estimate of a 1% decrease for each 1% decrease in the ozone layer (figure 5).
However, it must be remembered that no one AS represents the general responses for
higher plants. If crop yields diminish, certain human populations already near
starvation may be dramatically effected (76).
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Figure 5. This figure (75) shows the increase in solar plant damage due to a
16% decrease in ozone. The area under the O, depleted
effectiveness spectrum (dashed line) is 17% greater than that for a
normal solar effectiveness spectrum. Data such as this,
approximately translates into a 1% increase in plant damage for each
1% decrease in O,.

All of the above ES show that the A region 295 - 315 nm (ie., contained within
the UVB) is the only region of the UV spectrum that will shown an increase in
biological effect due to ozone depletion.

Some scientists think that the first noticeable effect of a depleted ozone layer
might be a reduction in the phytoplankton community in the world’s oceans (77, 78,
79, 80, 81). Laboratory results show that some phytoplankton already appear to be at,
or near, their UV stress limit. Small increases in UV-B may dramatically lower their
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reproductive rate. In oceanic populations the situation is more complex since
photoplankton may move to lower positions in the water column to avoid additional
UYV. Such movement would also lower their photosynthetic efficiency. In addition,
different species may predominate in the new solar UV surroundings. Field studies,
though difficult, are being attempted (82). Estimates for the effects of additional UV
on total phytoplankton mass vary widely (83) from dramatic (ie., a 4% decrease for
each 1% decrease in ozone (78, 79), to negligible (no decrease, (82), and even in some
cases to an increase (83). At present, a crude estimate would be that the total
phytoplankton population will decrease 1% for each 1% loss of ozone (84). Since
plankton account for more than half of the earth’s biomass and, hence, fix more than
half of the atmospheric CO,, any reduction in their population will have drastic effects
on the aquatic food chain and could contribute significantly to the greenhouse effect.

Conclusions

Thus, accurate information is needed to assess the potential effects on living
organisms caused by an increase in the ultraviolet radiation reaching the earth’s surface
due to the depletion of stratospheric ozone. Of immediate use would be a series of
action spectra for general biological effect(s) that would typify responses to increased
UVB. At minimum, this would require that data be collected at a variety of
wavelengths that include, at least, the full UVB Range. Further extension of the
system to longer wavelengths would be preferable, in part to estimate other cellular
responses, including repair (85, 58, 56). Such a spectrum would provide biologists
with a common starting point, similar to the erythemal action spectrum widely quoted
as a typical response to UV for human skin (59). Because of the absorption properties
of ozone and the solar UV spectrum, increases in the UV flux at the earth’s surface
would be concentrated in the UVB (61, 86). How these small increases in incident
energy would affect living cells and ecosysterns (87) is still at issue, but detrimental
effects have been postulated (88, 23) and, in some cases, for example plants, reported
(72, 19, 73, 88, 89, 90, 91).

So, once again, accurate AS are needed to answer key photobiological questions
central to our understanding of the ecological consequences of human behavior. More
AS have to be generated, especially for plants. Studies utilizing plant cells in culture
might be able to identify the chromophores involved in plant responses to UV. Field
studies utilizing intact plants and polychromatic sources added to the ambient
background will be essential for realistic estimates of effect. From the above it is
apparent that no single action spectrum or solar effectiveness spectrum can currently
be considered to be general enough to predict the varied responses of all biological
systems to wavelengths throughout the environmentally relevant UV range 290 to 380
nm. However, reasonable estimates can be made for plant damage by UVB and a
portion of UVA (75). The usefulness of these spectra are limited and they will be
replaced in the future by more accurate and common spectra as they are generated.
The availability and use of numerous cell mutants has made a large contribution to the
understanding of the responses of bacteria, fungi, and mammalian cells to UV. More
plant mutant data, such as those reported by Galland (92), are also needed. If common
assays and irradiation procedures are followed, then a generalized plant damage action
spectrum may be forthcoming and will add to the body of animal cell data already
generated. In addition, a representative AS for aquatic organisms, especially the
phytoplankton, would be of immediate interest (92). If data are clearly listed in tabular

14



form, comparisons will be facilitated. Of course, as is also the case for the widely
used action spectrum for human skin erythema, no common spectrum will suffice to
substitute for any specific spectrum for any given response. But the photobiological
community will be asked to provide "a realistic action spectrum, developed under more
natural conditions” (73), to allow government agencies (and others) to assume correct

sitions. Therefore, common attempts, though limited, may have widespread
implications. Accordingly, table 1 is a first approximation rough estimate for the
effects of a 10% depletion of stratospheric on some of the bioresponses mention above.

—

Table 1
Ozone Depletion and Life on Earth

Rough estimates of the effects on certain bioresponses from the
additional UVB (290 - 320nm) reaching the biosphere due to a

10% depletion* of stratospheric ozone.

25% increase in human non-melanoma skin
cancers

15% increase in human cortical cataracts

10% increase in human immune system

suppression®
10% decrease in certain UV sensitive crop
yields

10% decrease in oceanic phytoplankton

* A value that could occur at high latitudes over inhabited arcas by
the mid XXI century.

+ largely from data utilizing a murine model
estimates vary widely for these crucial organisms (sce Lext)
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

SOLAR ULTRAVIOLET-B RADIATION MEASUREMENT AT
THE EARTH'S SURFACE: TECHNIQUES AND TRENDS

Ann R. Webb, Department of Meteorology, University of Reading, England.

ABSTRACT

" An increase in solar ultraviolet-B radiation reaching the earth's sur-
face due to stratospheric ozone depletion has potential impacts on
much of the biosphere : human health, natural ecosystems, both aquatic
and terrestrial, and agriculture. To understand the implications of a
change in ultraviolet-B climate the effects of ultraviolet-B radiation
on different life forms must be understood, and analysed with respect
to a knowledge of the present levels of ultraviolet-B radiation
currently tolerated, and the expected changes in those levels. Both
the mechanisms and end results of ultraviolet-B effects on plants are
poorly understood, complicated by interaction with other stresses,
differing plant responses, and a history of research based on various
unrealistic radiation regimes. The strong wavelength dependency of
both the solar spectrum and the plant action spectra make questionable
the relevance of results obtained with artificial radiation sources
when extrapolated to natural environmental radiation. The solar
ultraviolet-B radiation has great natural variability and has been
measured in a number of ways by both broadband techniqﬁés and more
recently by instruments with high wavelength resolution, providing
spectral data. There is an increasing demand for spectral data to
facilitate the planning and analysis of ultraviolet-B impact experi-
ments that are relevant to what may be experienced in the environment.
Identifying radiation changes and their cause will also be helped by
spectral measurements as ozone depletion would lead to greatest pro-
portional increase at short wavelengths, but because of the great
intensity change across the ultraviolet-B waveband this signal may be

hidden in an all-encompassing broadband measurement. The current

23



needs to understand the mechanism by which the radiation is affecting
the system, the action spectrum of the response and the dose-response
relationship. Over a period of time repair processes and/or adaptive
mechanisms must also be considered and all these effects related to the

changes in incident radiation.

UVB EFFECTS ON PLANTS

In the case of UVB radiation effects on plants, knowledge in all the
above areas is limited and variable. The overall effectiveness of
UVB varies between species and also between cultivars of the same
species. Effects on sensitive plants include reduced growth

(measured by leaf area, plant height, etc.) reduced photosynthetic
activity (directly or indirectly) and flowering (3). Some sensitive
plants show an adaptive defence, accumulating UV-absorbing compounds ip
the outer tissues to screen the inner layers of tissue - a mechanism
similar to the tanning of human skin. No common action spectrum hag
been found to adequately express the response of plants in general to
different wavelengths of UV radiation (4) and thus the interaction
between responses of different plants must also be considered. Will
UVB reduced growth seriously reduce the competitiveness of a plant in
either a natural ecosystem or an agricultural situation (crop vs. weed)
and will the balance of natural vegetation or the viability of a crop
thus change? What role does UVB stress play when a crop is multiply
stressed, for example by water shortage or pests? Is it a dominant

factor or merely contributory with other stresses being more important?

The lack of comprehensive knowledge of UVB effects, mechanisms and
interactions with other environmental factors is due in part to the
difficulty of performing realistic research in this field (3). The
problem of realistic irradiation. Plants need light to grow, there-
fore there is no such thing as a simple dark control in plant research,
Plants are also sensitive not only to the total fadiative energy avail-
able but also to the spectral distribution of that energy, given wave-
bands controlling or having a greater efficiency for the different
growth processes. Thus it is the ratio of different wavebands that
must be carefully controlled as well as overall energy when designing 4
radiation experiment on plants. For example, under low levels of
visible light UVB sensitivity of plants increases (3). The reasons
for this are not fully understood but it may be analogous to damage of
the human eye : At low visible light levels the eye is doing the job it
25 S LIBRARY GKVK
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evolved for and making maximum use of the available light, allowing
maximum radiation to enter the eye, thereby unwittingly subjecting
itself to damage by the unexpectedly high levels of UVB. A plant
unsaturated by photosynthetically active radiation may suffer through
a corresponding evolutionary expectation that other radiation levels
are also low, and defence mechanisms against UVB do not need to be
fully developed. On the other hand high levels of visible light, and
also UVA/blue light mediate photorepair mechanisms (5) and thus reduce

the effects of UVB damage.

Much of the UVB-plant information currently available has been obtained
using UV radiation sources to enhance the short wavelength end of an
existing (or control) source, be it the artificial light in growth
chambers or solar radiation in the field or glasshouses. However, the
spectral distribution of these artificial sources is not the same as
that of the sun and their relative effectiveness has to be assessed by
using a biological weighting function. The DNA-action spectrum (6) or
the generalised plant action spectrum of Caldwell (7) is often used but
neither of these is fully representative of the response of full plants
of different species (4). Reducing high levels of ambient UVB in a
realistic manner has been achieved by placing ozone containing

cuvettes over growth chambers situated at low latitudes to give high
(ambient) and low (ozone reduced) levels of UVB to corresponding

plants (8). More such realistic research needs to be done to better

assess the effects of UVB on plants in field conditions.

The importance of providing realistic irradiation to investigations of
plant response to UVB, both in terms of energy and spectral distribut-
ion has been outlined above. What then is realistic for solar UVB
radiation? What are current ambient levels of UVB to which each
species is adapted in its natural environment? How does UVB change
with latitude and season? If ozone depletion was equivalent to
changing the UVB climate of 40°N to that currently experienced at 10°N
what would this mean for spectral intensity distribution? Will such
UVB climate changes really occur and will they be recognised if they
do? The remainder of this paper will discuss the technigues for
measuring solar UVB radiation and describe some of the natural vari-

ability in ambient UVB levels.
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MEASUREMENT TECHNIQUES

Broadband Sensors

There are two basic categories of UVB measurements : broadband and
spectral. The most widely available are broadband measurements which
indicate the total irradiation across the UVB waveband and are often
weighted by the sensors response function to give an 'equivalent' or
teffective' measure of the radiation. The sensor response is
frequently matched, or approximated to, a biological response e.g. the
erythema action spectrum as in the Robertson-Berger meter (9), and the
radiation is then measured in terms of its overail effectiveness for
producing erythema. This may be expressed as sunburn units or W2
erythemally effective radiation. The principle is the same as that
used for other wavebands e.g. a photoﬁic measure of visible radiation
rather than the absolute energy in the visible waveband. However, in
the UVB, tailoring the response of the instrument by choice of de-
tector and/or filters is both difficult and critical. Figure 1 shows
the generalised action spectra for erythema (10), plants (7) and DNA
(6), the response spectrum of the Robertson~Berger meter (9) and the

shape of the solar UVB spectrum.
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Because of the steep and opposing slopes of fhe solar spectrum and
biological responses across the UVB waveband any mismatch of the
instrument response and the biological effect it purports to represent
could greatly reduce the useful information to be gained from the mea-
surements. This is particularly so when the instrument response
extends to longer wavelengths than the biological response. As the
spectral intensity at for example 320 nm is 2 order of magnitude
greater than that at 300 nm any detection of biologically ineffective
radiation at the longer wavelengths can mask changes at short wave-
lengths which are very small in energy terms but extremely important
for their biological activity. This problem is compounded further if
broadband measurements are used to compare radiation sources with
diffefent spectral outputs e.g. in relating artificial lights to sun-
light. Nontheless broadband instruments have been, and are,
frequently used for UVB measurements for a number of practical and

technological reasons.

Broadband radiometers are relatively cheap, small and easy to operate.
They can withstand long term exposure to environmental conditions, and
with an electrical output can be used for continous monitoring. Long
term solar UVB waveband measurements have been made in this way in the
United States, 1974-85 (11) and Switzerland, 1981-89 (12) but inter-~
pretation of the results is hampered by the spectral bandwidth of the
instrument. The study in the U.S. used Robertson-Berger meters sited
at airports and indicated a decrease in UVB over the study period.
This does not correspond to ozone depletion theory (13) and it has been
suggested that increased low level pollution has reduced overall
radiation levels such that ozone induced changes at the shortest most
susceptible wavelengths could be hidden by the stronger absolute
signal at longer wavelengths. Alternatively, or included in the
general pollution, there may have been an increase in tropospheric
ozone which could offset a small decrease in the stratosphere. Trop-
ospheric ozone is a more effective absorber of solar UVB (14) because
at low levels the radiation is diffuse and its scattered pathlength
through the ozone layer is longér than the pathlength of the direct
beam radiatien through the stratospheric ozone layer. The chance of
the UVB photons encountering an ozone molecule and being absorbed are
thus greater in the troposphere than the stratosphere for equivalent

concentrations of ozone.
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The measurements in Switzerland were made at an altitude of 3576 m,
above the pollution level, and analysed with respect to total incoming
solar radiation (which was assumed not to change). They show a small

increase in UVB radiation over the 9 years of measurement.

Increase or decrease, extrapolating these results to effects upon the
biosphere is difficult with no further spectral detail, for reasons’
aiready discussed. Techniques to by-pass this problem and measure a
biological response directly have been used in particular cases e.g.
the first stage of cutaneous vitamin D,y synthesis (the photoconversion
of 7-dehydrocholesterol to previtamin D, by radiation of wavelengths

< 315 nm) has been studied in different climates using a solution of
7-dehydrocholesterol exposed to sunlight in a quartz test tube (15),
but such methods are necessarily effect-specific and suffer the same
problems of extrapolation to other effects as the broadband radio-
meters. Another alternative to radiometers is the personal dosimeter
for UVB radiation e.g. polysulphone film badges (16). These give a
measure of the total UVB dose received while the badge is being worn,
weighted "erythemally" (though the film may be calibrated in absolute
energy units (17)). Dosimeter badges have the advantage of being
small and easily worn (or attached) to people {(or plants) in many
different situations. They have been used to study, amongst other
things, occupational exposure to UVB (18), the effects of age and life-
style (19), the exposure of different body sites (20) and climate
effects (21). Widespread use of dosimeter badges in epidemilogical
studies prove their chief advantage; volunteers to wear a backpack radio-
meter for a year would be few. Small size and weight also allows the
badges to be sited in delicate positions e.g. on the face, or the leaf

of a plant.

The Need For Spectral Data

While all these broadband UVB sensors have recognised practical
advantages, the requirement for UVB monitors with greater spectral
resolution is increasing. The general questions 'Is ozone being
depleted and UVB likely to increase?' and 'Will this affect life forms?'
have been replaced by more searching enquiries : 'How will ozone changes
in the stratosphere and troposphere influence UVB at ground level?' and
'What are the mechanisms of action of UVB radiation and the specific
wavelengths involved; will they be significantly affected by ozone

change?' Only be answering these questions can the need and the means
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to offset potential damage be understood. Political moves to prevent
further anthropogenic ozone depletion are underway but success is not
guaranteed, and for the immediate future CFCs continue to accunulate.
Nothing further can be done to prevent increases in ambient UVB :
increasing tropospheric ozone is undesirable because of its own
detrimental effects. However, knowing the mechanisms of UVB damage,
their action spectra, dose-response relationship, and the current
levels of UVB radiation tolerated may allow some precautions to be
taken against UVB damage. Constructive interference is most likely,
and most easily achieved, where there is control and economic incentive
- in agriculture. Understanding the mechanisms of UVB action and the
tolerances of different crop species and ~ultivsrs could lead to the
breeding of more UV tolerant strains, or with knowledge of the UVB
climate in different regions a choice of the most suitable cultivars

(a UV-sensitive cultivar of soybean is the currently preferred cultivar

in the U.S. (3)).

Spectral Measurement

All this prospective understanding and adaptation depends upon spectral
knowledge of the solar (or artificial) UVB radiation. Yet there are
very few such measurements and no long term comprehensive data sets.
The most extensive study to date is the work of Berner (22} who made
spectral measurements at Davos, Switzerland, from 1958~61, investi-
gating spectral distribution and its relation to season, ozone and
other factors such as cloud. The work was conducted at altitude (cf.
the later work of Blumthaler) away from the influence of pollution.
Since that definitive work there has been very little information
available, through a combination of technical constraints, lack of

A

demand and cost. \

\
v

Good solar spectral UVB measurements require high éerformance from an
instrument in a number of areas. The shape of the solar spectrum
across the UVB waveband imposes a need for good wavelength resolution
and precision, excellent stray light rejection, high sensitivity and a
dynamic range of several orders of magnitude. Such criteria are met
by spectroradiometers employing double gratings to separate the
radiation into its component wavelengths and then a suitable detector
(often a photomultiplier tube) to measure spectral intensities.
Laboratory based spectroradiometers have long been capable of providing

the performance standards sought, but not when moved outside and
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exposed to a hositle and changing environment. Developing a compact,
portable spectroradiometer capable of operating reliably outdoors was

. more of a challenge. Today there are a number of commercially avail-
4 able instruments capable of this task, plus other instruments developed
by individual research laboratories, from which data is beginning to
appear in press (23-26), but no long-term data is available, nor is
there good areal coverage - measurements have been made at isolated
sites. However as both instrument technology and interest in UVB

data increases this situation is expected to improve. A different
technique for detecting spectra is currently employed in instruments
used for measuring gas concentrations (inc. ozone) in the atmosphere by
taking the ratio of two wavelengths of radiation, one absorbed by the
gas and one not. Such instruments use a diode array to take a 'snap-
shot' of the radiation spectrum which,after being split into its com-
ponent wavelength, is allowed to fall on an array of diodes which
simultaneously record the intensity across the spectrum. Some of these
instruments (e.g. the Brewer spectrophotometer when modified) can
detect UVB wavelengths, but they have still to prove that they do not
suffer from stray light detection when being used for absolute energy
measurements. With such positive proof instruments already routinely
used for monitoring atmospheric constitutents could also provide UVB

data and greatly increase the current sparse sources of information.

Measurements now in progress will form the basis for future comparisons
of long-term trends in solar UVB. The expected differences are small,
and besides the practical challenge of maintaining performance and cal-
ibration over a long period, it will be many years before a trend in
UVB might be detected beyond the natural variability. Ground level
UVB at any one location varies cyclically both daily and seasonally

due to the motion of earth and/isun. Imposed on this regular change is
the natural seasonal pattern of ozone change (27), which varies from
year to year even without interference from man. There are also
changes 'in solar activity which alter the radiation reaching the
atmosphere, and within the troposphere there are the random occurrences
of cloud, haze, aerosol etc., all of which can attenuate UVB (28). To
construct a general UVB climatology for a region takes many years : to

identify change even longer.

SOLAR UVB IN SOUTH-EAST ENGLAND

Meanwhile, the data that is currently available provides information on
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of illumination with longer wavelengths of radiation (UVA and visible),
separated by a dark period, during which repair mechanisms may be
active, before the next period of exposure to UVB. To expose plants
to UVB continuously or in a simple light-dark cycle may hinder repair
processes and indicate a lower tolerance to UVB than might be the case

in field conditions.

It is also important to realise that in the UVB much of the incident
radiation in the environment is diffuse. This is due to scattering

in the atmosphere, where Rayleigh scattering is much more efficient at
short wavelengths. Thus 72% of the UVB waveband is diffuse at noon

in July, this figure increasing to 95% in November. The corresponding
figures for a wavelength of 300 nm are 76% and 99%. In comparison,
the diffuse component of total solar radiation in Reading on a clear
day is about 20%. A plant, or part of a plant, in visual shadow may

therefore still be exposed to a significant amount of UVB.

CONCLUSION

It is possible that there will be future changes in the global UVB
climate due to anthropogenic gases depleting the stratospheric ozone
layer. The magnitude of these changes is difficult to predict

because of uncertainty about future gas emissions and the effect of
changing concentrations on the complex chemistry of the atmosphere.
There is also tropospheric pollution to be considered; increased ozone
in the troposphere could offset stratospheric depletion. wWhile the
extent of UVB change is uncertain, it is widely expected that increases
in this region of the solar spectrum will have a net detrimental effect
on the biosphere. By understanding, in advance, how the mechanisms of
UVB damage work and what the threshold or tolerance limits are for fatal
damage, avoidance measures can be taken. In the area of plant research
and agricultural strategy more work is required to understand how UVB
affects plants, what other factors increase the potential for damage,
or enable repair processes, and which species and cultivars are most
susceptible to UVB damage. This research rwust be conducted in a
realistic radiation environment, using data available on current UVB
levels to design experiments that imitate as closely as possible the
present and possible future exposure regimes that field crops would
experience. It is important that not only total UVB energy but also
the spectral details of radiation regimes are monitored if results are

to be correctly interpreted, and these results extrapolated to predict
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the effects of UVB climate change.
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Impact of Global Climatic Changes on Pholosynthesis and Plant Productivity

EFFECTS OF UV-B AND VISIBLE LIGHT ON THE
REACTION MECHANISM OF PHOTOSYNTHETIC WATER
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G. Renger and H.-J. Eckert

Max-Volmer-Institut fir Biophysikalische und Physikalische Chemie, Technische
Universitit Berlin, StraBe des 17. Juni 135, D-1000 Berlin 12, Germany

ABSTRACT

Deleterious effects of UV and visible light on photosynthetic water cleavage in PS II
membrane fragments from spinach were analyzed. Comparative measurements of (a)
830 nm absorption changes reflecting the turnover of P680, (b) oxygen evolution,
and (c) activity of DCIP reduction in the absence and presence of exogenous electron
donors, led to the conclusion that different target sites exist in PS II which are
susceptible to UV and visible light stress. The mechanism of destruction was found
to depend on the functional integrity of the PS II complex and the light quality.
Visible light predominantly affects the stabilization of the primary charge separation
in PS II membrane fragments when the catalytic site of water oxidation is intact;
whereas, in systems deprived of their oxygen evolution capacity, the functional
connection between P680 and Yy (Tyr-161 of polypeptide DIl) is primarily
interrupted with a rather high quantum yield. On the other hand, with UV-B the
catalytic site of water oxidation is the most sensitive target in PS II membrane
fragments, while non-photochemical quenchers of excitation energy are generated as
well. We conclude that the deleterious effects of light stress cannot be ascribed to a

single target site and a unique photochemical destruction mechanism.

INTRODUCTION

The interaction of solar radiation with photosynthetic organisms exerts multiple
effects of functional relevance. Beyond its indispensable role as driving force of
photosynthesis, many regulatory functions of light are known that are especially
relevant for the development of the photosynthetic apparatus (1-3). Cyanobacteria,
red algae and green plants have developed a variety of suitable adaptation
mechanisms at the exciton level in order to cope with different environmental
illumination conditions (for a recent review see ref. (4)). However, these processes
have a limited capacity. At high light intensities harmful effects arise which can

lead to serious damage and the eventual death of the organism. The light intensity is
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the product of photon flux density (PFD) and the energy of the impinging photons
(hv). At first glance, it appears reasonable to assume that the latter parameter plays
a key role in the mechanism of destruction, because the photon energy determines
the target molecules which can be attacked by light. Therefore, at shorter
wavelength the number and type of target sites are expected to increase. In respect
to the light-induced impairment of the photosynthetic apparatus, current research
activities focus on two types of effects: (a) destruction by UV-B in relation to
problems caused by a decrease of the protective ozone layer in the stratosphere due
to man-made air pollutants (5,6) and (b) photo-inhibition as a consequence of
irradiation with visible light at high photon flux densities (7,8). Accordingly, both

phenomena are worth analyzing in terms of their underlying mechanisms.

PS1 Cytbglt Psi

Fig. 1 General scheme of the photosynthetic electron transport from water to NADP*

coupled with ATP synthesis via proton fluxes ( for details see text).
}

The photosynthetic apparatus of all oxygen-evolving organisms (cyanobacteria, algae
and higher plants) performs two types of different reaction sequences: (a) the light-
induced water cleavage into dioxygen and metabolically bound hydrogen in the form
of NADPH coupled with ATP synthesis. This process comprises the cooperation of
at least four integral membrane processes; i.e., the reaction center complexes of PS I
and PS 11, the Cytochrome b6/f complex and the ATP-synthase (see fig. 1). (b) The
dark reactions of enzyme catalyzed CO, fixation into carbohydrates with NADPH

and ATP as hydrogen and free energy source, respectively.

Numerous studies within the last three decades unambiguously showed that among

the different complexes of sequence (a) the reaction pattern of PS II is most

susceptible to deleterious effects either by UV or by visible light (9-14). The PS I
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complex is the site of the key steps of photosynthetic water cleavage. The overall
reaction sequence of this complex is comprised of three different parts (15-18).

The first part is the generation of strongly oxidizing and moderately reducing redox
equivalents in a w-electron mediated photoredox chemistry, taking place in the
picosecond time domain. A special chlorophyll-~a containing component, referred to
as P680, ejects with a time constant of about 3 ps (19) an electron from its first
excited singlet state to pheophytin a (Pheo) as primary acceptor. Subsequent electron
transfer from Pheo™ to a special noncovalent-bound plastoquinone, Q A» leads with 1
~ 300 ps (20,21) to a radical pair P680*PheoQ A- that is sufficiently stabilized for

further redox reactions.

The second part is the cooperative reaction of four oxidizing redox equivalents with
two water molecules, giving rise to dioxygen and the release of four protons into the
inner space (lumen) of the thylakoids. This reaction takes place via a sequence of
four univalent redox steps at a manganese-containing catalytic site within the time
domain of 50 us to I ms (15-18,22).

The third part is the cooperative reaction of two reducing redox equivalents with
plastoquinone. This reaction takes place at a special plastoquinone-binding site (QB
sfte), located in polypeptide D} of the PS 11 complex (23,24). Plastoquinone at the
Qp site becomes reduced via two sequential univalent redox steps with Q A- as
electron donor. The half-life time of these two electron transfer steps is of the
order of 100-400 us (25,26). Only the plastesemiquincne form is comparatively
strongly bound to the QB site. After double reduction and protonation, the
plastoquinol exhibits a rather weak affinity and readily exchanges to plastoquinone,

thereby completing the reaction cycle (for a review see (26)).

Detailed mechanistic studies on UV-B effects or photoinhibition are aimed at
unraveling (i) the target reaction which becomes primarily affected by a
photodynamic attack and (ii) mode of the modification of a specific redox
component (and/or its protein matrix), giving rise to this effect. In order to address
these problems, suitable methods are required. The application of sensitive
spectroscopic techniques with high time resolution, however, has an inherently
serious problem. As the optical and functional properties of leaves and also of
thylakoid preparations do not permit a thorough analysis of the PS II reaction
pattern, the desired experiments can be performed only with isolated PS 1II
preparations. Therefore, a detailed mechanistic study cannot be performed with
whole leaves, and in vitro studies with isolated systems are necessary. Two basically
different approaches have been introduced. Both of them have their specific

advantages and shortcomings. With the first method, whole plants are exposed to
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deleterious irradiation. After this treatment PS II membranes were isolated and used
for mechanistic studies. At first glance, this procedure seems to provide more
relevant information, because all deleterious or protective effects due to the
modification of target molecules outside the photosynthetic apparatus contribute to
the mode and rate of impairment of PS II. On the other hand, the PS 1l complex in
modified leaves could be more susceptible to degradation during the isolation of PS
I membranes and even smaller complexes so that secondary effects would mask the

in vivo situation.

In the second approach, isolated preparations are illuminated at harmful light
intensities and/or wavelengths. In this case, only effects due to direct interaction
with the photosynthetic electron transport are monitored without interference from
other processes. Although this method might not reflect the in vivo situation, it
provides valuable information on the susceptibility of the isolated system to photo-
dynamic degradation. Therefore, this approach is often used for mechanistic studies

(11,14,28-30).

In this report the mechanisms of degradation by UV-B and by photoinhibition are

analyzed in PS II membrane fragments from spinach.

MATERIALS AND METHODS

Oxygen-evolving PS II membrane fragments were isolated from spinach by
solubilization of thylakoids (prepared as outlined in ref. 31) with Triton X-100
according to the procedure described in ref. (32), with some modifications as in ref.
(33). Samples selectively deprived of their oxygen-evolving capacity were obtained
by standard Tris-washing procedure (34). The exposure to UV-B irradiation and to
visible light was performed while stirring the samples in Petri dishes in an ice bath
(for details see refs. (11) and (14), respectively). Fluorescence decay curves were

measured with a single photon counting technique described recently (35).

Laser flash-induced absorption changes at 830 nm, reflecting the turnover of P680,
were monitored with a single beam flash photometer as outlined in ref. (36). For

other experimental details see ref. 14.

0, evolution was measured with a Clark-type electrode and the DCIP reduction

activity was spectrophotometrically monitored at 590 nm (14).
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RESULTS AND DISCUSSION

I. Exciton Dynamics and Antenna Size

Absorption of photons in the visible or shorter wavelength region leads first to the
formation of excited singlet states in the antenna. Most of them are transformed
into chemical free energy or dissipated via fluorescence emission or radiationless
decay. Some of them, however, can lead to photodynamic destruction depending on
wavelength and light intensity. Therefore, the question arises as to what extent the
antenna itself can be affected. Measurements of fluorescence induction curves in
samples exposed to UV-B irradiation or high intensity visible light led to the
conclusion that modifications can occur at the level of the exciton dynamics (37,38).
In order to address this point, experiments were performed to analyze the exciton

life time and the effective antenna size in light treated samples.

(A) Effects of UV-B on fluorescence life time

Fig. 2 shows typical fluorescence decay curves at 690 nm of control and UV-B
treated PS II membrane fragments at room temperature in the absence of exogenous
electron acceptors. The data reveal two interesting phenomena: the fluorescence
decay exhibits multi-phase kinetics and exposure to UV-B irradiation, giving rise to
a significant decrease of electron transport activity (vide infra), accelerates the fast

phase(s) and retards the slow decay components. Additional experiments under
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Fig. 2 Fluorescence decay at 690 nm of control (a) and UV-B-treated (bc) PS II
membrane fragments at room temperature in the absence of exogenous redox
components. UB-B irradiation time 30 min (b) and 90 min (c). Optical
bandwidth for the emission measurements AR = + 10 nm, for other details see
ref. 35.
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different experimental conditions (addition of exogenous oxidants and reductants,
room temperature and 77 K, monitoring wavelength at 686 or 694 nm)
unambiguously showed that the average lifetime of the fluorescence decay decreased
with progressive UV-B irradiation, regardless of the functional state of the PS II
reaction centers and the emission temperature or wavelength (35). In general, the
complex decay curves of chlorophyll-a fluorescence in plants or thylakoids and
isolated PS 1l preparations can be described either within the framework of model-
based decay associated spectral analysis (for a recent review see ref. (39)) or by using
lifetime distribution functions (40) reflecting heterogeneities of the pigment
environment. In respect to the effects caused by UV-B, both types of numerical
data fitting basically lead to the same conclusion; ie., UV-B creates additional

quenchers of excitons (35). The nature of these quenchers remains to be clarified.

(B) Effects of photoinhibition on the functional antenna size

The formation of dissipative sinks raises questions about the possibility of an
interruption of exciton migration from the antenna to PS II reaction centers by
selective photodynamic degradation of chlorophyll-a molecules in the immediate
neighborhood of P680. This type of P680 disconnection from the antenna was
recently proposed as a mechanism of photoinhibition (41). In order to check this

idea, the extent of light-induced P680" formation was determined as a function of

830nm absorption change(a.u,+,,)
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Fig. 3 Total initial amplitude of the 830 nm absorption change as a function of the
energy of actinic laser flash in Tris-washed PS Il membrane fragments
before (crosses) and after 30 min of photoinhibition (open circles) at 1700
W/m?. For a comparison, the ratio of the amplitudes calculated from these
data is also depicted (open triangles). For other details see ref. 14.
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the actinic laser flash intensity in Tris-washed PS II membrane f ragments. The data
obtained by measuring flash-induced absorption changes at 830 nm (vide infra, see
fig. 8) are depicted in fig. 3. At first glance, no significant modifications of the
saturation curve are observed. An analysis within the model of separate
photosynthetic units and a quantum yield of PS II charge separation of about one
indicates that the effective antenna size decreases in this particular photoinhibition
assay (30 min irradiation with white light 1700 W/m? , see ref. (14)) by about 25%;
whereas, the capacity for stable charge separation becomes diminished by 75% under
the same conditions. This result does not support the idea of a specific effect on
exciton migration from the antenna to P680. The comparatively small decrease of the
effective PS II antenna size is easier explained by different susceptibilities of a- and
B centers to photoinhibition (42). However, our data do not completely rule out the
possibility that a fraction of PS II centers could become totally disconnected from

the antenna. This problem will be addressed in future studies.

II. Functional Reaction Pattern of PS II

Information about the reaction pattern of PS II can be obtained by comparative
measurements of 830 nm absorption changes, reflecting the turnover of P680 and of
oxygen evolution. The transient 830 nm absorption change in the time domain of a
few nanoseconds is the superposition of the dynamics of Chl-a singlet states, the
formation of the primary radical pair P680*Pheo” and either the electron transfer
from Pheo™ to Q4 in open reaction centers or the recombination of P680*Pheo™ in
centers with QA' kept reduced. As neither QA nor QA' do significantly absorb in
the near infrared and the state P680+PheoQA' is formed within 1 ns, the initial
amplitude detected at 830 nm with a time resolution of a few nanoseconds is a
measure of the extent of P680" formation, provided that the yield of triplets is
negligibly small. The relaxation of this absorption change reflects the P680*
reduction kinetics. In PS IT complexes functionally competent in oxygen evolution
P680" becomes reduced predominantly by redox component Y recently identified as
Tyr-161 of polypeptide D1 in Synechoccystis sp. PCC 6803 (43,44). This electron
transfer is dominated by kinetics of about 30 ns and 250 ns (45-48). Selective
elimination of the oxygen-evolution capacity usually causes a significant retardation
of the electron transfer from YZ to P680% (45,49,50). . For example, in Tris-washed
or trypsin-treated samples this reaction exhibits a pH-dependent half time of 2-40
us (51,52). If the redox active tyrosine stays in its oxidized form YZOX, P680*
becomes reduced by QA” with a half lifetime of 100-200 us (49,51,53).
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P68Q turnover characteristics in Qz-gvglving PS II membrane fragments after
exposure 10 UV-B and high intensity white light

Fig. 4 shows absorption changes at 830 nm induced by repetitive laser flash
excitation in PS II membrane fragments exposed to different times of UV-B
irradiation at 90 W/m". In the control sample, the relaxation is dominated by ns

kinetics which are completely transformed into us kinetics after selective destruction

Fig. 4

Absorption changes at 830 nm as a
function of time in PS Il membrane
fragments exposed to different
times, tryyy_p. of UV-B irradiation
at 90 W/m* Incubation with 3 mM
NH,0H after light treatment as

control

indicated in the (figure. The
I‘Ailm'; experiments were performed ai a
“NH20H chlorophyll concentration of 50 uM

in the presence of I mM

absorption change at 830 nm

o K3[Fe(CN)g]: time between flashes
500 ms, other  experimental
conditions as described in Materials

NH,OH and Methods.

60min UY-B

100 "t

time \
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of the water-oxidizing system by incubation with 3 mM NH,OH. Increasing
exposure of the samples to UV-B before the measurements eliminates the relaxation
in the ns time domain, while the detected initial amplitude and the absorption
changes measured in the presence of 3 mM NH,OH are much less affected. These
findings suggest that UV-B irradiation primarily attacks the catalytic site of water
oxidation. On the left side of fig. 5, the detected initial amplitude, the extent of the
ns kinetics, the oxygen evolution capacity, and the activity of DCIP reduction with
H»0 as donor are depicted as a function of UV-B irradiation time. The data reveal
that the extent of the ns kinetics and the almost parallel decline of the O5 evolution
are markedly more susceptibie to UV-B pre-treatment than the total extent of P680*
formation. Likewise, the PS II electron transport with an exogenous PS II electron

donor (DPC) becomes less affected (11).
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Fig. 5 Normalized total initial amplitude, Aqtotal (closed circles), normalized extent
of the ns kinetics, 4A™ (open circles) and oxygen evolution (open triangles)
in PS Il membrane fragments as a function of irradiation time with UV-B of
90 W,/m* (left side) or visible light of 1700 W/m? (right side). All
quantities are normalized to the respective value of the non-irradiated control

sample.

Analogous experiments were performed with PS II membrane fragments
preilluminated with visible light at an intensity of 1700 W/mz. The data obtained
are summarized in fig. 5, right side. A comparison with the left side of fig. 5
reveals a significant qualitative difference. The decline of the detected initial
amplitude due to progressing photoinhibition of the sample does not deviate much
from that of the extent of the ns kinetics and the 0, evolution. To illustrate this
effect more clearly, in fig. 6 the normalized extent of the us kinetics is compared as
a function of exposure time to UV-B and visible light. In the former case an
increase is observed, while in the latter case a decrease occurs. Based on the data of
figs. 4-6, it is inferred that in isolated PS II membrane fragments the catalytic site of
water oxidation is the primary target for damage by UV-B; whereas, photoinhibition
by visible light predominantly eliminates the capability to perform a stable charge

.

separation in PS IL

The deletion of the functional integrity of water oxidation by UV-B raises the
question whether this effect comprises the blockage of a specific redox transition as
in the case of CI” or Ca2* depletion (55,56). To answer this question 830 nm-

absorption changes were measured in dark-adapted samples, illuminated by a train of
47



uv-8
o (-]
» o/
-~ 20F
NI
P

visible

i

laser flashes.

irradiation time/min

60

Fig. 6 Normalized extent of the
s kinetics as a function of
irradiation with UV-B at 90
W/m?* (open circles) or visible
light at 1700 W/m* (closed
circles) of PS II membrane
fragments. The extent of the us
kinetics is normalized to the
respective value of the non-
irradiated control sample.

In order to improve the signal/noise ratio, the experiments were

performed at a reduced time resolution. Under these conditions, the fast ns kinetics

of P680* reduction escape detection. Therefore, in the control samples, the detected

absorption changes as a function of flash number exhibit a marked oscillation with a

maximum in the 3rd flash (see fig. 7), due to the dependence of the electron transfer

rate from Y, to P680* on the redox state S; of the catalytic site of water oxidation

(48,57,58). In contrast to the control, the absorption changes in UV-B treated

gbsorption change at 830nm

Fig. 7
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Absorption changes at 830 nm induced by a train of laser flashes in dark-
control samples (top) or PS Il membrane fragments irradiated for 30 min

with UV-B at 90 W/m?
experimental details see ref. 11,

before 5 min dark adaptation (bottom).
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samples hardly reveal any dependence on the flash number. This finding clearly
shows that modifications caused by UV-B irradiation do not block a specific redox
transition S;S; in the water-oxidizing system. Interestingly, the pattern also
indicates that Y,°* becomes reduced to a significant extent during the dark time
between the flashes. A closer inspection of the data reveals that a significant
fraction of PS II exhibits a relaxation which is slower than the P630% reduction by
Yz in preparations selectively deprived of their oxygen-evolution capacity. The
origin of this effect is not yet completely determined, but it might be related to a
different susceptibility of the P680~YZ connection in samples with and without

functionally competent water oxidation.

P680 turnover characteristics of Tris-washed PS I membrane fragments after
exposure to high intensity white light

Recent reports in the literature provided evidence for different mechanisms of
photoinhibition, depending on the functional integrity of the catalytic site of water
oxidation. To clarify this point, experiments were performed with Tris-washed PS II
membrane fragments. Typical traces of 830 nm-absorption changes, induced by
repetitive flash excitation, are depicted in fig. 8. In the control an almost mono-
exponential relaxation is observed with a half lifetime of about 10 us, which is
typical for the rate of P680% reduction by Yz (51,52). This finding implies that
YZ°x becomes reduced during the dark time between the flashes. In samples

830nm absorplion change
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Fig. 8 Time course of absorption changes at 830 nm induced by repetitive laser
flashes in Tris-washed PS Il membrane fragments: (a) control, (b) 1 min
irradiation and (c) 30 min irradiation with white light at 1700 W/m?*. For
experimental details see ref. 14.
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preilluminated for only 1 min with white light at an intensity of 1700 W/m? the
P680" reduction is drastically retarded without any effect on the extent of P630*
formation. Further photo-inhibitory treatment additionally caused a marked de-
crease of the initial amplitude similar to that of PS II membrane fragments with
intact water oxidizing system (see fig. 5, right side). The results of fig. 8 can be
interpreted with the assumption that the functional connection between P680 and YZ
is very sensitive to photoinhibition in PS II membrane fragments deprived of an
intact catalytic site of water oxidation. In this case, P680* cannot be reduced by Y,
and undergoes a back reaction with Q A_' Alternatively, under repetitive flash
excitation, the P680 recovery with Q A- as reductant can be also explained if YZO"
is formed after the first flash and then stays oxidized. The latter interpretation,
however, is much less likely for two reasons: (1) PS II electron donors like NH,OH
or MnCl,, which are known to reduce YZO" at sufficient rates (59,60), do not affect
the relaxation kinetics, and (2) the P680% reduction is about twice as slow (t /2 =
250 us) as in PS II reaction centers with YZO" kept oxidized. The latter effect.is
probably due to an electrostatic effect of YZO" and the electron transfer rate from
Qu~ to P680* (60,61).

urnover characteristics of PS II membrane fragments illuminated in the
presence of 3 mM Nﬂzﬂ

Recently, it was shown that excitation of PS II membrane fragments with about 50
single turnover flashes in the presence of NHZOH at concentrations leading, in the
dark, to complete elimination of the oxygen-evolution capacity, causes a marked
retardation of the P680% reduction kinetics (61). Illumination in the presence of
NH20H was inferred to disconnect P680 from Y as electron donor (66). Therefore,
the slower kinetics, which resemble those of Tris-washed PS II membrane fragments
after exposure to strong continuous white light, reflect the reduction of P680% by
Q A‘ (instead by YZ) as confirmed by comparative measurements of absorption
changes at 270 nm and 830 nm (61). A selective blockage of the electron transport
from Y, to P680" should give rise to the formation of a comparatively stable P680*
radical, provided that Q A- can be reoxidized rapidly enough in order to compete
with the back reaction between Q A— and P680%. A fast electron transfer from Q A_
can be achieved with the oxidized form of the endogeneous high-spin nonheme iron
that is located between Q A a0d Qp (62,63). Therefore, under these conditions, the
lifetime of P680% should markedly increase. To check this idea, experiments were
performed under the following assay conditions: PS II membrane fragments deprived
of their oxygen-evolution capacity by incubation with 3 mM NH,0OH were
photoinhibited by a train of 100 flashes, which is sufficient to functionally
disconnect Y, from P680 as shown in fig. 9. After one flash the P680* reduction
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Fig. 9 Time course of absorption changes at 830 nm induced by one laser flash in PS
II membrane fragments treated with 3 mM NH )OH in the dark (a) or in the
presence of 100 laser flashes (b). Assay conditions: samples at 50 uM
chlorophyil, 1 mM K3[Fe(CN)6], 20 mM Mes, pH = 6.5, I0 mM NaCl,
optical pathlength I cm, 16 signals were averaged at a repetition rate of 1 Hz.

by Y, is observed, after 100 flashes the much slower electron transfer from Q A
(compare with fig. 8). After removal of NH,OH by centrifugation and resuspension
in buffer solution, the samples were incubated in the dark either in the absence or
with 1 mM K3[Fe(CN)6] which leads to the oxidation of Fe2t (64,65). If samples
without K3[Fe(CN)6] were illuminated with a laser flash train, the P680* reduction
kinetics are almost the same in each flash (see left traces in fig. 10), because the
Q A reoxidation by the acceptor side, even after the first flash, is not fast enough to
compete with the P680%Q,
transfer kinetics from Q A~ to Qg and Qp~ (25,26) especially Qg should efficiently
compete with P680% as an oxidant of Q,~- This does not seem to be the

recombination. If one takes into account the electron

case.Therefore, P680* probably retards the electron transfer from Q A 1O QB. The
mechanism (electrostatic) and the nature of this effect remain to be clarified
{experiments addressing this problem are in progress). A markedly different
phenomenon is observed in the presence of 1 mM K3[Fe(CN)6]. The relaxation
kinetics of the 830 nm-absorption change after the first flash is much slower (order
of tens of milliseconds; H.-J. Eckert, to be published) due to the rapid electron
transfer from Q A 1O Fe3+. After the first flash, Fe2* is formed and stays reduced,
because the dark time between the flashes of the train is much shorter than the re-
oxidation rate of Fe2* by exogenous K3[Fe(CN)6]. Therefore, after the second and

following flashes the relaxation kinetics of the 830 nm-absorption changes are
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Fig. 10 Time course of absorption changes at 830 nm induced by the 1st (top traces),
2nd (middle traces) or 3rd (bottom traces) laser flash of a train in PS II
membrane fragments treated with 3 mM NH 20H in the presence of 200 laser
flashes followed by centrifugation and resuspension. The samples of the right
side were preincubated with 1 mM K3[Fe(CN)6] for 5 min in the dark before
the measurements. Other conditions as in fig. 9. except for the omission of
K3[Fe(CN)6] in the assay medium of the traces at the left side.

dominated by the recombination reaction between Q A- and P680%. These findings
demonstrate that under properly selected experimental conditions a comparatively
long-lived P680% cation radical can be generated in PS II membrane fragments at
room temperature. This technique will be used in future research for analysis of the

P680* properties.

CONCLUSION

The present study revealed that the detailed mechanism of detrimental light effects
in isolated PS II membrane fragments depends on both the radiation wavelength
(visible versus UV-B light) and on the functional integrity of the catalytic site of
photosynthetic water oxidation.  Therefore, neither photoinhibiton nor UV-B
induced PS II destruction can be ascribed to a unique mechanism with a single target
site. This conclusion is corroborated by measurements of the action spectrum of the

photodynamic effect (for a detailed discussion see ref. (11)).
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ABSTRACT

When wheat (Triticum vulgare L.) seeds were treated with

dichlorophenyl dimethylurea (DCMU) at 50 to 200 pM and
allowed to germinate the growth characteristics of the
seedlings did not undergo much changes except for a small
loss 1in pigment level. The photosynthetic electron
transport activity showed a loss of 50 and 60% at 50 and
200 pM concentrations, respectively. Chloroplasts isolated
from such DCMU grown seedlings showed greater resistance to
added DCMU concentration suggesting a possible modification
of the 32 KDa herbicide binding protein (HBP). UV-B treat-
ment decreased the photosynthetic electron transport,parti-
cularly the photosystem II (PSII) activity. Such decrease
was less in DCMU grown seedlings indicating the same site
of action of DCMU and UV-B radiation. Similarly PSII core
complex modified by UV-B radiation was found to be less
sensitive to added DCMU. Polypeptide analysis of PSII
particles from DCMU grown seedlings revealed stable 32 KbDa

and LHCII components.
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INTRODUCTION

Action of intense ultraviolet-B (UV-B, 280-320 nm) on the
photosynthetic apparatus has been studied by severalr
workers (1-5). It has been widely accepted that UV-B
radiation affects primarily the PSII electron transport,
and the PSI reaction is fairly stable (6). Two major sites
in PSII reaction have been shown to be sensitive to UV-B
radiation wviz., the O2 evolving site (5,7) and the P680
reaction centre complex (3). Recently it has been found
that exposure of Vigna chloroplasts to short time of UV-B
radiation induce certain polypeptides, which play a role in
protection against UV-B damage (8). This suggests that the
thylakoids undergo rapid reorganization in order to protect
the senitive components against UV-B damage.
DCMU and other related herbicides are shown to act on

the 32 KDa herbicide binding protein (HBP, also known as Dl

and Q_, protein) (9,10), which is one of the three reaction

B
centre proteins (11,12). The 32 KDa protein is rapidly
turned over as a function of the visible -light intensity
and the herbicides diuron and atrazine not only block the
electron transport through PSII but also inhibit 32 ' KDa
protein degradation (13,14) by diplacing a liganded gquinone
(QB) from the protein (15). In recent years this Dl
protein has received considerable attention because it is a
major product of the chloroplast protein synthesizing
machinery (16,17). Since herbicide treatment brings about
a modification in this protein it would be of much interest
to study whether such altered PSII core organization
results 1in any change in the sensitivity to UV-B radiation

as the latter has also been shown to act at the same site.
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To study this, the seeds were pre-treated with DCMU at
optimal concentrations to produce partial modification
(ihcomplete inhibition of electron transport reaction) of
the HBP and then following the response to various doses of

UV-B radiation.

MATERIALS AND METHODS

Plant Materials

Triticum vulgare L. seedlings were raised on moist filter

papers in petridishes under controlled environment in
growth chambers (Forma Scientific, USA). Temperature was
maintained at 25+ 0.2°c. Illumination at the seedling
surface was 10 W.m-2 and a 12 h light/12 h dark cycle was

maintained. For all the experiments 10 day-0ld seedlings

were used,
DCMU Treatment

Various concentration of DCMU was prepared from a stock and
added to the seeds initially. Thereafter, only tap water
was added periodicaly to keep the filter paper in a

moistened condition.

UV-B Treatment

Treatment of seedlings

Ten day - old seedlings were brought under enhanced UV-B
condition in growth chamber. Enhanced UV-B radiation wa§
provided by three 20 W cool fluorescent lamps and one
Philips 20 W/12 sunlamp (Philips, Holland). The irradiance

of UV-B at the surface of seedlings was 1 Ww.m™2.
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Treatment of chloroplasts

Chloroplasts at a final chlorophyll concentration of

500 ug w1~} in Tris-Hcl buffer, pH 7.8 was uniformly spread

in a thermostated irradiation chamber (25 mm diameter and 3

mm depth). Temperature during the treatment was maintained

at 5 + 0.2% using a water bath circulator. Irradiance at
2

the sample surface was 5 W.m . Radiation below 280 am was

removed by using a Schott WG 290 filter,.
Estimation of Pigments

The photosynthetic pigments were extracted in 80% acetone
and the concentration of chlofophylls and carotenoids was
estimated according to the procedures of Arnon (18) and

Mackinney (19), respectively.
Isolation of Chloroplast and PSII Particles

Intact and broken (Type II) chloroplasts were 1isolated
following the method of Reeves and Hall (20). PSII membrane
fragments were prepared from thylakoid membrane by solubil-
zation with Triton X-100 according to the procedure of

Kuwabara and Murata (21).
Measurement of Photsynthetic Electron Transport Activities

The rate of whole chain electron tranpsort (H20 --> MV) and

PSI (DCIPH, --> MV) mediated electron transport in isolated

2

chloroplasts were measured as O2 uptake using Hansatech O2
electrode for whole chain electron transport, the reaction
mixtue in a final volume of 1 ml contained 20 mM Tris-HCI1,

pH 7.8, 5 mM MgCl 10 mM NaCl, 100 mM sorbitol, 1 mM MV,

2 ’
0.1 mM sodium azide, 5 mM NH4C1 and chloroplasts equivalent
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to 20 pg Chl/ml. For PSI measurements the reaction miiture
contained 20 mM Tris-HCl, ©oH 7.8,2 mM sodium ascorbate,
5 mM NH4C1, 0.1 mM sodium azide, 50 uM DCPIP, 5 uM DCMU and
1 mM MV and chloroplasts equivalent to 10 ng Chl/ml.

The rate of PSII electron transport (HZO --> DCPIP) was
determined spectroohotometrically. Actinic light (>640 nm)
was provided at an irradiance of 150 W.m-z. The photo-

multiplier was shielded by a blue (Corning CS 4-96) filter.
Measurement of Chl a Flourescence

Chl a fluorescence transients (fast kinetic) was followed
in 1intact <chloroplasts after excitation with broad band
light (400-620 nm, Corning CS4-96) at an irradiance of 100
w.m2, The photomultiplier (Hamamatzu R376) placed at 90°
to the excitaion beam was protected by an 1interference
filter ( » max 690 nm). The signal was triggered with the

help of an electric shutter with an opening time of 10 ms.

The final chlorophyll concentration was 2 pg/ml.
Fluorescence Excitation Spectra

Room temperature fluorescence excitation spectra of chloro-
plast preparations were followed using a Hitachi MPF4
spectrof luorimeter. The spectra were corrected for the
differences in excitation monochromator and photomultiplier

response. The chlorophyll concentration was 5 pg/ml.
Polyacrylamide Gel Eelctrophoresis

Thylakoid polypeptide analysis was made using a 8-18% SDS-
polyacrylamide gradient gel electrophoresis system,

according to the procedure of Lamemmli  (22).
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RESULTS AND DISCUSSION

With the primary objective to study the interaction of UV-B
with herbicides (DCMU) on the photosynthetic reaction, as a
first step, the effect of DCMU on growth characteristics
was studied. In order to find out the optimum concen-
tration which alters the pigment composition to a minimum
extent but produce significant changes in the photosyn-
thetic electron transport reactions, wheat seeds were
treated with DCMU 1in the concentration range of 50 to
200 pM and then allowed to germinate. Changes in the
pigment 1level 1in control and DCMU treated seedlings are
shown in Table 1. The total chlorophyll level showed a
Table 1.

Effect of various concentration of DCMU on the pigment
composition of wheat seedlings. Leaves were harvested after

12 days for pigment analysis. Values represent average of
three experiments.

Concen-

tration Chl a Chl b Total Chl carotenoids Chl a/b
of DCMU mg / g fresh weight

Control 1.30 0.51 1.81 0.52 2.55
50 pM 1.10 0.54 1.64 0.48 L 2.04
100 pM 1.08 0.55 1.63 0.48 1.96
200 pM 1.01 0.56 1.57 0.45 1.80

loss of about 20% with 200 uM DCMU while low concentration
(50 pM) caused only marginal change. Very low concen-
tration did not produce any significant change. The loss of
chlorophyll wasbfound to be mainly caused by the changes in
Chl a level. Further, a 10% increase in this level was
observed in 200 uM DCMU treated seedlings. Such differen-
tial change in Chl a and Chl b has resulted in progressive

decrease in the Chl a/b ratio. The level of carotenoids
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also had decreased in DCMU treated seedlings. AbsenceOf
. , . X iqht

any change in the pigments indicate that the 119"
. . . igh
harvesting system is not very much affected even with pid

DCMU concentration.

Tne photosynthetic electron transport systems partt’”

e
cularly the PSII mediated activity showed progresSIJ
. . . . e

decrease with increasing concentration of DCMU. Bothth
. . :1ar

overall and PSII activity showed approximately simil?

changes in the loss of activity with different DCMU conc€””

trations (Table 2). Even after treatment with 200 uM pcMUr

Table 2.

Effect of various concentration of DCMU on the phot9~
synthetic partial reactions of wheat chloroplasts. ConCen
tration of MV and DCPIP was 1 and 0.05 mM, respectiVelY:
Values represent average of three individual measureme?;

e
Figures in parantheses indicate percentage of respeCth
controls. -
Whole chain
Concentration electron PSI PSII
of DCMU transport pIP
Hy0-—=> MV DCPIPH, --->MV H,0--->DC
- - -1
pmo 1 O2 mg chl 1.h 1 pmol DCPIP mg chl 'h,_
Control 125 (100) 384 (100) 169 (100
2)
50 uM 68 (54.4) 418 (108.9) 117 (69-
4)
100 uM 49 (39.2) 421 (109.6) 70 (41-
‘ 9)
200 pM 46  (36.8) 421 (109.6) * 64 (37-7
; i le
as wmuch as 36% of control PSII activity was found whi
. Ce o at
with 50 pM DCMU it was more than 50%. This 1indicates 122
. . . cps . he
in vivo treatment produced partial modification of
- . pa
electron transport intermediates, particularly the 32 K
. s
HBP. Under im vitro condition DCMU even at 1 uM prind

about complete 1inhibition of electron transport activity'
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The fact that in vivo DCMU treatment causes only
partial modification of the HBP is also evidenced by the
fluorescence measurements. Chloroplasts isolatd from
control wheat seedlings showed the typical fast fluo-
rescence induction with high level of variable part and
addition of 5 pM DCMU completely removed the varibale part
and also increased the fluorescence level (Fig.l). Chloro-

plasts isolated from 50 and 100 pM DCMU treated seedlings
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Fig. 1. \
Typical kinetics of Chl a fluorescence induction in, wheat
chloroplasts 1isolated from control (a,b) and DCMU grown
(c-e) seedlings. a. control (untreated), b. +5 M DCMU, c.
50 pM DCMU grown, d. 100 pM DCMU grown, =. 50 uM DCMU grown
+ 5 uM  DCMU. Other conditions as under materials and
methods.

also snowed varable fluorescence althougn a typical dip and
slow 1ncrease Wwere not present. Increasing concentration
of DCMU treatment had proportionately enhanced the Fp level
and also reduced the tl1/2 for variable f luorescence
induction. Neverthless these chloronlasts responded to tae
added DCMU indicating that the DCMU action sites in HBP are

3till open.
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Fluorescence excitation spectra of chloroplasts
isolated from control and DCMU grown seedlings were
followed to check for any organizational differences in the
pigment protein complexes. Althoﬁgh the fluorescence
excitation spectrum of chloroplasts form DCMU treated
plants differed quantitatively over the control, no signi-
ficant qualitative difference was found (Fig.2). This again

support the data of pigment analysis.
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Fig. 2.
Room temperature excitation spectra of chloroplasts

isolated from control and 50 uM DCMU grown wheat seedlings.
Spectra were followed for F-686. Chlorophyll concentration
of both samples was 5 pg/ml.

Fluorescence transients measurements in chloroplasts in
the presence and absence of DCMU indicates that 1in DCMU
grown plants although the HBP is partially modified still
responds to further addition of DCMU. To check this
further and also find out the optimal 1nhibiting concen-
tration of DCMU in control and DCMU grown seedlings, rate

of PSII electron transport was followed in the presence of
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varying concentration of DCMU. A plot of the ratio of
control rate of PSII (Vo) and rate at specific DCMU concen-
tration (V) against DCMU concentration indicates the
requirement of almost two-fold higher concentration in DCMU
grown seedlings as compared to control (Fig.3). Such a
plot was shown to reveal the concentrations for 50%
inhibition at the Vo/V ratio of 2 (23). Higher DCMU
requirement in DCMU grown seedlings indicates a possible

modification of the HBP (14,24).
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Fig. 3.
Ratio of «control PSII rate and rate of specific DCMU
concentration (v) against DCMU concentration for

chloroplasts isolated from control and 50 pM DCMU grown
seedlings.

From the above data, it is clear that DCMU treatment at
50 uM concentration brings about partial loss of electron
transport and also produced significant modification of the
PSII core complex particularly the HBP. To check the
interaction of UV-B radiation on the DCMU induced changes,
as a first step, the behaviour of various electron
transport reactions to UV-B treatment was followed in
chloroplasts isolated from control and DCMU grown seed-

lings. As shown by many workers (4,25,26), the PSI
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activity was less sensitive than PSII, As much as 90% loss
of overall and PSII activity was seen in 60 min UV-B

treated control chloroplasts (Fig.4). Chloroplasts
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Fig. 4. .

Changes in overall and partial photochemical activities in
ciloroplasts isolated from control (o o) and 50 uM DCMU
(o o) grown wheat seedlings as a function of time of
UV-B irradiation. The 100% values_largl HZO -=> MV,82;
DCPIPH --> Mv, 315 lumol1 Oz.mg Chl “.h 7, H20 -->DCPIP,

162 umdl DCPIP mgChl™". h ~,

isolated from DCMU grown seedlings showed resistance to
UV-B treatment and approximatly 50% of initial activity was
noticed even in 60 min UV-B treated sample. Noorudeen and
Kulandaivelu (3), based on various electron transport
activities and fluorescence measurements have concluded
that UOV-B irradiation on Amaranthus chloroplasts acts
primarily at the PSII reaction centre complex. Changes in
the reaction centre complex could be either at the level of
Dl or 02 or on both proteins. Above experiments in wheat

indicates i) modification of HBP and other PSII core

complex proteins decreased the UV-B sensitivity and ii)
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UV-B treatment besides affecting the PSII core complex also
affects the H,0 oxidation site. In many plants UV-B
radiation was shown to inactivate the 0, evolving site by
depleting the 33 or 23 KDa polypeptides (8).

To confirm the possible action of UV-B and also DCMU on

O2 evolution site PSII activity was followed with

artificial electron donors. DPC and NHZOH were used as
electron donors. DPC was known to donate electron directly
to PSII reaction centre while NHZOH at a site between 21
and 22 (27). In control chloroplasts UV-B treatment pro-
gressively decreased the PSII activity. As much as 64%

loss of PSII activity was noticed when H,O was used as

2
electron donor (Table 3). However, in the presence of arti-

ficial electron donor the extent of UV-B inhibition was

low. Among the two electron donors tried DPC was found to
be more effective than NH,OH. This is in agreement with
the previous report (3). DPC --> DCPIP reaction was

reduced only by 30% after 45 min of UV-B treatment. This
indicates that UV-B irradiation of wheat chloroplasts
affects both the 02 evolving site and also the PSII core
complex.

Measurements of PSII activity with H20 and other arti-
ficial electron donors in chloroplasts isolated from DCMU
grown seedling showed interesting results. In these chloro-

plasts the H,O --> DCPIP reaction was found to be inhibited

2
to lesser degree as compared to the control chloroplasts.
The extent of inhibition was approximately 30% indicating
that in the DCMU grown seedlings due to stabilization of

the HBP and PSII core complex, UV-B radiation had poor

effect at this site, however, produced normal change at the
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Table 3.

Restoration of PS II mediated Hill activity by the addition
of electron donors like DPC and NH,OH in UV -B treated and
heat 1inactivated chloroplasts of Control and 50 pM  DCMU
grown wheat seedlings. Figures in parentheses indicate the
percentage of respective control activity. The water
oxidizing complex yas heat inactivated by incubating the
chloroplasts at 45 "C for 5 minutes.

_________________ e e e e e e e e e e e

PS II activity

Treatment Hzo———>DCPIP DPC-~-> DCPIP NHon——>DCPIP
pmol of DCPIP reduced mg ch1~t.n7t

Control  159.0 (100)  149.0 (100)  128.0 (100)

+ 30 min UV-B 69.0 (43.4) 113.0 (75.8) 73.0 (57.0)

(in vitro)

+ 45 min UV-B 58.0 (36.5) 105.0 (70.5) 71.0 (55.5)

50 pM DCMU 92.0 (100) 87.0 (100) 87.0 (100)

grown

+ 30 min UV-B 71.0 (77.2) 92.0 (105.7) 72.5 (83.3)

+ 45 min UV-B 63.0 (68.5) 84.0 (96.56) 70.4 (81.0)

O2 evolving site. This conclusion is supported by the rate
of DCPIP reduction observed with artificial electron donors

DPC and NH,OH, where DPC mediated reaction showed only

2

‘marginal loss.

The competitive action of UV-B and DCMU on the HBP PSII
core was also checked by following the effect of DCMU at
different concentration in UV-B treated chloroplasts. In
control chloroplasts, DCMU, with increasing concentration
inhibited the PSII activity proportionately and as much as
70% inhibition had occured at 100 nM DCMU, UV-B irradiation
reduced the control activity level, however, decreased the
extent of DCMU inhibition. Renger et al. (5) investigated
modification of the D1/D2 complex by UV-B radiation and’

they have found that UV-B irradiation markedly reduces the

number of 14C—atrazine binding sites.
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All these experiments indicate that DCMU pre treatment
produced modification in the HBP-PSII core thereby reduce
the sensitivity UV-B radiation and UV-B radiation affects
both the O2 evolving complex and the PSII core in wheat

chloroplasts which 1is different from those reported for

Amaranthus (3) and Vigna sinensis (8).

Above facts are supported by direct evidences obtained
by the analysis of polypeptide composition of the PSII and
cnloroplasts. Fig.5 shows the polypeptide profiles of the

PSII particles isolated from control and DCMU grown wheat

Fig. S.

Typical SDS-PAGE electrophoretic pattern of thylakoid
proteins of control and 50 pM DCMU grown wheat seedlings.
a. marker proteins; b. control; c. 50 puM DCMU grown.

seedlings. In DCMU grown seedling although the level 16

and 19 KDa nvolypeptides showed a decrease, considerable

-

increase was observed in the level of 32-33, 26-27 and 23

KDa polypeptides. The 32 KDa polypeptide showed large

increase 1in its level. Similarly the 26-27 KDa, chloro-
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phyll containing polypeptides also increased indicating

possible modification in the PSII core complex.
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impact of Global Climatic Changes on Photosynthesis and Plant Productlvity

UV-B EFFECTS ON THE DEVELOPMENT OF PHOTO-
SYNTHETIC APPARATUS, GROWTH AND
PRODUCTIVITY OF HIGHER PLANTS

Yu.E. Giller

Institute of Plant Physiology and Biophysics of the
Academy of Sciences of Tajik SSR, Dushanbe, USSR

Avstract — In laboratory ax ° field experiments having
used erythemal lamps the influence of zone B ultraviolet
irradiation (UV-B, 280-320 nm) on photosynthetic appara-
tus of young cotton, barley and arabidopsis plants (sin-
gle irradiation), triticale, pea and cotton chloroplasts
pigment system, growth and development (irradiation of
etiolated seedlings during greening) as well as on chlo=-
roplasts pigment system, growth and productivity of cot-
ton and soybean (irradiation during vegetation of plants
in field conditions) has been studied, An idea of rela-
tionship between plants resistance to UV-B and their
taxonomic state has been confirmed. It has been shown
that response feature of a chlaroplasts pigment system
to. UV-B irradiation depends on the age of leaves: young
ones have deep, but reversible damages, old leaves have
only quantitative and not reversible damages. There hasg
been revealed a significant role played by visible light
intensity in the resistance of photosynthetic apparatus
pigment system formation and plants growth function to
UV-B irradistion. Field experiments have shown that in
similar conditions the reduction of cotton and soybean
plants productivity is much the same due to the increase
of UV-B intensity.

INTRODUCTION

Due to anthropogenic atmosphere polution resulting
in depletion of the stratospheric ozone layer the irra-
diation of the Earth's surface by ultraviolet (UV) radi-
ation is increasing. The most changes are taking place
within the spectral range of 290-320 nm (middle=wave UV
irradiation - zone B UV radiation - UV-B) /I,2/.Revea—
ling plants response to an increasing UV-B intensity is
one of the most important trends in the evaluation of
ecological and economic consequences of the ozone layer
reduction, It is already known that UV~B mostly affects
negatively practically on all physiological reactions of
a plant organism /3-6/. In view of the mentioned above
the study of an affect of increased UV-B compared with
natural intensity on the production process of plants
has acquired a great theoretical and applied significan-
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ce. The results of such investigations are necessary to
forecast the consequences of ozone lauer reduction as re-
%ated to changes in productivity of Earth's vegetable 1li-
e.
) The main component of the plants production process
is photosynthesis. The known by now UV irradiation action
spectra on photosynthetic reaction either enable to admit
the existence of a considerable maximum over the UV-B
short-wave limit /7,8/, or they have a maximum of 270~
290 nm with a marked shoulder of 320~330 nm /9,I0/. The
maximum is within the DNA, RNA and protein absorption
range, and probably it is to a greatest extent due to UV-
inactivation of photocatalitic centres of phaotosynthesis,
especially those of photosystem II centres /I,8,1I-14/,
The shoulder of the UV-B action spectrum on photosynthe-
sis might be associated with the absorption of UV-B by
chloroplasts pigments, since a chlorophyll and some caro-—
tenoids have specific absorption bands within the range
of 290-320 nm, The intensity of the latter is always 2-4
times weaker than those of main bands /I5/, In addition
recent calculations have shown that it is precisely with-~
in range of 3I1I0-330 nm the solar effectiveness gpectra of
the plants damage have (depending on the action spectra
used) sufficiently wide maxima /8/. Thus the study of
UV-B effects on the chloroplasts pigment system is sig—
nificant not only for the evaluation of photosynthetic
apparatus changes, indicative of development and functio-~
nal wholeness of which is the state of pigment system
/16-18/, but as well as for the understanding of mecha-~
nisms end consequences of UV-B interaction with one more
group of acceptors in a plant cell,

Another importent component of plant production pro-
cess is a growth function. It is already known that the
increase of UV-B intensity as a rule affects negatively
on the growth and development of higher plants, but the
magnitude of the effects depends on taxonomic state and
cultivation conditions /6,19,20/. This suggests the im-
portance of information about response of growih function
of various species of cultived plants to UV-B in diffe-
rent growing conditions and different stages of ontogene-
gis,

In this communication the results of investigation
of our laboratory on the UV-B effects on the chloroplasts
pigment system and functional activity, on plants growth
and their productivity have summarized. The main attenti-
on has been concentrated on the study of cotton plant,
most important agricultural plant of the Central Asiatic
region of the USSR,

MATERIALS AND METHODS

Cultivating of Plants

A commercial variety of cotton 108-F (Gossypium hir-
sutum L.) has been grown on sand in a complete darkness
at 26+2°C during 5 days (to obtain eticlated seedlings),2
in the soil at 24+I°C under light intensity of 35.5 W/m
with photoperiod of I4 hrs and in the field according to
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standard agrotechnological practice.

Barley (Hordeum vulgare L.) has been grown in the
soil at 24+I°C under light intensity of 35.5 W/m2 with
photoperiod of I4 hrs,

Arabidopsis (Arebidopsis thaliana L. Heynh.) has be=-
en grown,_in the soil at 20+I°C under light intensity of
42,6 W/m2 with photoperiod of I8 hrs.

Pea (Pisum sativum L.) and triticele (Triticale) ha-
ve been grown on a filter-paper moistened with nutrient
solution in a complete darkness at 24+I°C.

Soybean (Glicine hispida Maxim.) has been grown in
the field according to standard agricultural practice.

UV-B Irradiation of Plants

Erithemal lamps EL-30 were used as an radiation so=-
urce, Energy distribution within irradiation spectrum
250-4I0 nm constituted (%): 3(250-280 nm), 50(280-320 nm)
and 47(320~-4I0 nm). Within the UV-B range the spectral
characteristics of lamps and the Sun gualitatively diffe-
red small /20/.

Single irradiation of plants was carried out at UV-B
intensity of 3~§ W/m? during I hr (cotton) end 2 hrs(bar-
ley, or 9.3 W/m% during 2-3 hrs -(arabidopsis) and visible
light intensity and temperature as which these plants we-
re being cultivated.

During experiments etiolatad plants were in lumino-—
states : UV-B - 8, 3 or I.5 W/m“ under the visible light
intensity of 35.5 or 17.8 W/m¢ with the photoperiod of
I4 hrs (cotton), or under & continuous lighting (tritica-
le end pea) at temperature ranges of 22-29°C (in the dey-
time) and I5-I8°C (at night).

In field experiments the plants were exposed to UV-B
daily from IO to I6 oclock by local time (during the
Sun's agogee%. The intensity of art%fical UV-B was 0.6I
and 0.I6 W/me (cotton) and 0.56 W/mc (soybean). Conside-
ring that natural UV-B intensity at the Dushanbe latitude
at the Sun's apogee is approximately equel to 3 W/m2, the
additional UV-B intensity constituted 20 and 5% for cot-~
ton and I9% for soybean.

In all investigations controls were from the same
plants, but without UV-B irradiation.

Analyses

Plastid pigments concentration in leaves were deter-
mined by using spectrophotometry of acetone extracts from
leaf samples of specified mass and area /2I1,22/. Chloro-
phyll native state changes were estimated by low-tempera-
ture fluorescence spectra of leaves /I6/.

Photosynthetic apparatus functional activity (elect-
ron transfer rate, photosystem activity) wes evaluated by
conventional methods based on the photochemical activity
recording and "light — dark" ebsorption differential spe-
ctre of isolated chloroplasts and kinetics of leaves flu-
orescence /I9,23/.

Growth and productivity paremeters were measured on
model plants the number of which in every experiment wes
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sufficient for obtaining stetistically reliable data,
RESULTS AND DISCUSSION

Single Irradiation Effects on Photosynthetic Apparatus

) It wes established /24/ that during three days after
irradiastion the chlorophyll content in young cotton lea-
ves calculated on green mass and particularly on dry mass
increased and calculated on a leaf area unit it practi-
cally did not change, while cerotenoids concentration in-
creased independent on the means of calculation. In the
similar conditions concentration of all plastid pigments
in barley leaves calculated on mass did not chenge, but
calculated on area reduced by 25=30%. No variations were
observed in control leaves (Table I). In both types under
study the drying of UV-B irradiated leaves was observed.
That fact with no pigment quantity change in cells should
have brought about an apparent increase in their concen-
tration in a leaf especially calculated on green masse.
The data obteined show that UV-B effect speed up pigment
distruction process in barley to a greater extent than in
cotton,

Leaves low-temperature fluorescence spectrael varia~
tions under the UV-B affect were within the intensity in-
crease band with their mexima of 685 and 695 nm which
might have been associated with @& partial distruction of
the chlorophyll native form system. By this index too
cotton plant appeared to be more stable compared with
barley.

Single UV-B irradiation suppressed functionsl acti-

Table 1
UV-B effect on plastid pigment content in plant leaves

Controls Experiment
Index Chlorophyll Caro— Chlorophyll Caro=-
a 147 o tenoids a T tenoids

Cotton plant

mg/g

gree7 mass 1.0+0.I 0,540.1 0.2+.02 1.6+0.3 0.4+0.I 0.5+0.1
mg/g

dry mess 7.0£0.6 3,5+0.7 I.740.5 10.#0.6 3,0£0,4 3.020.4

mg/dm®  2.040.2 1.040.I 0.5£0,I 2,740.6 0.740.I 0,8+0.1

Barley

mg/g
green mass 0,6+,04 0,24,05 0.3%.,0I 0.4%,03 0.2+,01 0.3+0.1

mg/ g
dry mass 5.31‘_006 290&006 205:!’_0'6 407&002 2001’_0.5 300t_0-7

mg/Am?  0.8+.05 0.3+.08 0.4+,02 0,5+,04 0.24.02 0.3+.02
vity of cotton photosynthetic apparatus. In particular,
electron-transfer rate in chloroplests decreased by 25%
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and photosystem II response centres activity reduced con-
siderably /19,23/, while no marked changes of photogys-
tem I activity were observed /23/. This fact complies
with the idee of its strong resistance to UV-B /11/.

In the experiments on arabidopsis the single UV-B
irradietion affect on the photosynthetic apparatus pig-
ment system depending on the plant age was studied /25/.
As shown in Fig.IA, chlorophyll a concentration in roset-
te leaves during their development in the process of
plant onthogenesis changed markedly. By the 20-th day
this index reached its peak, then it decreased and from
22 to 26 deys remained practically steady. Every time
plants irradiation by UV-B caused reduction of pigment
concentration in leaves, while differences between the
variants "experiment® and "oontrols"keeping reliable at

a
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1 3 18 3 18 3
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13 183 183

s 4 .
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L 4 "o == -0
12 19 26
plants age, days
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Figure I. UV-B affect on wif vy ST
plestid pignents content in ~§ 12 39 T3

arabidopsis leaves

Notations : A — chlorophyll &,
B - chlorophyll b, C — carotenoids; I - controls,2 — UV-B
irradiation 2 hrs (24 kJ/me), 3 - UV-B irradiation 3 hrs
(36 kJ/m?); ® - I2-day-old plants, © — 19-day-old plents,
= - 26-day-old plantis

plants age, days

99% confidential interval.

Response character of the chloroplasts pigment sys-
tem to UV-B action depended significantly on the plant's
age. Thus irradiation of I2-day-old seedlings did not on-
1y reduce chlorophyll & concentration in their leaves,
but it resulted in a reverse course (compared with con-
trols) of time dependence of the index under study, since
the plants of "experiment” variant by 22-26 deys did not
already differ fraom those of controls,i.e. the damages
were reversible., UV-B irradiation of I9 and 26~day=-old
plants caused only quantitative, but irreversible changes
(Fig.IA).

The doze dependence of the effects observed was ra-
ther trivial. As doze increased, changes increased toa.
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Practically similar data , but with less quantitative dif=-
ferences between the experiment variants were obtained

for chlorophyll b (Fig.IB). This result sgrees well with

a known idea about more strong then chlorophyll a 1links

of this pigment with membrane proteins /26/ and as a con-
sequence its stronger resistance to stress effects.

: Plents irradiation by UV-B decreased the caratenoids
content in arabidopsis leaves. Changes were in a whole

the same as considered for a chlorophyll, but they did

not depend on irradiation time duration (Fig.IC).

The experimentel results on & single irrediation
confirmed a notion about the relationship between the
chloroplasts pigment system regponse to UV-B irradiation
end the plent variety affiliation /6/. Dependence nature
of this response c¢n the leaves age was established. It
wasg shown that functiznal activity of & photosynthetic
apperatus of coiion rlant is damaged by UV-B earlier than

its pigment system which is more resistant in cotton than
in barley,

UV-B Effects on the Development of
Chloroplasts Pigment System

As may be inferred from data in Fig.2 /25/ in the
course of triticale seedlings greening under UVTB irradi-
ation there was accumulated less chlorophyll a in leaves

[
SOOT
[
SOOF

400F

mkg/g fresh mass

200

0 -l
DARK ‘ LIGHT hours

Figuré 2., UV-B affect on greening of triticale postetio-

lated seedlings
Notations -:- I - chlorophyll a, 2 - chlorophyll b, 3 -
carotenoids; A - controls B - experiment
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than in controls. Differences betiween chlorophyll & con-
centration were not great and they were reliable only du-
ring first days of greening. As to carotenoids concentra—
tion no 51gn1flcant differences were observed.

During greening stage in the conditions of increased
UV-B intensity of pea etiolated seedlings (Fig.3) within
first deys of plants growth in light the differences from
the cantrols were not great, but during 6 to 24 hrs the
process of chlorophyll a accumulatlon speeded up. Even in
the second day the shlorophyll and carotenoids accumula-
tion in irradiated plants markedly slowed down /25/.

300r

200} v

mkg/g fresh nass

l 2‘4 48
DARK LlG\'/-‘T hours

Figure 3. UV-B affect on greening of pea postetiolated
seedlings

Notations : I - chlorophyll a, 2 - chlorophyll b, 3 - ca-
rotenoids; A - controls, B — experiment

In the experiments with postetiolated cotton plants
/27/ three UV-B intensities were tested. As shown in
Fig.4, under a greater visible 1light intensity among in-
tengities tested UV-B irradiation practlcally did not af-
fect on a chlorophyll & accumulation in postetiolated
cotton seedlings. Under a less lighting a chlorophyll a
accumulated more in cotyledon leaves of a "control"vari-
ant (at the expense of a longer period of linear growth
of its concentration), but under UV-B effect beginning
from 3-4 days of greening markedly slowed down. Similar
fact w?s observed in the experiments with triticale too
Flgo2 .

Just the same occurrence was observed for chlorophyll
b, but with quantitatively less effect (Fig.5), similar
to experiments with arabidopsis (Fi g.I) In addition by
the end of the experiment under & minimum intensity among
UV-B tested ones there was observed a certain tendency
towards chlorophyll b accumulation stimulation. In the
experiments with pea similar fact was revealed in the be-™
ginning of greening (Fig.3).

The data in Fig.6 suggests that kinetics of carote-

83



mkg/g fresh mass
~
8
T
@

-

mkg/g fresh mags
&
o

N

[=]

=]
T

L«

DARK ! LIGHT days
uv

Figure 4. UV-B affect on chlorophyll a accumulation in

postetiolated cotton seedlings
Notations : I ~ controls, 2 - Uv-B, 8 W/g 3 - UV-B,

J w/mZ, 4 - UV-B, 1.5 W/m2; A - 35.5 W/m B - 17.8 W/m?
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Figure 5. UV-B affect on chlorophyll b accumulatlon.in
postetiolated cotton seedlings

Notationg : see Fig.4

’

84



S00f

S i

mkg/g fresh mass
8
0O
R
[i%
in_J
/
d}/
‘\

2001 fo)
600 b A3
s00f _-~02

//// I1
oo} ////Z i/T‘
o

300F g

200

mkg/g fresh mass

N T S S S T R
DARK | LIGHT days
uv

Figure 6. UV-B affect on carotenoids accumulation in
postetiolated cotton seedlings :
Notations : see Fig.4

noids accumulation in the course of greening postetlola-
ted cotton seedlings depends on & visible light intensi-
ty. Haeving reached the value of 350 mkg/g during three
days, the pigment concentration in cotyledon leaves undgr
a greater visible light intensity slightly decreased (si-
milar to experiments with triticale - Fig.2), and under

a less one it increased up to 400 mkg/g. .

UV-B irradiation stimulated carotencids accumulati-
on but the character of the effect also depended on ligh-
ting. Under a greater lighting & pigment accumulation ra-
te in leaves reduced, but the process proceeded longer
and a maximum carotenoids concentration was achived on
the fifth day. At a less lighting a pigment accumulation
rate merely increased. The effects obgerved did p?f de-
pend on UV-B intensity. Carotenoids accumulation in lea-
ves stimulated by UV-B was previously obgserved in cucum-
ber seedlings /6/ and at a single irradiation of coiton
plant (Table I). .

The experimentsl results on pastetiolated geedlings
showed a high sensitivity of chloroplasts pigment system
formation to UV-B, In the above experiments as in the ca-
se with single irradiation experiments of young plants a
relatively high (compared with other plants studied) pho-
tosynthetic apparatus pigment system resistance of catton
to UV-B damage effect. .

The most important result of the above experiments
was the discovery of a significant role plaued by & visib—
le light intensity in forming photosynthetic apperatus
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resistance to UV-B, Such a phenomenon was previousl -
aled while studying UV-B effect on photosyﬁthetic igtggze
sity /28/, plent growth and its productivity /20,29/,

What is the reason for this effect — either it is only
due.to photoreactivation of genome distructions /30/, or
agein and agein physiological processes depending on

light /?0,28,29/ - is 8till not clear., Nevertheless the
assumption that one of the reasons for the above could be
the increase of plastid pigments concentretion in leaves,
our data (Figs.4-6) confirm es to carotencids only,

Effect on Growth and Development of Cotton Seedlings

In these experiments UV-B affect on cotton plant in
the conditions imitating the onset of plant esutotrophic
development since its coming out of soil was investigated:
postetiolated seedlings growing in light were studied
/3I/. In cotton-growing areas of the USSR locasted in the
northen borders of this culture's distribution the initi-
al vegetation stages of cotton plant proceed in the least
fevoureble environment, thus increasing the importance of
information on another ecologicel stress potentially con-
ceivable in this period. Moreover, in the experiments
with soybean it was established that the most sensitive
to damage were the young leaves /32/.

During experiments (7-8 days) control seedlings were
developing normelly. After 2-3 deys e bronze-brown "tan"
began to apper on "experiment" variant leaves which were
more pronounced at great UV-B intensities. By the end of
the experiment stems of these plants became thin and dry
and cotyledon leaves shed. In such conditions the past-
etiolated pea seedlings perished too /25/.

Fig.7 demonstrates seedlings growth dynamics in re-
lative units the choise of which was prompted by necessi-
ty to have a growth function activity index independent
on temperature /3I/. It is obvious that UV-B at all light
modes tested suppressed cotton plant growth at a very
early stage of development. This result on cotton plant
compliments similar earlier deta obtained for soybean,
cucumber, barley, and pine tree /6,20,33/. ‘

Vigible light intensity considerably modified UV-B
effect on the growth of postetiolated cotton seedlings,.
If under the most intensive light among tested the growth .
of "exBeriment" variant plants were completely absent
(8 W/m¢ ) or it slowed down only during the first 2-3 da-
ys, then under a less lighting intensity such plants in
general were growing only during the first day (Fig.7).

These experiments showed that cotyledon dry mass le-
aves in 7 days after lighting began did not depend on vi-
sible light intensity, end under UV-B affect at a less
lighting tested decreased approximately by 20% /31/.

Water-supply of "experiment" variant leeves decrea-
sed proportionally to UV-B intensity compared with con-
trols, but independent of visible light intensity(Fig.8&).
Leaves drying had been mentioned previcusly under UV-B
irradiation of barley /20/ and in our experiments et a
single irradiation cf young cotton plants and barley

/24/.
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Thus, in the experiments with cotton plants the well-
known notions /20,28,29/ were confirmed as to the depen-
dence of plant resistance to UV-B on visible light in-
tensity against the background of which UV-B act. It wes
shown that cotton plant growth function sensitivity to
UV-B is significantly decreased even under comparatively
visible light intensities. It is probably this fact that
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could account for (along with the absence of control) the
circumstances in development when growing this plant in
field conditions. Moreover, in spring at the Dushanbe la-~
titude natural Sun light exceeds the light of the order
under which the increase of cotton plant growth function
resistance to UV-B was observed,

Recent experiments with sunflower have revealed pose
sibilities for a common mechanism of plant growth sup-
pression by UV-B through direct photoconversion of indo-
lil=acetic acid with consequent formetion of oxidated pro~-
ducts including growth inhibitors /6/. This fact did not
add anything to already known notions about the princi-
ples of visible light protective effect /28~30/. Never-
theless the results of our experiments with cotton plant
do not comply with an assumption about the relationship
between increasing resistance to UV-R and more intensive
pla?t 3evelopment under greater visible light intensiti=~
es /29/.

Affect on Cotton and Soybean Photosynthetic Apparatus,
Growth and Productivity in Field Conditions

In the conditions of field experiments (two-year ex-
perimental data)/25/ no reliable changes of pigment con-
centration in plastids of cotton plants irradiated by
UV-B compared with controls have been observed. Soybean
in the same conditions in different years have demonstra-
ted both reducing pigments content in leaves and a ten-
dency for its increase (Table 2). Differences revealed
have been probably caused by a different sensitivity of
cotton plant and soybean to UV-B. Soybean among other
things belongs plants particularly sensitive to above ef-
fect /32/.

Table 2
UV-B affect on plastid pigment content in soybean leaves

Controls Experiment
Index Chlorophyll Caro- Chlorophyll Caro=~
tenoids tenoids
a | b a | b

Flowering, 1988

mg/g
green mass 0.9+.05 +25+.01 0,5+,02 0.7+.03 +24+,02 0.4+0.1

mg/dm® I.2+.06 +35+,01 0,7T+.02 I1.0£.04 433£.03 0.5+,02

Fruiting, 1988

mg/g
green nass Io2j‘_003 0061003 Oosiooz 0,81904 0041002 Oo4_t002

mg/dm?  2,0£.07 1.0+.06 I.0+.04 I1,5+.08 0.7+.06 008+.05

Fruiting, 1989

mg/g
greeﬁ mass Io3+.09 0.4+.02 0,5+.04 1,5+0,1 0,6£.05 0.6+.,03

mg/dm®  2.0$0,1 0.7+.04 0.8£.,05 2,7£0.3 L1,040.1 I.0+.06
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- Table 3
UV-B affect on cotton plant growth and yield

Experiment
Index Controls 5 2
0,16 W/m 0.6I W/m
Plant growth, cm 10449 93+I0 80+1I0
Bolls number per
plant, piece 9.5+¢1 T.9+0.7 8+3
Yield per plent, g 63+6 45+5 48+7
Raw cotton mass
per boll, g 6.6+0,I 5.T+0.1 6.420.1
Table 4

UV-B affect on soybean growth and yield

Index Controls Experiments
Plant growth, cm TI+5 48+4
Pods number per
plant, piece I20+1I5 85+13
Yield per plant, g 24+4 I9+4

Mass of I00 seeds, :
g 9.2+0,2 I1.610.4

) From Tebles 3 and 4 it follows that an additional
UV-B irradiation during vegetation has resulted in a re~
liable suppression of growth and reducing cotten plant
and soybean productivity. At the seme time irradiated
plants have reduced their fruiting elements (bolls in cot-
ton plants and pods in soybean), but a mass of one fru-
iting element either has insignificantly reduced (cotton),
or even increased (soybean). Similar effect on increasing
seed mass (while reducing number of seeds) in barley ir-
radiated by UV-B compared with controls has been observed
earlier /20/.

At approximately equal UV-B intensity growth suppres-
sion was more prominent in soybeans -~ 32% (in cotton
plants - 24%), Yield reduction in the above conditions
was practically the same: cotton plant - 23%, soybeen -
20% (Tables 3 and 4),
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In the Introduction to one of recent reviews on the
problem of & biological effect of UV-B /34/ it is said
thet only for soybean during six years of field investi-
gations yield reduction was relatively demonstrated when
UV-B intensity was increased according to 25% reduction
of the ozone layer. This yield reduction for some varie-
ties wag 20-25%, while for others in the same conditions
the yield increased by I0-22% /6/. The data for other
plants are extremely controdictory, and for cotton plant
no data are available at all /6/. The results of our in-
vestigations discussed abcve so far do not enable to qu-
antitatively evaluate cotton yield loss depending on the
degree of the ozone layer reduction. But the comparision
of the above data (Tables 3 and 4) with the results of
experiments on soybean /6/ enables to a sufficient degree
of probability to consider that in the same conditions
of UV-B intensity the reduction of cotton plant producti=-
vity (at least the variety under study) will be of the
same order as of the soybean varieties sensitive to UV-B.

CONCLUSION

The experimentel date under consideration most con—
vincingly indicate that such an enviranmental factor like
vigible light intensity has e powerful effect on plants
resistance to UV-B, Probably not only the absence of vi-
sible damage on & photosynthetic apparatus and growth
function of plants in natural conditions is explained by
the above factor which must be expected based on the ex-
perimental results under complete excluding UV-B, but as
well as to a considerable extent by the very possibility
of harvest formation itself, Particular importance of
light factor as to plants response to UV-B irradiation is
emphasized by another circumstance that the reducing of
lighting increases sensitivity, while other factors re-
duce it. The study of molecular mechanisms of a modifying
effect of vigible light on the consequence of plants ire-
radiation by UV-B seems now absolutely necessary,

Qur experiments have shown that cotton plant in jud-
ged by chloroplasts pigment system response is relatively
registive to UV-B., On the other hand in field conditions
its productivity under UV-B influence is reduced the same
manner as for soybean which is considered to be & parti-
cularly sensitive plant. In spite of that rather discou-
raging result it seems sufficiently promising te furtiher
researches into the physiological tests on plants resis-
tance to UV-B, It is hardly possible to solve the problem
of plants selection for resistance to the consequences of
global climatic changes of the Earth having not taken in-
to congideration the mentioned above effect,
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Impact of Global Climatic Changes on Photosynthesls and Plant Productivity

U.V. INHIBITION OF THE DISSOLVED INORGANIC
CARBON CONCENTRATING MECHANISM(S) AND
ALTERNATIVE RESPIRATION IN UNICELLULAR
GREEN ALGAE

Arun Goyal and N.E. Tolbert, Department of Biochemistry, Michigan State
University, East Lansing, MI 48824, USA.

ABSTRACT :

Because of low levels of CO, in air, plants and algae have processes for
concentrating CO, intemally to increase net photosynthesis and decrease
photorespiration. Unicellular green algae and cyanobacteria develop dissolved
inorganic carbon concentrating mechanism (often referred to as "DIC-pumps") when
grown or adapted to air levels of CO, for 6-24 hours in the light. These DIC-pumps
are suppressed when elevated levels of Cbz (1-5%) are provided during growth. The
induction or development of the pump is inhibited by the low levels of UV-B
(280-320 nm, 2 uW.cm) but not by UV-A. A preliminary action spectra indicated

_maximum inhibition around 290 nm. These low UV treatments do not inhibit
photosynthetic CO, fixation with excess CO,, but UV-B prevent an adaptive change
in K, 5 (DIC). Dissolved inorganic carbon concentrating mechanism and alternative,
cyanide-resistant respiration, are both inhibited by SHAM, an inhibitor of the
alternative respiration. Thus these two processes may be related. UV-A but not
UV-B inhibited the capacity of alternative respiration in leaves and algae. A working
model is UV-B inhibition of the formation of DIC pump enzymes and UV-A

inhibition of the alternative respiration.

INTRODUCTION :

Atmospheric CO, levels are controlled by the amount of photosynthesis,
respiration and photorespiration by plants and algae, using the bifunctional enzyme
Rubisco (i). Because levels of ambient CO, are insufficient for rapid growth,

processes are present for increasing the CO, concentration in the cell, specifically
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at the site of Rubisco to increase the rate of photosynthetic CO, fixation and to
suppress photorespiration. The two processes are a C, organic acid cycle in
macroalgae and in the bundle sheath cells of C4 plants and in CAM plants; and
mechanisms for concentrating dissolved inorganic carbon (DIC or CO, and HCO;)
by systems that are present in unicellular green algae and cyanobacteria.
Dissolved Inorganic Carbon Concentrating Mechanism(s): Unicellular green algae
and cyanobacteria, when grown with or adapted to air levels of CO, in the light,
develop dissolved inorganic carbon concentrating mechanisms, or "DIC-pumps” (2).
These pumps need to be biochemically characterized. Depending on the microalgae
and the pH of the growth medium during DIC accumulation, either CO, or HCO5
may be imported (2,3). The CO, pump is usually characterized by the presence of
an extracellular carbonic anhydrase (CA) to increase the rate of extracellular HCO;”
conversion to CO, (4). Intracellular isozymes of CA (5), and Vanadate sensitive
plasmalemma type ATPase-HCO;™ transporter at the chloroplast envelop are also
probably involved (6). For bicarbonate uptake from the medium, an ATPase -HCOj4”
transporter at the plasmalemma of the outer cell membrane of some algae functions
- at alkaline pH to transport HCO,™ from the medium (7). The DIC pumps are
repressed by high CO, (1-5% v/v), but induced in the light within about 6-24 hours
after changing high CO, grown cells to ambient air levels of CO,. The K 5(DIC)
levels for the DIC pumps may be about 1 uM, well below the K (CO,) of >26 to
50uM for Rubisco (1).

Alternative Respiration : The ubiquitous alternative pathway of respiration is
found in plant systems and in algae but the role of the alternative oxidase i; not
understood (8). Algae grown with low CO, to induce DIC-pumps, always have a
large capacity for the alternative oxidase. A decrease in the alternative oxidase in
algae occurs during log phase of growth on high CO, (9). Because both the
DIC-pump and the alternative oxidase are inhibited by SHAM it is postulated that
two processes may be related (10).

This report on dissolved carbon concentrating mechanism(s) and on alternative
respiration deals their inhibition by low dosages of ultraviolet radiation, UV-A and
B in unicellular green algae. Altemnative respiration in pea seedlings is also inhibited
by UV-A.



METHODS :

Algae and Growth Conditions (3,6,9,10) : Chlamydomonas reinhardtii 137 cells
were grown photoautotrophically in minimal medium at 26 + 2C with continuous
shaking and bubbling with air enriched with 3-5% CO, . The photon flux density
was 150 ,,LE.m'z.s‘l with a light /dark regime of 16/8 hours. The pH of algal growth
medium started around 7 and drifted to near 5 during growth of the culture. While
in the exponential growth phase and one day before the use, cultures were diluted
with fresh growth media and aerated only by shaking in air for 24 hours to develop
DIC pumps. Cultures were harvested by centrifugation (1000g x 10 min); the cell
pellet was washed once with the fresh growth medium (pH 6.8), and centrifugation
was repeated. Finally the cell pellet was resuspended in a small volume of assay
buffer, kept on ice, and used within 2 h. Chlorophyll was estimated on an aliquot
after ethanol extraction.

Pea Plants (11): Seeds of Pisum sativum L. cv. Alaska were from Atlee Burpee
Seed Company, Warminster, PA. seeds were washed several times with tap water,
soaked overnight in distilled water, and sown in 1:1:1 mixture of peat moss, topsoil,
and vermiculite. Plants were raised in green house and watered with Hoagland
nutrient solutions. Three weeks old plants were used for control and UV-A
treatment.

Measurement of Photosynthetic O, Evolution and K, s(DIC) (3,7,10):
Photosynthetic DIC dependent oxygen evolution was measured with an oxygen
electrode in 2 ml of 25 mM buffers of various pH. The light intensity was 800 nE.
m2.s’!, In order to keep DIC content low, all buffers were prepared daily in freshly
distilled water and sparged continuously with nitrogen until use. The Kq (DIC)
values were determined by measuring the rate of oxygen evolution and slope of the
progress curve (3,6).

Inorganic Carbon Uptake : DIC accumulation by algal cells were estimated by
silicone oil filtration technique (3,6). Reactions in microfuge tubes were done at
designated pH. After illumination for 1 min, DIC uptake was initiated by the
addition of 5 uL of NaH“CO:, (final concentration, 150 uM) and the incubation was
terminated after 15 to 60 s by turning on the microcentrifuge to remove the algae.
UV Treatment for Algal Cells (Goyal and Tolbert, Unpublished) : For UV-B
experiments, algal cell suspensions were exposed by two procedures. 1: Algal
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cultures stirred in an open beaker were exposed from a distance of 4 feet to a long
UV handheld lamp; 2: Cell suspensions in thermostated (25°C) 3 ml quartz cuvettes
in a Gilford spectrophotometer were exposed to various wavelengths of UV-B light
between 280 to 320nm. The slit of the UV lamp was fully open and the suspensions
were continuously bubbled with air. In addition to UV, all high-CO, grown cells
were exposed simultaneously overhead to white light (500 uE.m2.s'!) from a 300
W reflector lamp to activate DIC concentrating mechanisms. As measured by a
Laser Power meter, the UV intensities from a long wave length handheld lamp was
about 2 uW.cm™2, from the spectrophotometer at 300 nm 0.2 uW.cm2, and from
the short wavelength UV-C handheld lamp was 0.25 uW.cm2).

UV Light Treatment and Recovery of Alternative Oxidase in Pea Plants (Goyal
and Tolbert, Unpublished): Each tray of 50-75 pea seedlings were exposed to
UV-A by a hand-held UV lamp (Model UVL-21, Blay-Ray Lamp, Longwave
UV-366 nm, Ultra-Violet Products, Inc., San Gabriel, CA) by placing the lamp 1
meter above the plants for 8 h. The UV light had an intensity of 2uW.cm2, White
light of 500 uE.m2.s! was also provided to the plants from an incandescent 300 W
reflector lamp filtered through a solution of 1 M CuSO,. For the control plants, only
white light was provided. The rate of respiration and capacities for respiration were
measured before and after the UV treatments and recovery experiments. Part of
plants were also held for recovery from the UV, and respiration rates were run at
20, and 48 h after the exposure and removal of UV treatment. During the recovery
a 10 h light and 14 h dark cycle was used, and plants were watered every 12 h.
Measurement of Respiration (Goyal and Tolbert unpublished): Dark respiration
and capacities of Cyt-c and alternative respiration in unicellular green algae were
measured as described in Goyal and Tolbert (9). Dark oxygen uptake by leaf disks
were measured polarographically with a Rank Brothers oxygen electrode at 25°C in
a total volume of 3 ml of 5 mM potassium phosphate buffer (pH 7.5) or water.
Twenty leaf disks (90 mg fresh weight) were punched out of leaves immediately
before the assay, equilibrated for 5 to 8 min in the buffer in the cuvette with
continuous stirring. Afterwards the rate of respiration, vy was determined. After
about 8 min either 1 mM KCN or 5 mM SHAM was added to the reaction vial, and
oxygen uptake measurements were recorded for the next 5 min, after which the other
inhibitor, SHAM or KCN was added.

’
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Calculations For the Capacity and the Rate of Respiration (9) :

v has been designated for the measured rate of respiration and V for the "capacity”.
v, velocity of total respiration; vcy, respiration as oxygen uptake that was inhibited
by cyanide; vgiyapm, amount of inhibition of oxygen uptake by SHAM; v,,,, velocity
of residual respiration; Veyr» capacity for the Cyt-c pathway; Vg, capacity for the
alternative pathway.

Veyts capacity for the Cyt-c pathway is measured as the rate of oxygen uptake that
was inhibited by 1-2 mM CN in the presence of SmM SHAM; V,,, capacity for the
alternative pathway is measured as the rate of oxygen uptake that was inhibited by
5 mM SHAM in the presence of 1-2 mM CN.

Theoretically, if both pathways were operating to their full capacities,

VT = Ve + Ve + V g

Normally either one or both pathways presumably did not operate at full capacity for
the measured total velocity, vy, was always less than the sum of

Ve + Vay + Vg

RESULTS :

When green algae are grown on high CO, (5% v/v in air) they do not have
DIC-pumps, however when high CO, grown cells are transferred to low, air levels
of CO, in the presence of light, within 6-24 hours they form a DIC-pump, which is
usually characterized by :

1. Extracellular carbonic anhydrase to facilitate conversion of HCO4” to CO,, and
isoforms for intracellular carbonic anhydrase. DIC pumps in turn are repressed
by high CO,_ The K, 5 (DIC) for the CO, pump is about 1-5uM, well below
the K,( CO,) of 26-50uM for rubisco (1).

2. DIC-pumps need photosynthetic or respiratory energy to drive the DIC
pump(6). Light is needed for the induction of the CO, pump, but the
plasmalemma bicarbonate transporter can be partially formed in the dark, and
seems to use ATP from respiration. For the induction of the chloroplasts
ATPase-HCO, transporter, light is required (7).

During induction of the DIC-pump at least four polypeptides are formed (12).
4.  Intact chloroplast from air grown cells probably have an ATPase -bicarbonate

transporter but not from the CO, cells (6).
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5. Some algae which transport bicarbonate have a bicarbonate transporter at the
outer membrane (7).

6. A low dosage of UV-B inhibits induction of the DIC pump (Goyal and Tolbert,
Unpublished)

Our current general model for algal DIC pump is described below (Goyal and
Tolbert, Unpublished) . This model includes two different pathways, and both may
or may not be present in the same algae. In one case the "CO, pump", usually
enhances the replenishment of CO, from HCO;', as CO, enters the cell to be
concentrated by a HCO4” transporter at the chloroplast envelope and converted back
in the chloroplasts to CO, as substrate for Rubisco. In other case, the "HCOy
pump”, a plasmalemma ATPase transporter is proposed for HCO; uptake,
particularly in alkaline media, as well as the chloroplast transporter.

T A

CHLOROPLAST CYTOPLASM | PERIPLASMIC | MEDIUM
SPACE

ATPase ATPose -
HCO; HCOZ 4-T-Hco;4———> HCO;
ICA ICA ICA OH'Tl

l €O, ——1—» CO,4——1—$C0, 4——CO;
+

RUBP oW
PGACorboxylose olmosphere
ENVELOPE
PLASMALEMMA
CELL WALL !

A proposed model for inorganic carbon accumulation by unicellular green algae.

When Chlamydomonas or Dunaliella cells were grown on high CO,, about 200 uM
bicarbonate was needed for V .  photosynthesis (Fig 2A). The external DIC
concentration for half-maximal CO,-dependent oxygen evolution [ K 5 (DIC)) was
about 75 uM. Because these algae are absorbing CO,_the K 5(DIC) values varies
with pH of the test medium. However when high CO, grown cells were adapted in
light with air levels of CO, to develop the DIC-pump, the K, 5(DIC) dropped to
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about 1-5uM (Fig 2B) (3,6). Salicylhydroxamic acid (SHAM), an inhibitor of the
alternative respiration in plant mitochondria, inhibited DIC-pumps (Fig 2C) (10).
This inhibition of the DIC-pumps can be relieved by high concentrations of DIC.
The SHAM inhibition of the DIC-pump did not occur when higher concentration of
the DIC (1 mM) were used, where a DIC pump was not necessary, thus confirming
that the inhibition was specifically due to the CO, transport process and not to
photosynthesis (10). When high CO, grown cells were adapted in low CO, to form
the DIC-pump in the presence of added low levels of the UV-B, the UV-B inhibited
the formation of the DIC-pump, and cells behaved as if they were high CO, grown
cells (Fig 2D) (Goyal and Tolbert, Unpublished). Both UV-B and UV-C inhibited
the induction of the DIC-pump, where the K, 5(DIC) for UV treated cells remained
at 75 uM, similar to high CO, grown cells

High COy-Cells

] 20 nenctoy

Figure 2. Photosynthetic oxygen evolution by Chlamydomonas reinhardtii. A. High
CO2 grown cells; B. Air adapted cells; C. Inhibition of the pump by SHAM; D.
Inhibition of the induction of the pump by UV-B (Goyal and Tolbert, Unpublished)
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in case of UV-A treated cells the K 5(DIC) decreased to about 40 uM but not to 5
M as in the case of the white light only, where the DIC pump was fully activated
(Fig 3A). The UV inhibited specifically the induction of the DIC-pump and the
carbon transport process, but not photosynthesis with high CO, (Fig 3B) (Goyal and
Tolbert, Unpublished). There was some effect of UV-A long wavelength light,
because the source in this experiment was not monochromatic. The induction of the
pump was inhibited specifically by the UV-B and UV-C but not by the UV-A,
however there was some effect of UV-A on the induction of the pump, such as
higher values of the K, 5(DIC) than to the control.

The air adapted cells can concentrate within 1 min up to 2 mM DIC from low
levels of DIC extracellular (Fig 4A) (3,6). However this process of DIC
accumulation is inhibited by the treatment by UV-B, UV-C and 5 mM SHAM, and
to the some extent by UV-A (Fig 4B), this inhibition was relived by higher
concentration of DIC, where a DIC-pump is not required. This confirms that the
carbon transport process was specifically inhibited. By using silicone oil
centrifugation technique (6,10), it is established that the reduced photosynthetic rates

were due to the reduced carbon transport and accumulation of carbon.
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Figure 4. Intracellular accumulation of the DIC by Chlamydomonas reinhardtii and
inhibition by UV-B and SHAM.

There are reports in the literature where mixtures of UV-A and UV-B produced less
inhibitory effects than only one UV. It is argued that in the presence of other
wavelength UV lesser effect is due to induction of repair mechanism. At this time
we do not know the mechanisms involved in the inhibition of the induction of the
DIC-pumps by UV-B. We have not considered UV-C because it affects nucleic
acids and other quinone displacing processes. Miyachi’s lab in Tokyo has also
reported a failure to form CA of the CO, in similar experiments with 280 nm light
(13).

UV-A Inhibition of the Alternative Respiration in Plants and Algae :
Practically all plant mitochondria isolated so far show a cyanide-resistant respiration,
which is often termed as alternative respiration (8). CN inhibits cytochrome ¢
oxidase; alternative respiration or cyanide resistant electron transport system consist
of a branch point from the conventional electron transport system at reduced
ubiquinone with a ubiquinone oxidase, the alternative oxidase, which is distinct from
cytochrome oxidase. The cyanide resistant electron pathway is inhibited by SHAM,
propyl galate,and disulfiram.

Cultures growing with high CO, lost their capacity for alternative respiration
during the log phase of exponential growth (9). During 48 h of growth the capacity
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of the alternative respiration reached minimal levels (Fig 5) to about 10% of the

maximal alternative respiration. After 48 h the capacity of the alternative oxidase

progressively resumed as the cultures entered late log phase of growth. On the other

hand the capacity of Cyt ¢ respiration did not changed. In contrast to growth on high

CO, cells, cells growing with air levels of CO, which formed DIC pumps, did not

lose their capacity for the alternative respiration (Fig 5).
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Figure 5: Variation of Cyt ¢ and
alterative respiration by cultures of
Chylamydomonas growing with air
CO,, solid line,
respiration and dashed line for cell

or high

density. O, Vg, @, V., for cells
grown on 5% CO,; 4, Vg, 4,

Vg for cells grown on air.

The capacity of the alternative respiration in these Chlamydomonas decreased when

cells were exposed to UV-A but not to UV-B or C (Fig 6). The alternative oxidase

capacity in these low CO, cells recovered within 24 hours after removal of the
UV-A (Goyal and Tolbert, Unpublished).

UV-C,

e

Vo % of control

UV-A

Figure 6. Effect of UV on the capacity of the alternative oxidase in

Chlamydomonas .
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Table I. Effect of UV-A on the capacity of altemnative pathway (V,,) and
cytochrome pathway (V.,,) in leaf disks of pea cv. Alaska. Values are
expressed as a percentage of total dark respiration (vr). Results are mean

+ SE, n =3 1t0 6. vr is expressed as umol.O,.mg"! fresh wt. h'l,

V1 vcyl vll(
pmol.O,.g ' fresh wt.h! [ % of v

Zerotime Control (No UV-A) 42 1+ 25 60 30
After 6-8 hr exposure to UV-A 37 £ 0.5 56 13

0 hr after UV treatment and recovery in light
‘Fontrol (No UV-A) 42 1+ 0 60 28
UV treated plants 35+0 70 21
8 hr after UV treatment and recovery in light
ontrol (No UV-A) 4 +0 64 29
UV treated plants 40 + 0 66 24

Similar effects of UV-A on the capacity of the alternative oxidase were observed in
higher plants, Table 1 shows the effect of UV-A exposure on the capacity of
alternative respiration in pea leaves and it’s recovery after removal of the UV-A
radiation.

DISCUSSION :

UV-B specifically inhibits the formation or induction of the dissolved inorganic
carbon concentrating mechanism in algae. When a water column is exposed to
increasing UV-B radiations due to the depletion of the ozone layer, it may reduce
the level or efficiency of DIC-pumps in vivo, which in turn would cause reduced
photosynthesis, increased rate of photorespiration and in the long run cause an
increase in the atmospheric CO,. On the other hand the UV-B probably does not
affect the capacity of the alternative respiration, if it is already present. However
UV-A may effect photosynthetic rates, if alternative respiration for ion gradient
involves DIC pumps. These results are preliminary, but the observed phenomenon

are reproducible and significant.
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

EFFECTS OF ULTRAVIOLET-B RADIATION ON GROWTH,
PIGMENTATION NaH“CO, UPTAKE AND NITROGEN
METABOLISM IN NOSTOC MUSCORUM
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ABSTRACT
The impact of ultraviolet-B (UV-B) treatment on growth,
N, fixation and 14C02 uptake in a nitrogen fixing cyanoba-

cterium Nostoc muscorum has been studied. Continuous

exposure to UV-B (5.5 W/mz) for 37 min caused 50% survival
of the organism whereas 100~min exposure caused complete
loss of survival. UV~-B drastically decreased pigment
content, especially of phycocyanin. Exposure of actively
N2—fixing culture suspension to UV-B instantly inhibited
nitrogenase activity and there was complete inactivation
of nitrogerase in 20 min. Some inhibition of nitrate
reductase activity was also observed following UV-B
exposure but complete inactivation did not occur even
after 100 min. Furthermore, induction of  nitrate
reductase was not affected by UV=B treatment. 14CO2 uptake
was almost completely abolished under UV-B light. These
findings suggest that UV-B radiation exerts damaging

effect on Nostoc muscorum, particularly on its photosynth-

esis and N2 fixation.

INTRODUCTION

Ultraviolet (<400 nm) is an integral part of solar
radiation. Based on wavelength, ultraviolet radiation is
subdivided into three parts, namely UV-A (315-400 nm),
UV-B (280-315 nm) and UV-C (<280 nm). Amongst these, the
UV-B radiation is severely affected by reduction in
stratospheric ozone. Scotto et al. (1) demonstrated

significant variations in solar UV~-B flux with latitude,
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seasonal changes and sun angles. The influence of solar
UV on biological and other phenomena depends not only oh
such factors as ozone layer thickness and sun angle, but
also on the nature of the biological effects themselves.
The damaging effects of enhanced UV-B radiation resulting
from a possible destruction of the stratospheric ozone
layer by man-made chemicals, such as chlorofluorocarbons,
have been demonstrated by several research groups during
the last 15 years (2, 3, 4, 5, 6).

The impact of increasing UV-B radiation on biological
systems has been investigated only recently. In higher
plants, reductions of leaf area, fresh and dry weight,
lipid content and of photosynthetic activity have been
reported in a number of UV-B sensitive plant species (6,
7, 8). It has been also reported that UV-B radiation
affects many metabolic processes, pigmentation, and
community composition of bioclogical systems other than
higher plants (9). Few, if any,studies have been made on
cyanobacteria, a group that occupies an important place in
both aquatic and terrestrial food webs (10,11). This is
unfortunate because cyanobacteria constitute phylogeneti-
cally the oldest group of 02—evolving photosynthetic
prokaryotes and it seems probable that during their
evolutionary history, they had faced more intense ambient
solar UV radiation than other organisms. Cyanobacteria
grow in diverse habitats ranging from hot springs to the
arctic and therefore they are expected to face differe-
ntial 1levels of UV-B. In addition to these properties
some of these organisms fix atmospheric N, and enrich the
fertility of paddy fields and other soils; consequently,
any impact of UV-B radiation on nitrogen-fixing cyanobac-
teria would be expected to affect the productivity in such
habitats. Newton et al. (l1) showed that the nitrogen-
fixing enzyme in cyanobacteria is more sensitive to UV-B
than are other metabolic processes. However, detailed
investigations of UV-B effects on cyanobacteria are needed
to reveal the sensitivity of various metabolic processes.

The purpose of the present work was to study the impact
of UV-B radiation on growth, N, fixation and 14CO2 uptake
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in the nitrogen-fixing, rice-field cyanobacterium Nostoc
muscorum. Our findings suggest that UV-B radiation is
generally inhibitory for several physiological processes
and particularly to the photosynthetic components.
MATERIALS AND METHOBS

Test Organism and Growth Conditions

The filamentous, heterocystous, Nz—fixing cyanobact-~

erium (blue-green alga) Nostoc mucorum Ag.ex Born.et Flah-

(ATCC 27893) was used in the present study. The culture
was obtained through the kind courtesy of Dr. Robert
Haselkorn (Univerity of Chicago, USA). This alga was
selected mainly for its faster growth rate and ability to
form discrete colonies on agar plates. The modified
Chu-10 medium of Safferman and Morris (12) was routinely
employed as the basal culture medium. Unless otherwise
stated, cultures were grown in Erlenmeyer flasks
containing 100 ml of medium lacking any combined nitrogen
source, at 271+2°C in a culture room. Cultures were
illuminated with daylight fluorescent tubes (14 w/m2= 2400
lux) for 14 h/4.

Source and Mode of UV-B Treatment

The source of UV-B radiation was a Fotodyne, Inc., USA
lamp CAT No. 3-4408 giving its main output at 312.67 nm.
The desired radiation dose was obtained by adjusting the
distance between the UV-B 1light source and the sample.
Irradiations were performedin75-mm sterile petri dishes
with the lids removed during irradiation, and containing
10 ml of exponential phase culture suspensions. The
suspension was gently stirred during irradiation. For
determining per cent survival, 0.05 ml aliquots were
withdrawn at known time intervals and plated on agar
plates. Per cent survival was scored by colony counts and
plotted semilogarithmically. Similarly, samples were
withdrawn at desired intervals for measuring growth,

14

pigment content, CO, uptake, nitrogenase, and nitrate

2
reductase activities. Three replicate experiments were
performed for each parameter. A separate control
eceiving fluorescent 1light (14 W/m2) was kept for each

xperiment.
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Nitrogenase Activity

Nitrogenase activity was measured by the acetylene
reduction technique (13). Unless otherwise stated, 2-ml
UV-B treated cultures were taken in 7-ml vacutainer tubes
(Becton Dickinson, Rutherford, New Jersey, USA) and
acetylene was injected by a hypodermic syringe to attain a
final concentration of 10%. The tubes were incubated in
fluorescent light (14 W/mz) at 27°C. The ethylene formed
was determined at intervals lasting upto 3 h in a CIC
(Baroda) gas chromatograph fitted with a porapak R column
and flame ionization detector.

Nitrate Reductase Activity

In vivo nitrate reductase activity was estimated by the
method of Camm and Stein (14). Nitrite formed was
determined by the diazocoupling method of Lowe and Evans
(15). The absorbance of pink colour was estimated at 540
nm in a Bausch and Lomb Spectronic 20 colorimeter.

Uptake of NaH14CO3 14

The uptake of NaH CO3 was estimated as per the method

of Kumaretal.(l6). 10 ml of culture suspension supplem-

ented with 50 ml of NaH *co,

pCi/ml) was exposed to Uv-B/fluorescent light for

(specific activity 0.026

different, known time periods. At desired intervals, 1 ml
aliquots were withdrawn and transferred into scintillation
vials containing 0.1 ml of 50% acetic acid. The resulting
suspension was bubbled with air for 3 min whereafter 10 ml
scintillation cocktail (Bray's solution) was added.
Samples were counted in a Beckman-L$-7000 liquid
scintillation counter.

Extraction and Estimation of Pigments

Chlorophyll a and carotenoids were extracted and
measured in acetone according to Myers and Kratz (17).
Phycocyanin was extracted in 2.5 mM potassium phosphate
buffer (pH 7.0) after repeated freezing and thawing, and
measured as per the method of Brody and Brody (18).
Chemicals .

Sulfanilamide and N-~l-naphthylethylene diamine dihydro-

chloride were purchased from Sigma Chemical Co., St. Louis,

UsA. NaHl4C03 (specific activity 5 pci/ml) was obtained

from BARC, Bombay.
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RESULTS
Cultures of Nostoc muscorum were exposed to 2.5, 5.5 and
10.5 w/m2 doses of UV-B for different time periods in an
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Figure 1. UV-B survival of Nostoc muscorum. Exponentially

grown culture was exposed to 5.5 w/m2 dose of

Uv-B.

)
attempt to select a mid-inhibitory survival dose. UV-B
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treatment at 2.5 w/m2 for 37 min did not affect growth
significantly but 10.5 W/m2 elicited complete killing.
There was only 50% killing at 5.5 W/m2 following 37 min
treatment and therefore this dose was used in all further
experiments. (This dose corresponded to a distance of 30
cm between the UV-B tube and the petri dish). Fig. 1 shows
the survival curve, based on colony counts, after UV-B
treatment for different durations. The survival was not
affected upto 25 min of treatment but thereafter there was
an abrupt decrease in per cent survival. There was 50%
survival after 37 min treatment, and complete killing

occurred after 100 min exposure.

300 |
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0 1 2 3 4 5
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Figure 2. Growth behaviour of N. muscorum’after UV-B treat-

ment. Dose of UV-B was the same as in Figure 1.

114



Fig. 2 shows the growth pattern in liquid medium after
80 min of UV-B treatment. The UV-B treated cells showed g,
lag of 2 days after which there was slow but gradua]
growth. The growth was 40% lesser in UV-B treated culture
in comparison to that in untreated control. Once it became
apparent that UV-B treatment causes inhibition of growth,
an attempt was made to understand the mechanism involved in
the inhibition of growth.

Table-1 shows the content of photosynthetic pigments in
cultures treated with UV-B for different durations. It ig
apparent that 30 min treatment did not affect carotenoids,
chlorophyll a, or phycocyanin content significantly; but
80-min treatment caused significant decrease. Amongst the
pigments, the content of phycocyanin was most severely
affected.

Table 1. Effect of UV-B radiation (5.5 w/mz) on photosynth~

etic pigment content of Nostoc muscorum- .

Photosgynthetic UV-B exposure duration (min)
pigments 5 —_—
0 30 80
-1 —
Chlorophyll a gag ml 0.97 0.79 0.18
- % 100.00 81.40 18.50
-1
Phycocyanin pqg ml 37.0 30.00 4.00
% 100.00 81.08 10.80
-1
Carotenoids g ml 0.60 0.55 0.01
% 100.00 91.60 20.00

a. Actively growing culture of N. muscorum was exposed to
UV-B for different time periods and thereafter transfe-
rred to fluorescent 1light for growth. Pigment was
extracted after 3 days incubation.

b. The value in untreated control culture was 100% as

observed at 0 min.

Knowing that UV-B radiation inhibits growth and pigmen-
tation, we became interested to study its effect on N2
fixation. Fig. 3 shows that nitrogenase activity is

affected instantly and dramatically in UV-B treated
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Figure 3. Effect of UV-B on nitrogenase activity. Actively
Nz—fixing culture was exposed to UV-B (5.5 W/mz)
for different time period and thereafter C2H2
reduction assay was made under fluorescent light.

cultures. Exposure of cultures to UV-B for as low as 5 min

resulted in significant (75%) decrease in C2H2 reduction.

There was complete 1loss of C2H2 reduction in cultures

exposed for 20 min o UV-B. As both nitrogenase and

nitrate reductase are molybdoenzymes whose activity depends
on supply of ATP and suitable reductant, it was thought
proper to test the effect of UV-B on the activity of
nitrate reductase. Accordingly, we tested the effect of

UV-B on the activity as well as induction of nitrate

reductase. Like nitrogenase, nitrate reductase activity

was also affected instantly following UV-B treatment but,
interestingly, there was no complete inactivation even

after 80-min of UV~B treatment (Fig. 4). In fact a

significant amount of activity (about 25%) was still
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Figure 4. Nitrate reductase activity in UV-B treated N.
muscorum. NO3'_-grown culture was used in this
experiment.

discernible in 80-min UV-B treated cultures. Experiments
on induction of nitrate reductase showed no alteration in
the induction period following UV-B treatment (Fig. 5).
However, there was marked difference between nitrate
reductase activities of UV-B treated and untreated cultures
in terms of total activity for a period lasting upto 72 h
(Fig. 5).

As the processes of N2 fixation and nitrate reduction

are dependent on photosynthesis, it was imperative to test
the effect of UV-B on 14CO2 uptake. It is seen from Fig.
6 that exposure of cultures to UV-B causes complete loss of

14CO2 uptake capacity.
DISCUSSION
The above results show that N. muscorum is sensitive to

UV-B radiation. The effect of UV-B does not appear to be
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Figure 5. Effect of UV-B treatment on the induction of
nitrate reductase activity. Nz-fixing culture
was transferred ipto NO3-containing (5 m) medium
and thereafter UV-B treatment was given for 30
and 80 min. UV-Btreated cultures were incubated
in fluorescent light and activity was measured at

indicated times.

specific for a particular metabolic process; rather it
influences a number of physiological processes. Inhibition
of growth and killing of cyanobacteria by UV-B radiation
have been reported by Dohler et al. (10), Newton et al.
(11) and Hader et al. (19). It has been demonstrated that
at sublethal exposure 1levels, UV-B produces intracellular
damage and affects growth and the endogenous rhythms found

in many microorganisms. Our findings on killing of N.
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Figure 6. 14CO2 uptake by N. muscorum under UV-B and

fluorescent light.

muscorum following UV-B exposure are in agreement with the
above findings. The killing of cells following exposure to
UV-B may rcsult from damage to cellular proteins. It has
been also reported that higher doses of UV-B affect the

cellular membranes' permeability to important chemicals and

119



induce irreversible damage to proteins, eventually causing
death (20). Furthermore, DNA has been thought to be the
primary UV-B target in certain microorganisms (21). This
conclusion stems primarily from the similarity between the
action and absorption spectra. Overall, it seems that
cellular constituents absorbing light between 280-320 nm
are destroyed by UV-B radiation, accounting for the death
of the cells. The slow growth observed in liquid culture
might be due to the presenceof afew UV-B resistant cells.
It is also possible that damaged macromolecules such as
proteins may be repairad by the dark or 1light repair

mechanisms, thus permitting growth after a lag.

Our observation of drastic reduction in pigment content
is consistent with the findings of Hader et al. (22) and
Dohler et al. (10) who reported pigment bleaching following
exposure to sunlight or UV-B. Dohler et al. (10) reported
a close correlation in the decrease of phycocyanin with the
level of UV-B radiation. The reduction in the content of
photosynthetic pigments indicates that the protein moieties
of pigments are the primary target of UV-B effect. As
phycocyanin is a chromoprotein, the UV-B radiation has

drastic effect on this pigment.

Our data of C,H, reduction activity suggest that most
probably nitrogenase enzyme complex is inactivated by UV-B
treatment. This is based on the finding that inhibition of
C,oH, reduction occurred within 5 min of UV-B treatment and
there was no activity after 20 min. Almost similar

findings have been obtained with Anabaena flos-aquae and

Anabaena azollae (11). Furthermore, the loss of activity

may also be due to impairment in the supply of ATP and
reductant which are essential for nitrogenase activity.
However, any imbalance in the supply of ATP and reductant
would not be expected to block nitrogenase activity
instantly Dbecause nitrogenase activity is not lost
abruptly, even in the dark or in DCMU-treated cultures. It
should also be remembered that growth is not severely
affected by 20-min UV-B treatment and hence the observed
effect appears to be solely due to B inactivation of
nitrogenase polypeptide.
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The data of nitrate reductase activity also favour the
latter conclusion because appreciable amount of nitrate
reductase activity was observed in UV-B treated culture.
If UV-B immediately blocks the supply of ATP and reductant,
one would expect nitrate reductase to behave in the
same way as does nitrogenase. It therefore appears likely
that nitrogenase 1is specifically inactivated by UV-B in
Nz-fixing cyanobacteria. The continued expression of
nitrate reductase even after long exposure to UV-B might be
due to the supply of some preformed or residual ATP and
reductant to the enzyme molecule. Likewise, failure of
UV-B to inhibit induction of nitrate reductase appears to
be due to the presence of bulk of constituents required for
the synthesis of nitrate reductase polypeptide in the cell
itself.

Depression of photosynthetic CO2 fixation by UV-B
radiation may be explained by a diminution of supply of ATP
and NADPHZ. It has been demonstrated by many workers that
UV-B inhibition of ATP synthesis represents an effect on
the photosystem II reaction centre (8, 23).
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ABSTRACT

Increasing deposits of heavy metals and other toxic
pollutants are being found in soils in many parts of the
world as a result of anthropogenic pollution and addition
of phosphate fertilizers. In addition, the threat of a
concomitant decrease in the ozone layer with subsequent
increase in UV radiation will conceivably place plant and
other life under increasing stress. Consequently the
assessment of multiple effects is very important in
obtaining a more meaningful and realistic view of the
current changes in the environment.

Picea abies was grown from seed and exposed to UV-B
radiation simulating a 5% decrease in the ozone layer at
Lund, Sweden (55.7 °N, 13.4 °E). Analyses were carried
out after 10 weeks of treatment. The combination of yUv-B
radiation and Cd2+ resulted in a reduction of needle dry
weight and plant height, although in the latter case Cd2+
alone reduced seedling height most. CO: assimilation
rates also declined. In contrast to the treatments with
UV or Cd2+ alone, the combination treatment also altered
the kinetics of the varilable fluorescence, namely in the
Fu, or second maximum region. For comparative purposes
plants of Brassica campestris L. cv. Tove, grown under
similar conditions, were also included in some of the
analyses,

Key words - Brassica campestris, cadmium, CO:
assimilation, chlorophyll fluorescence induction, Picea
abies, Norway spruce, ultraviolet radiation.

MATERIALS AND METHODS

Material and Growth Conditions

Seeds of Norway spruce (Picea abies L. Karst) were sown
in vermiculite and germinated in a greenhouse. After 6
weeks they were transplanted to pots and placed in a
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growth chamber under either control or treatment
conditions. Background light (WL) in all cases was 500
umol m-2 s-1 PAR (400-700 nm, Philips HPLR 400 W lamps).
Half the plants received UV-B radiation simulating a 5%
decrease in stratospheric ozone calculated (Bjorn and
Murphy 1985) for Lund, Sweden (55.7 °N, 13.4 °E), for a
cloudless day (15 July) with aerosol zero. The
biologically effective radiation was 6.17 kJ m-2 day-1?,
computed according to Caldwell (1971). A cut-off
Plexiglas filter (FBL.2458, R6hm GMBH, Chemische fabrik,
Germany; 3 mm in thickness) removed nearly all
wavelengths below 280 nm. Between 275-280 nm, radiation
corresponding to 0.3% of that measured between 250-320 nm
was found.

The plants under both light conditions were divided into
two groups, one of which received 3 uM CdClz in the
nutrient medium (pH 4.5; pH 5.9 without cadmium) twice a
week. Relative humidity was ca 50%. The photoperiod was
16 h; day/night temperature of 22+2/19+1° C.

Plants were measured after 10 weeks of treatment. The
first 7 cm of the main shoot were used for all
measurements in order to eliminate large differences in
sample size. Brassica plants were similarily treated
except that they were maintained under treatment
conditions for 2 weeks and supplied with 15 uM CdCla
twice a week.

Variable Chlorophyll Fluorescence

An integrating sphere interfaced with a data acquisition
system and control software (essentially according to
Dubé and Vidaver 1990) was used to monitor variable
chlorophyll fluorescence (Fyar). Both Picea abies and
Brassica campestris Wwere used for comparative purposes.

Photosynthetic Rates

Gas exchange measurements were conducted on plant
material using a portable infrared gas analyser
(Analytical Development Co., type LCA 2).

Pigment Analyses

Chlorophyll

Chlorophyll was determined according to Inskeep and Bloom
(1985). Eighteen needles per treatment were macerated in
DMF (N,N-dimethylformamide). The extraction solution was
measured spectrophotometrically using an AMINCO DW-2
UV/VIS spectrophotometer (Silver Spring, ML, USA) in the
split beam mode.
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UV-B screening pigments

Eighteen needles per treatment were ground in methanol-
H20-HCl1 (79:20:1 v/v; Robberecht and Caldwell 1986) in
quartz sand using a pestle and mortar. Extracts were
centrifuged (1 600 g, 10 min) and the supernatants
scanned in an AMINCO DW-2 UV/VIS spectrophotometer
(Silver Spring, ML, USA).

Growth Parameters

Plant height was measured in cm from so0il level to the
base of the apical bud of the main shoot, and heights
averaged for each treatment.

Twenty needles per plant (upper 7 cm of the main shoot)
were taken for fresh and dry weight determinations.

RESULTS AND DISCUSSION

After 10 weeks, plants treated with cadmium alone gave a
32% decrease in plant height, while those exposed to UV-B
and cadmium showed a 25% decrease relative to controls.
Plants exposed to UV-B alone gave a 21% decrease (Fig.
1.).
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Fig. 1. Height in cm of spruce seedlings after 10 weeks
of treatment.

Dry weight was decreased most both for cadmium treatment
alone as well as for cadmium in combination with UV
radiation (Fig. 2).
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Fig. 2. Dry weight of spruce needles after 10 weeks of
treatment.

The total Chl content in cadmium treated plants showed a
22% increase as compared to controls (Fig. 3). This
increase is rather surprising, since numerous reports
have shown that cadmium often decreases Chl content,
probably by impairing precursor synthesis (e.g. Stobart
et al. (1985) or by decreasing important ions such as
iron (Haghiri 1973).
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Fig. 3. Total Chl (mg DW-1) of spruce needles after 10
weeks of treatment.
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In contrast, Chl content in those plants treated with UV
and cadmium was decreased by 7% compared to controls.
This decrease was due to a larger reduction in Chl b,
which may indicate a change in the size of the antenna
pigments. UV-B screening pigments were increased most
from plants exposed to UV plus cadmium (results not
shown). The reason for this is not clear.

Rates of apparent photosynthesis, normalized to needle
dry weight, decreased by 33% in UV plus cadmium treated
plants (Fig. 4). UV-B treated plants also showed a
decrease compared to controls, while cadmium alone
resulted in increased rates.
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Fig. 4. Apparent photosynthesis of spruce seedlings after
10 weeks of treatment. Values are expressed per needle
dry weight.

It appears that the reduction in rates was mainly due to
the effect of UV radiation, since differences between the
combination treatment and UV alone were small (Fig. 4).

For plants exposed to UV-B radiation and cadmium, the
kinetics of the variable fluorescence were altered in the
Fu {second maximum) region for both Brassica and Picea.
Results for Brassica are shown in Fig. 5a, although
similar changes were found for Picea.
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Fig. 5. a) Fluorescence induction curve of Brassica
-campestris leaves after 2 weeks of treatment with
simultaneous exposure to UV-radiation and cadmium supply.
b) A trace from the same leaf sample as in b) showing CO2
gas exchange rates. Note the delay in the shoulder
{second peak after ca 250 s) as compared with the
fluorescence transient of a) (second peak after ca 170
8).

Fluorescence transients are usually characterised by
typical OIDPSMT phases (Govindjee and Papageorgiou 1971).
However, after UV and cadmium treatment, the second
maximum, or Fy was no longer discernible. Instead, a.
distinct rise was seen after the S-stage (Fig. 5a),
accompanied by a similar, although delayed, rise in the
curves of the CO. gas exchange (Fig. S5b). Greger and
8gren (1989) reported that for sugar beet seedlings, the
kinetics of the slow phases of the induction curve also
lacked certain oscillations, which may represent
regulatory reactions of carbon metabolism (Walker et al.
1983).

CONCLUSIONS

It is possible that the regulatory processes of the
carbon reduction cycle were altered by the combipation of
UV radiation and cadmium. Changes usually attributed to
cadmium alone (e.g. as far as Chl content and CO:
assimilation rates were concerned) were not manifested in
the present study, probably as a result of the low
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concentrations of cadmium administered as compared to
other investigations. The interesting outcome of this
study was that in combination with UV radiation, many of
these cadmium effects became evident, pointing to a
multiple stress phenomenon.
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ABSTRACT

Snapbean (Phaseolus vulgaris L. cv. 'Bush Blue Lake 290') plants were

grown under enhanced UV-B radiation for 21 days in a growth chamber at

11.7 kI m 2 a7t

(UV—BBE) (normalized at 300 nm) and 300 pmol m_2 s-l of photosynthetic

of biologically effective wultraviolet radiation

photon flux prior to ozone (03) (3 h at 0.25 pmol mol_l) to determine

the influence of UV-B preconditioning on O, sensitivity. This level of

3
UV—BBE represents approximately a 20% decrease in stratospheric O3 for

clear sky conditions at Beltsville, MD (39°N) on June 21.

Plants grown from seed under enhanced UV-B radiation showed marginal
cupping of the primary and trifoliate leaves, marginal chlorosis, and
marked reductions in fresh weight, dry weight, and leaf area as
compared to those grown in the absence of UV-B radiation. UV-B treated

plants subjected to O, showed greater injury of the first trifoliate

3
and less injury of the primary leaf after 48 h than non-irradiated

plants.

Chlorophyll concentration was decreased in UV-B treated plants as
determined by SPAD chlorophyll meter readings and measurements of leaf
discs extracted in 80% acetone. The chlorophyll a/b ratio was decreased

by both UV-B and O, treatment. Flavonoid absorbance at 300 nm, however,

3
was decreased by UV-B treatment.

UV-B irradiation caused nearly a two—-fold reduction in photosynthetic
rate but had no significant effect on stomatal conductance of the first
trifoliate leaf. In contrast, O3 fumigation not only decreased photo-

synthetic rate but caused a marked reduction in stomatal conductance.
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Measurements of chlorophyll fluorescence kinetics revealed an increase
in area under the fluorescence curve under elevated UV-B radiation and
a decrease in half-rise time under 03 stress, suggesting an increase in

PS II activity.

These findings demonstrate the need to conduct studies on interactions
of UV-B radiation and other environmental stress factors in order to
develop realistic assessments and valid models of projected changes in

global climate.

INTRODUCTION

There is increased concern regarding the adverse biological effects of
stratospheric ozone reduction and the projected increase in
biologically effective ultraviolet-B (UV-BBE) radiation reaching the
earth's surface (1~5). There is also growing concern about the possible
direct and indirect effects of increased levels of trace gases such as
carbon dioxide, nitrous oxides (NZO), methane (CH4), and tropospheric
ozone (03) (2,6).

Numerous studies have been conducted on the effects of UV-B radiation
on plant growth and development (5,7-11). Extensive literature has also
been published on the effects of ozome (12-20).

Extensive research has been conducted to determine the physiological
and biochemical basis for adaptation to UV-B radiation (9,11,21) and
03
important UV-screening pigments (4,24-27).

pollution (15,17-19,22~23). Flavonoids have been shown to serve as

To date, relatively little is known about the combined effects of UV-B
radiation and air pollutants (2). Global climate change is likely to

result in both positive and negative environmental effects of plants.

Thus, additional data on environmental interactions are needed in order
to develop a meaningful assessment of projected increases in UV-B
radiation and global climate changes on agricultural production. Such
information will also be required in order to develop improved models

of global climate change.

The objective of the present study was to determine the influence of
UV-B pretreatment on the response of plants to 03 fumigation under

controlled environment conditions.
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MATERIALS AND METHODS

Plant Material

Seeds of Phaseolus vulgaris L. 'Bush Blue Lake 290!, an O3 sensitive

cultivar (13) were planted in 12.5 cm plastic pots containing a peat~

vermiculite potting mix (Jiffy Mix, Jiffy Products of America, Inc.,
West Chicago, IL). Upon emergence, the seedlings were selected for
uniformity and thinned to two plants per pot. The plants were
fertilized once a week with 200 ml Peters 20-20-20 fertilizer (Peter's
Fertilizer Products, W.R. Grace & Co., Fogelsville, PA, USA). The

remaining days, they received only distilled water.
UV Pretreatment
Prior to O

3 fumigation, the plants were grown for 21 days from seed in
two microprocessor—controlled plant growth chambers (Model M-13,
Environmental Growth- Chamber Inc., Chagrin Falls, OH, USA) under the
following environmental conditions: 25/20°C day/night temperature, 70%
relative humidity, 300 pmol m_2 s_1 of photosynthetic photon flux (PPF)
provided by 1500 mA cool white fluorescent lamps and supplemental

incandescent lamps, and a 16 h photoperiod.

One group of plants was grown under enhanced UV-B radiation (referred
to as +UV). A second group of plants was grown in the absence of UV-B
radiation (referred to as -UV). Each growth chamber was equipped with
six Q-Panel (Cleveland, OH, USA) UVB-313 lamps covered with either 0.13
mam (5 mil) cellulose diacetate to transmit UV~B (cut off ca 292 nm) or
with 0.13 mm (5 mil) polyester (Cadillac Plastics, Baltimore, MD, USA)
to exclude UV-B (cut off ca 318 nm).

The +UV plants were exposed to an irradiance which simulated the amount
of UV-BBE that would reach the ground at Beltsville, MD (39° N), under
clear skies on June 21, assuming approximately a 20%Z reduction in
stratospheric ozone. This exposure was based on calculations using a
UV-dosage model (28) and a generalized plant action spectrum (1)
normalized at 300 om. This dose was 11.7 kJ m-.2 d_l. Filters were
changed every 4-5 days. Dally adjustments in UV-B irradiance were made
by means of a dimming system based on measurements made with a portable
radiometer calibrated against a spéctroradiometer (29). Plants were

irradiated for 6 h daily (1100-1700 h) midway through the photoperiod.

Ozone Treatment

On day 22, the +UV and -UV treated plants were transferred to a
controlled environment chamber at 25°C where they were equilibrated for

1 h before 0, fumigation. The PPF level during fumigation was

3
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300 pmol m_2 s-1 of PPF (provided by 1500 mA cool white fluorescent and
GE 52 watt supplemental incandescent lamps), and the relative humidity
was 70-80%. Following equilibration, the plants were fumigated for 3 h
at 0 or 0.25 pmol mol—1 of 03. The 03 concentration was monitored with
a TECO model 49 (Thermo Electron Corporation, Hopkinton, MA, USA)
instrument. Upon completion of the O3 treatment, measurements were
taken on selected plants for growth and physiological response while
others were returned to their former growth chambers without UV

treatment to score UV and O, injury.

3
Extraction and Determination of Pigments

Chlorophyll was extracted from leaf discs with 80% acetone and
determined according to Arnon (30). Flavonoids were extracted from leaf
discs (1 cm2 area) in ethanol-acetic acid (99:1 v/v) according to Flint
et al. (26). The absorbance was read on a Shimadzu Model 160A UV/VIS
Recording Spectrophotometer (Columbia, MD, USA). In situ measurements
of chlorophyll concentration were also determined by using a Minolta

SPAD model 501 chlorophyll meter.
Growth Measurements

Measurements of growth responses were determined on day 9, 15, and 22,
but data are only presented for day 22. Plant height was measured from
the cotyledonary node to the base of the uppermost leaf. leaf areas of
the primary leaves and trifollate leaves were determined with a LI-COR
LI-3000 Leaf Area Meter (Lincoln, NE, USA). Fresh and dry weights were
determined separately for each leaf but only pooled data are reported
here. After determining fresh weights, the samples were dried in a
forced draft oven at 70°C for 48 h before dry weights were obtained.
Measurements of Gas Exchange

Measurements of photosynthetic rate stomatal conductance wefe
determined on the terminal leaflet of the first trifoliate leaf from
the base of the plant by means of a LI-COR Model LI-6200 Portable
Photosynthesis System (Lincoln, NE, USA).

Chlorophyll Fluorescence Induction

Measurements of chlorophyll fluorescence induction kinetics were made
at room temperature (23+2°C) using a Model MF-1 portable chlorophyll
fluorometer (Univ. of Missouri, Columbia, MO, USA), which was connected
to a personal computer equipped with hardware and software to convert
the computer to a digital oscllloscope (Rapid Systems Inc., Seattle,
WA, USA). The adaxial leaf surface was irradiated with a red light
emitting diode and the fluorescence signal collected from the same

surface. Leaves of all plants were dark—adapted' for 6 min before
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obtaining measurements. Data are presented for varlable fluorescence
(Fv) (Fmax - Fo), (Fv/Fo)’ area under the curve obtained during a
period of 1800 ms, and half-rise time (from Fo to Fma ).

X
Statistical Analysis
SAS (SAS Institute, Carry, NC, USA) was used to conduct an analysis of

variance on all growth and physiological parameters. Because of space

limitations, F values are only shown for selected variables.

RESULTS
Leaf Injury
Visual injury from UV-B 1irradiation was observed on the first
trifoliate leaf within 15 days of treatment. This was manifested as
severe inhibition of leaf enlargement, marginal cupping of the leaves,
and marginal chlorosis. UV-B treated plants subjected to 03 treatment

showed greater 0, injury on the first trifoliate but less O3 injury on

3
the primary leaf at 48 h after fumigation than -UV plants.

Growth Measurements

The most striking growth response of snapbean plants to +UV treatment
after 3 weeks exposure was a two-fold reduction in fresh and dry
weights and more than a two-fold reduction in leaf area as compared to
controls (-UV) (Tables 1, 2, 3, 4, and 5). Specific leaf weights (SLW)
were increased by UV-B exposure (Tables 5, 6). After 9 and 15 days of
UV-B treatment, there was a significant reduction in shoot elongation
(data not shown), but by 21 days, this effect was largely lost (Tables
4, 5). UV-B irradiation also increased the percent dry weight (DW) of

the leaves (Tables 4, 5). There was a significant UV x 0, interaction

3
in SLW and % DW after 3 weeks of UV treatment and 3 h of 03 exposure

(Table 5).

Table 1. Fresh Weights of 'BBL 290' Snapbean Plants after 21 Days of UV
and 3 Hours of O3 Treatments

uv O3 conc, Fresh Weight (g)

Treat- ~1

ment pmol mol T T+L+P W

- 0 5.6 + 0.6 10.0 + 0.9 14.6 + 1.4

- 0.25 4.9 + 0.5 7.9 + 1.2 11.5 + 1.5
0 3.3 +0.1 5.6 + 0.2 8.9 + 0.5
0.25 2.8 + 0.7 4+ 1.0 8.6 + 1.6

T = Trifoliates; L = Laterals; P = Primary Leaves;

W = Leaves and Stems.

137



Table 2. Dry Weights of 'BBL 290' Snapbean Plants after 21 Days of UV

and 3 Hours of 03 Treatments

uv 03 conc. Dry Weight (g)
Treat- -1
ment pmol mol T T+L+P W
- 0 0.88 + 0.08 1.38 + 0.11 1.80 + 0.15
- 0.25 0.73 + 0.07 1.10 + 0.12 1.40 + 0.15
+ 0 0.42 + 0.02 0.68 + 0.03 0.94 + 0.05
- 0.25 0.39 + 0.09 0.72 + 0.12 1.02 + 0.16
T Trifoliates; L = Laterals; P = Primary Leaves;
W = Leaves and Stems.

Table 3. Leaf Area of 'BBL 290' Snapbean

3 Hours of 03 Treatments

Plants after 21 Days of UV and

Leaf Area (cmz)

uv 03 conc.
Treat- -1
ment jmol mol T L T+L+AP
- 0 281.8 + 27.5 8.3 + 3.3 445.8 + 36.5
- 0.25 247.9 + 24.8 4.7 + 2.6 364.7 + 42.7
0 111.6 + 5.7 2.2 + 2.2 187.6 + 8.1
0.25 92.2 + 20.3 2.5+ 2.5 213.0 + 58.0
T = Trifoliate; L = Laterals; P = Primary Leaves.

Table 4. SLW, % DW of Leaves, and Height of 'BBL 290' Snapbean after 21

Days of UV and 3 Hours of 03 Treatments

)

uv 0, conc. Ht SLW % DW

Treat- ol mol-l cm mg em

ment L

- 0 11.4 + 2.1 3.12 + 0.08 15.9 + 0.6

- 0.25 8.4 + 0.7 2.93 + 0.00 14.8 + 0.1
0 7.3 £ 0.0 3.79 + 0.04 12.8 + 0.2

+ 0.25 7.6 + 0.5 4.21 + 0.17 14.1 + 0.7
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Table 5. F Value for Growth Responses to UV-B and O3 Treatments

Parameter uv O3 Uv x O3
K%

FW - Tops 0.0017 0.2272 0.3157
K%

DW - Tops 0.0019 0.2780 0.1207
AKX

Leaf Area Tops 0.0001 0.2694 0.7086

Height 0.0638 0.2513 0.1871
Kk Kk *

SLW 0.0001 0.2834 0.0136
K% *

Z Dry Welght 0.0031 0.8662 0.0329

%% : P <.0.001; ** : P < 0.05; * : P < 0.01.

Measurements of Gas Exchange
Photosynthetic rates in the first trifoliate were decreased by both

long-term UV-B pretreatment and a single 3 h O3 exposure (Tables 6 and
7). Ozone treatment had a greater suppressive effect on photosynthesis
of 'Bush Blue Lake 290' snapbean plants than did UV-B enhancement. When
bean plants were subjected to a combination of the two environmental
stresses, a synergistic effect was obtained (Tables 6 and 7). Stomatal
behaviour in UV-B irradiated snapbean plants was unaffected by UV-B
exposure while O3 exposure caused a marked reduction in stomatal

conductance (Tables 6 and 7).

Table 6. Photosynthetic Rates (Pn) and Stomatal Conductance (Cs) of
First Trifoliate of 'BBL 290' Snapbean after 21 Days of UV and

3 Hours of O3 Treatments

uv 0, conc. Pn rate Cs
3 -1 -2 -1 -1
Treatment pmol mol pmol m © s cm §
- 0 3.63 + 0.33 1.65 + 0.40
- 0.25 1.08 + 0.15 0.52 + 0.12
+ 0 2.09 + 0.34 1.18 + 0.16
+ 0.25 0.31 + 0.51 0.35 + 0.01
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Table 7. F Value for Gas Exchange Responses to UV-B and 03 Treatments

Parameter uv 03 uv x 03
* sk x
Pn rate 0.0117 0.0003 0.3412
*k
Cs 0.1953 0.0023 0.5246

**% : P < 0.001; ** : P < 0.05; * : P <O0.01.

Photosynthetic Pigments

Exposure of snapbean plants to increased UV-B irradiance caused a
reduction in chlorophyll a concentration on a fresh weight (FW) and DW
basis (Tables 8 and 10) but had no appreciable effect on chlorophyll b
concentration (data not shown). The chlorophyll a/b ratio was reduced
by UV-B enhancement (Tables 8 and 10) largely reflecting the change in
chlorophyll a concentration. Ozone fumigation also caused a reduction
in chlorophyll a/b ratio (Tables 8 and 10). A reduction in total
chlorophyll as measured with a SPAD chlorophyll meter was also

obtained.

Table 8. Chlorophyll Conc. in First Trifoliate of 'BBL 290' Snapbean
after 21 Days of UV and 3 Hours of 03 Treatments

uv 05 conc. Chl a conc. (pg ml—l) Chl a/b
Treat- -1 ratio
1
ment pmol mol FW basis DW basis
- 0 1.7 + 0.1 17.1 + 0.6 3.2 + 0.1
- 0.25 1.5 + 0.1 15.5 + 0.7 3.0 +
+ 0 1.5 + 0.0 15.0 + 0.4 2.9 + 0.0
+ 0.25 1.4 + 0.1 14.1 + 0.7 2.7 + 0.0

Flavonoid Content

Under the relatively low PPF conditions used in this experiment, UV-B
enhancement for 3 weeks caused a reduction in UV-B screening pigments.
Flavonoid absorbance at 300 nm was decreased by half in UV-B irradiated
plants as compared to controls (Tables 9 and 10). This was true on both

a FW (data not shown) and a DW basis.
Chloropityll Fluorescence Kinetics

Under increased UV-B radiation, there was an increase in the area under

the fluorescence curve, but no change in variable fluorescence or half
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lme. Under 03 stress there was a decrease in half rise time but
ige 1n variable fluorescence or area under the fluorescence curve

i 11 and 12).

). Flavonoild Absorbance of First Trifoliate of 'BBL 290' Snapbean
after 21 Days of UV and 3 Hours of O3 Treatments

03 conc. Flavonoid absorbance at 300 nm
pmol 'mol_1 Area bafis FW basif DW basig
abs cm abs mg abs mg
0 2.9 + 0.3 0.14 + 0.02 1.3 + 0.2
0.25 3.1 £ 0.3 0.15 + 0.02 +
0 1.5 + 0.4 0.06 + 0.01 0.6 +
0.25 2.7 £+ 0.7 0.13 + 0.03 1.0 + 0.2

0. F Value for Pigment Responses to UV and O3 Treatments

er uv O3 UV x 03
onc. 0.0218* 0.0706 0.6237
is

kkk kkk

0.0002 0.0008 0.9720

*
id 0.0295 0.1926 0.3295
0 nm
is

< 0.001; * : P <0.01.

1. Chlorophyll Fluorescence Kinetics of 'BBL 290' Snapbean
Plants after 21 Days of UV and 3 Hours of O3 Treatments

03 conc. F Fl. area® F_/F Half-rise
v vito
-1 5 time
pmol mol x 10 ms
0 96 + 15  4.85+0.26 0.45+0.07 78 + 2
0.25 65 + 9 4.77+0.11 0.2940.04 49 +
0 67+ 7  4.95+0.04 0.28+0.04 68 + 3
0.25 85+ 1  5.3740.00 0.35+0.01 47 + 2

gpressed in mv per 1800 ms.
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Table 12. F Value for Chlorophyll Fluorescence Kinetics

Parameter uv O3 UV x O3
*

Fv 0.6712 0.5377 0.0365

Area 0.0385* 0.2611 0.1182
*

F /F 0.2602 0.3601 0.0482

v. o xkk

Half-rise time 0.2501 0.0001 0.5323

*%%* : P < 0.001; * : P < 0.01.
DISCUSSION

Subjecting bean plants to increased UV-B radiation for 21 days from the
time of seeding resulted in a marked inhibition of biomass production
and leaf enlargement. Shoot elongation, however, was not significantly
reduced by increased UV-B radiation. These. results are consistent with
those reported by Cen and Bornman (9) for Phaseolus vulgaris
(cv. 'Stella') under conditions of low PPF (250 pmol m.2 s—l). Under
moderate (500 pmol m—2 s_l) and high (700 pmol m_2 s—l) PPF, however,

these workers failed to obtain a decrease in fresh or dry weight. In

contrast to our findings and those of Cen and Bormman (9) obtained
under growth chamber conditions, Dumpert and Knacker (31) found that
increased UV-B radiation under greenhouse and field conditions caused a
decrease in plant height in P. vulgaris as well as a reduction in leaf

area and fresh and dry weights.

Leaf thickness was increased by +UV treatment as evidenced by the
increase in specific leaf weight (Table 4). Bean plants given +UV also
tended to be less succulent as reflected in the higher percent DW of
the leaves as compared to -UV treated plants (Table 4). A similar
increase in leaf thickness has been reported for P. vulgaris (cv.
'Stella') (9) and for other species (5,11,27). It is difficult to
explain the interaction between UV-B treatment and 03 treatment in
terms of SLW and percent DW (Table 4). Since growth measurements were
made directly after fumigation, it is not surprising that O3 treatment

had no significant effect on growth responses.

UV-B irradiation and O3 fumigation applied separately each caused a
decrease in photosynthetic rate, but the inhibitory effects of O3 were
greater than those of UV-B irradiation (Table 6). When 'Bush Blue Lake
290' snapbean plants were exposed to both UV-B and 03 stress, there was
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a synergistic effect. Contrary to findings of other workers (5,8,11),
UV-B irradiation had no significant effect on stomatal behavior. This
was 1in contrast to O3 treatment which caused a marked reduction in
stomatal conductance (Tables 6 and 7). The fact that stomatal behavior
was unaffected by UV-B irradiation but was greatly altered by 03
fumigation suggests a different mode of action for plant response to

these two stress.

The decrease in flavonoid absorbance was unexpected and suggests that
flavonoid synthesis itself may have been damaged by UV-B irradiationm,
possibly by damage to the epidermal layer where flavonoids are
typically found (9,32). Alternatively, it is also possible that for P.
vulgaris, a PPF level of 300 pmol m_2 s_1 is too low to induce
flavonoid synthesis. Cen and Bornman (9) found in their study that even
500 pmol m_2 s.1 might have been too low to support flavonoid synthesis
in P. vulgaris (cv. 'Stella'). Since flavonoids are known to provide a
protective function as an optical screen to UV-B irradiation (11,24,
26,33), it is clear that threshold levels of PPF required for flavonoid
induction must be determined for each species and/or cultivars if
meaningful studies on UV-B irradiation are to be conducted under

controlled environment conditions.

Interpretation of the data on chlorophyll fluorescence kinetics after
2] days of UV-B irradiation and 3 h of 03 exposure depended on the
parameter used. On the basis of increased area under the fluorescence
curve, +UV treatment appeared to result in an increase in PS 1II
activity. Similarly, on the basis of reduction in half-rise time, 03
treatment also appeared to cause an increase in PS II activity (Tables
11 and 12). These results were unexpected and further measurements will
be needed to confirm these results (Tables 11 and 12). Our findings
differ from those reported by Cen and Bormman (9) for P. vulgaris L.
(cv. 'Stella') exposed to 6.17 kJ m”2 d-1 of UV_%E and other

investigators (21,34).

Our findings demonstrate the difficulty of extrapolating the results of
UV-B studies conducted under relatively low PPF conditions (typically
available to most growth chamber users) to natural field conditions.
They also illustrate the complexity of conducting UV-B research. It is
clear that if realistic assessments of UV-B effects are to be made,
further studies will need to be conducted on interactions of UV-B

radiation and other environmental stress factors.
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ABSTRACT

By far, the bulk of our understanding of the impacts of UV-B radiation
comes from studies conducted in artificially controlied environments (1). Because
environmental conditions within growth chambers or greenhouses are unlike those
found in nature, plant responses under such conditions may neither quantitatively
nor qualitatively resemble field responses. For instance, it is now widely known
that plants grown in growth chambers appear to be more sensitive to a given UV
dose than field-grown plants (2). The basis for this difference in sensitivity comes
from the fact that in artificial environments (growth chambers and greenhouses) a
single factor is generally manipulated, while all other factors are either kept
constant or are optimized for growth. Such single-factor stresses are rarely
experienced by plants outdoors. Instead, under actual conditions, plants would
commonly experience simultaneous, multiple stresses. For example, plants receive
their maximum daily UV-B irradiance during the period of maximum air
temperatures, visible irradiance, and evaporative demand for water. Unlike plants
in growth chambers where nutrient solutions may be applied daily, most native
plants and many agricultural crops grow in soils that are low or deficient in
nutrients. In addition to these differences in physical factors, artificial
environments almost always exclude biotic factors, such as the interactions
between other plants, insects, diseases, etc. Finally, inherent limitations on size of
controlled-environment facilities make it impractical to conduct studies on crop
yields, which must ideally be conducted in carefully designed field studies.

- Weighed against these shortcomings of controlled-environment studies are
the enormous complexities associated with field studies. Here, daily fluctuations in
environmental factors are superimposed upon longer-scale seasonal and annual
fluctuations making interpretation extremely difficult and necessitating mutti-year
experimentai designs. Both temporal and spatial variability often result in
inconsistencies in plant responses between one year and the next. Experimental
field plot studies will be described for a crop plant, soybean (Glycine max L.), and
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a forest tree species, loblolly pine (Pinus taeda L.). In these field studies ambient
levels of solar UV-B radiation have been supplemented by artificial UV-B
radiation provided from fluorescent sunlamps. The effectiveness of UV-B
radiation on physiological processes, growth, and yield will be described for these
plants grown under a full solar UV spectrum and in combination with drought.

INTRODUCTION

The effects of ultraviolet-B (UV-B, between 280 and 320 nm) radiation
have now been studied on approximately 300 species and varieties of plants. Of
those studied, nearly one-half showed physiological damage and/or growth
reductions in response to UV-B radiation (3). Some of the most sensitive families
include the Fabaceae, Cucurbitaceae and Brassicaceae. General physiological
effects of UV-B radiation include reductions in photosynthetic carbon assimilation,
alterations in stomatal function, phytohormone activity and foliar chemistry (4).
These responses are often then manifested in reductions in dry matter
accumulation, height, leaf area and seed yield. The bulk of information, however,
on the impacts of UV-B radiation comes from studies conducted in artificially
controlled environments (1). Unfortunately, since environmental conditions within
growth chambers or greenhouses are unlike those found in nature, plant responses
under such conditions may neither quantitatively not qualitatively resemble field
responses. For instance it is now widely known that plants grown in growth
chambers may be severely damaged by UV-B irradiances which simulate current
ambient solar UV-B fluxes. The basis for this difference in sensitivity comes from
the fact that in artificial environments (growth chambers and greenhouses) a single
factor is generally manipulated while all other factors are either kept constant or
are optimized for growth. Such single-factor stresses are rarely experienced by
plants outdoors. Instead, under actual conditions, plants would commonly
experience simultaneous, multiple stresses. For example, plants receive their
maximum daily UV-B irradiance during the period of maximum air and soil
temperatures, visible irradiance and evaporative demand for water. \

A significant difference between growth chamber or greenhouse
environments and field conditions lies in the visible irradiance or PFD
(Photosynthetic Photon Fluence) present. It has long been observed that leaves
grown in full sunlight often differ anatomically, morphologically and chemically
from shade leaves. Therefore, these responses to sunlight may provide protection
from UV-B radiation and the absence of these responses may contribute to the
high sensitivity of plants grown inside controlled environments. Teramura and
Murali (2), demonstrated that four of five soybean cultivars tested were roughly
twice as sensitive to UV-B, in terms of alterations in vegetative characteristics,
when grown under greenhouse compared to field conditions. In other studies
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(5,6), the importance of visible irradiance, or the ratio of PPF to UV-B, in
modifying the response to UV-B was clearly established. For example, Mirecki
and Teramura (6) found significant reductions of photosynthesis in response to
UV-B radiation when the background PPF was 800 umol m2s! but no reductions
at a background PPF of 1400 umol m2sL.

In addition to the above complications of the artificial vs. the field
environment, some other constraints of growth chamber or greenhouse studies
reduce their usefulness in assessing the consequences of an increase in UV-B
radiation. For example, artificial environments almost always exclude biotic
factors such as interactions between other plants, insects, diseases, etc. and such
studies also face inherent limitations on size and available space and thus are
generally not suitable for yield analyses. Therefore, for all these reasons field
validation studies are essential to the realistic assessment of the impacts of
increasing solar UV-B radiation.

The enormous complexity of field studies must be weighed against the
shortcomings of controlled environment studies. In the field, the daily fluctuations
in environmental factors are superimposed upon longer-scale seasonal and annual
fluctuations. This makes the interpretation of results extremely difficult.
Furthermore, this temporal and spatial variability may result in inconsistent
responses between one year and the next and necessitates the implementation of
multiple year experimental designs. To date only about 20 field studies have been
conducted on the response of plants to UV-B radiation and of these, only 5 were
continued for more than a single growing season. Only two of these 5 were multi-
year studies lasting for more that two consecutive growing seasons. One of these
studies grew soybean (Glycine max. (L.) Merr.) for six years and the other grew
loblolly pine (Pinus taeda L.) for four years.

FIELD VALIDATION STUDIES: SOYBEAN

Previous studies have shown that a wide range of intraspecific variability
exists in soybean with respect to sensitivity to UV-B radiation. A summary of
studies conducted on soybean (2,7,8) shows that 26 of 41 cultivars tested were
sensitive (growth reductions exceeding 5%) to UV-B radiation in field or
greenhouse studies (Table 1). The only field study, however, undertaken over
more than two seasons was conducted at the University of Maryland and evaluated
two soybean cultivars over a six-year period from 1981 to 1986 (9).

Two soybean (Glycine max (L) Merr.) cultivars were chosen for study based

upon preliminary greenhouse trials for UV sensitivity and planted into the field
(2). Based upon overall growth performance, Essex was found to be sensitive
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while Williams was tolerant to UV-B radiation. Field experiments were conducted
during May through October of 1981 to 1986 at the Agricultural Research Center,
USDA, Beltsville, Maryland, U.S.A.

Supplemental UV-B radiation was supplied by filtered Westinghouse FS-40
sunlamps oriented perpendicular to the planted rows (rows oriented in an East-
West direction) and suspended above the plants. Lamps were filtered either with
0.13 mm thick cellulose diacetate (transmission down to 290 nm) for supplemental
UV-B radiation or 0.13 mm Mylar Type $ plastic films (absorbs all radiation below
320 nm) as a control. The radiation filtered through the cellulose diacetate
supé)lied a weighted daily supplemental irradiance of either 3.0 or 5.1 effective kJ
m™“ UV-Bgg using the generalized plant response action spectrum (10)
normalized to 300 nm. Therefore, plants beneath these lamps received
supplemental doses in addition to ambient levels of UV-B radiation. These
increased levels of UV-B radiation (supplemental + ambient) were similar to
those which would be received at College Park, Maryland, U.S.A. (39°N) with
anticipated 16 and 25% stratospheric ozone reductions during a cloudless day on
the summer solstice (11). The weighted irradiance of Mylar filtered lamps was 0,
so plants beneath these lamps received only ambient levels of UV-B (8.5 effective
kI m2 UV-BpE on the summer solstice). Different UV-B doses were obtained by
varying the distance between the lamps and the top of the plants (a distance of 0.75
and 1.0 m for 5.1 and 3.0 effective kJ m'2, respectively). This was checked and
maintained weekly as the plants grew. Cellulose diacetate filters were pre-
solarized for 8h and changed weekly to ensure uniformity of UV-B transmission.
The FS-40 sunlamps were preburnt and matched for desired spectral irradiance,
prior to the initiation of the experiment each year. Spectral irradiance beneath the
lamps as measured with an Optronics Model 742 spectroradiometer equipped with
a double monochromator with dual holographic grating and interfaced with a
Hewlett Packard 85 printing calculator. The spectroradiometer was calibrated
using a National Institute of Standards and Technology (NIST) 1000 W tungsten
halogen lamp and wavelength alignment checked against known mercury emission
lines using a Hg Arc lamp. 1

The results of this 6-year field study demonstrate intraspecific differences in
UV-B sensitivity in soybean. In Essex, the sensitive cultivar, reductions in
photosynthetic carbon assimilation were manifested ultimately in reduced
vegetative biomass and seed yield (9,12,13). In Williams, however, neither
photosynthetic capacity nor growth were affected by supplemental UV-B radiation.
In Essex, a simulated 25% ozone reduction reduced yield by 19-25% during 4 of
the 6 years (Table 2).

The annual variation in responsiveness to UV-B raises the guestion as to
the potential interaction of UV-B with other environmental factors and supports
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the need for multi-year studies. For example, if the results from only 1983 were
available then Williams rather than Essex would have been considered the

sensitive cultivar. Parallel field studies (13,14) have shown that UV-B effects may
be modified by water availability. In these two field studies, when conditions of
drought were imposed on soybean, no reductions in photosynthetic, growth or yield
were observed in response to supplemental UV-B radiation. Likewise, the 1983
and 1984 field seasons were characterized with prolonged periods of drought and
in these seasons their was little or no UV-B radiation effect on yield in Essex
(Table 2).

In another series of studies (15,16) in which levels of phosphorous were
manipulated, similar results were obtained in that the effectiveness of UV-B in
altering plant physiology or growth was diminished when nutrient stress was
imposed. In both the cases of drought and nutrient limitations the masking of UV-
B effects appeared to arise from the plants biochemical and morphological
response to the primary stress (e.g. drought or limiting P). These responses
included growth reductions, increases in specific leaf weight (SLW) and an
accumulation of foliar UV-absorbing compounds.

In similar fashion the observed inter- and intra-specific variation in
sensitivity to UV-B may be dependent in part on these same responses to UV-B.
One primary means of defense against incoming UV-B radiation would be to
prevent the radiation from reaching sensitive internal targets such as chloroplasts
or nuclei (17). Incoming irradiance striking the leaf surface may be reflected,
absorbed by the epidermis or transmitted into the leaf mesophyll. Increased leaf
thickness (as indicated by an increase in SLW) could increase the path length of
the irradiance to the mesophyll. The well-known sun-leaf anatomy, for example, is
considered an acclimation to high levels of visible irradiance but it is possible that
UV-B radiation might also contribute to this response.

Anocther general response to drought, nutrient limitations and high
irradiances (visible and UV) is the accumulation of flavonoids in epidermal tissues.
These compounds absorb strongly in the UV-A and UV-B regions and their
accumulation in the epidermis has been shown to reduce epidermal transmittance
of UV (18). The increase in epidermal concentrations of these compounds in
response to drought or nutrient deficiency may serendipitously protect the plant
from UV-B radiation. Also, the ability to accumulate these compounds in
response to UV-B varies greatly among species and among cultivars of a given
species. Some of the observed sensitivity differences to UV-B radiation may be
due in part to this response. It has now been established that the synthesis of
several of the key enzymes in the flavonoid biosynthetic pathway are induced by
UV-B (19). Visible irradiance and UV-A irradiation are also apparently
important in this regard. For example it was observed nearly four decades ago that

151



flavonoid concentrations were greater in plants grown in high light conditions and
that flavonoid levels drop rapidly in response to cloud or shade conditions (20).
However, the genetic basis of flavonoid accumulation in response to UV-B
radiation remains poorly understood and some plants do not appear to be able to
increase flavonoids in response to UV-B.

The variation among cultivars of soybean in terms of UV-B sensitivity
seems to parallel that of the interspecific variability observed in all other species
combined. The intraspecific variation and interactive response to co-occurring
stresses may be due to gene-level responses such as the induction of specific genes
in the flavonoid biosynthetic pathway and other as of yet undetermined responses.
However, at the present it scems likely that the productivity of at least some
soybean cultivars would be substantially reduced if ozone depletion continues.
Adequate assessments of potential damage depend upon a better understanding of
how the response to UV-B might be modified by other environmental changes
such as elevated CO, concentrations, increased temperature and modified water
availability. In addition, further uncertainties exist as to whether insect or
pathogen damage may be affected by UV-B and as to how changes in solar
irradiance might alter competitive interactions between species.

FIELD VALIDATION STUDIES: LOBLOLLY PINE

In contrast to crops, few studies have been undertaken on woody perennials
(trees), which account for about two-thirds of global net primary productivity and
occupy as much as one-third of the land area of the United States (21). Only three
studies have been completed on trees under field conditions and one of these
examined the effects of exclusion of solar UV-B radiation (22). Exclusion of
naturally occurring UV-B radiation increased the growth of four broadleaf species.
In the first study to supply supplemental UV-B irradiation to tree seedlings in the
field, supplemental UV-B radiation had no effects on growth in either Engelmann
spruce or lodgepole pine (23). Three additional studies conducted under either
growth chamber or greenhouse conditions have demonstrated deleterious effects
of UV-B radiation on tree growth and physiology (24,25,26). However, none of
these studies were carried out for more than a single growing season, so the long-
term effects of UV-B radiation on trees is unknown.

The examination of UV-B radiation effects on perennial species provides a
unique opportunity to observe more subtle responses to protracted UV exposure
which are impossible to investigate in annual species. For instance, it is presently
unknown whether UV repair mechanisms can mitigate UV damage during the
dormant period when ambient levels of solar UV are at their seasonal minimum.
Likewise, we have no information on whether the extensive physiological changes
which accompany tissue hardening prior to entering the dormant period modify its
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sensitivity to subsequent UV exposure. The range of responses observed both
inter- and intra-specifically suggests that extrapolations between annual and
perennial species may not be feasible. The strict adherence to the assumption that
UV affects all plants similarly could lead to substantial errors in the assessment of
the potential impacts of increases in UV-B radiation, when considered on a global
basis. Therefore, some direct field validation experiments on key forest species
are essential before realistic estimates of this nature can be made.

Due to their economic importance and widespread global distribution,
conifers have been selected for study in over half of the studies of UV-B radiation
effects on trees. Some 15 species of conifers have been tested to date for
susceptibility to UV-B radiation. Of these, 7 were deleteriously affected, 5 were
resistant, and 3 were favored by UV-B radiation (Table 3). In a recent study by
Sullivan and Teramura (25) 4 of the 10 species tested were susceptible to UV-B in
terms of reductions in height or total biomass production.

Loblolly pine was one of the most susceptible with reductions of biomass
and height of 40 and 16%, respectively. Loblolly pine is the leading commercial
species in the southeastern United States. It is found at elevations below about
300 m and is the dominant species of the region, occupying nearly 16% of the total
acreage over its range (27). The southern pine forests account for two-thirds of the
United States pulp producing capacity. Nearly all of the annual harvest is
sawtimber, which is used primarily for plywood as well as naval stores, poles, and
pilings (28). Therefore, there would be enormous economic consequences should
increasing levels of UV-B substantially reduce loblolly pine productivity.

In the first multi-year field study on UV-B effects on trees, loblolly pine was
grown for three successive years under ambient and ambient plus supplemental
UV-B irradiances. The irradiation methodology was similar to that described
previously for soybean and the supplemental irradiances simulated that anticipated
with a 16 or 25% ozone depletion over College Park, Maryland. The objectives of
this study were to determine if the physiology or growth of loblolly pine was
affected by UV-B under field conditions and if annual differences in microclimate
would modify this effectiveness.

Plants from seven seed sources were grown for one season and total plant
biomass was reduced in 4 and 5 of these seed sources at simulated 16 and 25%
ozone depletions, respectively. The overall reductions for all sources combined
were approximately 7 and 14% for the 16 and 25% ozone depletions, respectively.
In order to determine whether sensitivity or tolerance was maintained over
subsequent years, plants from two selected seed sources were irradiated for two
additional years. One source was initially characterized as sensitive and the other
as tolerant to UV-B radiation.
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During the second and third growing seasons measurements of
photosynthetic capacity revealed that light utilization (apparent quantum
efficiency) and the response to internal CO, concentrations was reduced by UV-B
radiation. Unlike soybean and previous greenhouse studies on loblolly pine, there
was little additional accumulation of flavonoids in response to UV-B radiation.
However, the absolute levels of UV-absorbing compounds in loblolly pine was
comparable to that observed in other species. Possibly the response was saturated
in full sunlight so that no additional increases were stimulated by supplemental
UV-B radiation. The nature of physiological responses (photosynthesis and
pigment accumulation) appeared to be partially dependent upon needle age.
Additional studies are ongoing to elucidate the particular age dependence of the
response to UV-B. Canopy modeling efforts then might be useful in attempts to
explain UV-B effects on dry matter accumulation.

The reductions in photosynthetic carbon assimilation apparently lead to
continued growth reductions over the second and third years of the study. At the
conclusion of the second year, biomass of plants from both seed sources was
reduced (14 %) at the higher UV-B irradiance. Reduction in biomass of
approximately 17% were observed for both seed sources and at both supplemental
irradiances after three years (Table 4). The total reductions in biomass were split
roughly equally between root and shoot after three years.

The reductions in biomass (including stem diameter and volume), suggest
that wood or pulp production might be affected both quantitatively or qualitatively
if significant ozone depletion continues. An decrease in plant height coupled with
a trend toward an increase in the number of lateral branches, could reduce the
wood quality for use as sawtimber as well as decrease pulp quantity. However, the
extrapolation of data from even three years growth to adult tree productivity is
difficult. Therefore, continued studies over extended periods should be considered
on loblolly pine and other conifers as well as hardwoods, for which almost no
information exists. The reductions observed in seedling growth may also
contribute to changes in the competitive ability of plants both in natural !
ecosystems and in commercial forestry operations.

CONCLUSIONS AND AREAS FOR FUTURE RESEARCH

Two multi-year field have demonstrated significant reductions in yield or
production in soybean and loblolly pine. However, the large range of variability in
terms of sensitivity of UV-B makes it difficult to generalize with respect to
regional-scale alterations in net productivity. Another reason for this is that we
know very little about potential indirect effect of UV-B radiation. Changes in
competitive ability or resistance to insects or pathogens (of trees or crop species)
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may ultimately prove more important than direct UV-B effects on growth, in terms
of alterations in natural community dynamics or commercial productivity. Orth et
al. (29) recently demonstrated an increase in disease severity of cucumber plants
exposed to UV-B radiation prior to fungal inoculation. These would be important
areas of research to pursue in the future.
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Table 1. Summary of UV-B Radiation Effects on Soybean Cultivars

Sensitive! Tolerant? Favored>
Acadian Americana Cobb
Altona Biloxi *Forrest
*Bay Bossier Ware
Calland *Centennial

Crawford Davis

Cumberland Douglas

Cutler Hood

Desoto Hutton

EIf Pixie

*Essex Roanoke

Hamilton Wye

Hardee York

*James

Jupiter

Kent

Miles

Mineira

Otootan

Pella

Pickett

Santa Maria

Seminole

Shore

Sprite '
Wwill

*Williams

ISensitive = reductions exceeding 5%
2Tolerant = effects 5% or less
3Favored = enhancement exceeding 5%

*Cultivars included in more than one study
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Table 2. Summary of UV-B radiation effects on soybean yield.
A 25% ozone depletion was simulated over College Park,

Maryland U.S.A.
Year % Change in Yield
Essex Williams

1981 -25 +22
1982 23 +14
1983* +6 -11
1984* -7 +10
1985 -20 + 4
1986 9 +6

*Years with prolonged drought
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Table 3. Summary of effects of UV-B radiation on growth of 15
coniferous species based upon change in biomass

accumulation and height

Species

Sensitivity Rating*

Abies concolor
Abies fraseri
Abies procera
Picea engelmannii
Picea glauca
Pinus contorta
Pinus edulus
Pinus elliottii
Pinus nigra
Pinus ponderosa
Pinus resinosa
Pinus strobus
Pinus sylvestris
Pinus taeda

Pseudotsuga menziesii

favored
favored
sensitive
favored
resistant
sensitive
resistant
sensitive
resistant
sensitive
sensitive
resistant
sensitive
sensitive

resistant

-*Sensitive = reductions exceeding 5% of controls
Resistant = + 5% of controls
Favored = increases exceeding 5% of controls
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Table 4. Summary of effects of UV-B radiation on growth of loblolly pine after
three years of supplemental UV-B radiation.

UV-B Dry Weight (g)
Seed Sourcel Year  Treatment Root Stem Needle Total
(K m2 UV-B)

0 38 1.8 3.7 9.3

1 3.1 4.2 1.9 4.0 10.1

5.0 4.8 2.0 4.2 11.0

, 0 80 45 75 210
Wicomico 2 3.1 80 52 75 207
County MD 5.0 73 44 63 180

0 268 335 363 966

3 3.1 226 286 318 830

5.0 228 252 301 781
0 5.9 2.2 5.1 13.2

1 3.1 5.6 2.4 5.7 13.7

5.0 4.3 1.9 39 10.1

0 84 52 83 219

Virginia 2 3.1 80 55 78 213
50 71 42 72 185

0 277 331 366 974

3 3.1 226 280 304 810

5.0 219 274 312 805

ISeed sources were either an open pollinated stand in Wicomico County,

Maryland, or a stand in northern Virginia.
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ABSTRACT

A comparison has been made between the growth response of the C3 crop wheat
(Triticum aestivum) and the C4 crop maize (Zea mays) to enhanced Ultraviolet-B
radiation. Plant were grown in pots with garden soil in a greenhouse at a relatively low
light intensity (200 - 250 p Einstein m-2.sec-1). The relative growth rate of both plant
species was depressed by enhanced UV-B. The decrease of the RGR of wheat by
elevated UV-B was 32 - 47% of the control, and for maize the decrease the RGR was 22-
39% of the control treatment. The reduction of RGR with enhanced UV-B was associated
with a marked decline of the Net Assimilation Rétc in both wheat and maize. The Leaf
Area Ratio and the Specific Leaf Area were not or only slightly affected by increased UV-
B. There was no significant change of the Leaf Weight Ratio with increased UV-B in the
two species. Gas exchange measurements indicate that the rate of net photosynthesis of
wheat is depressed by increased UV-B and to a less extent of maize, while transpiration

is not significantly influenced by increased UV-B radiation in both species.
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The combined effect of increased atmospheric CO2 and elevated UV-B radiation,
which form both part of global climate change on plant growth and photosynthesis is
discussed.

Increases of plant growth and productivity in response to global atmospheric carbon
dioxide increase may be greatly reduced when UV-B radiation is enhanced
simultaneously. However only a few experimental data are available on the combined

effect of CO; enrichment and rising UV-B radiation.

INTRODUCTION

There is increasing evidence for continued gradual increase of atmospheric carbon
dioxide and doubling of the present level of 350 ul I'! CO; is expected to occur around
the year 2050. At the same time solar UV-B radiation is expected to increase due to
depletion of stratospheric ozone. Emissions of chlorofluorocarbons, nitrous oxide and
methane are considered to cause breakdown of ozone produced in the stratosphere.

Although uncertainties exist relating to the details of the chemical processes involved,
the breakdown of ozone in the stratosphere and the consequences are now extensively
studied. With partial depletion of stratospheric ozone increased levels of solar UV-B
radiation occur at the surface of the earth.

The effects of atmospheric carbon dioxide and enhanced solar UV-B as separate
components of global change have been studied extensively. More recently the responses
of plants to a combination of CO; enrichment and elevated UV-B radiation have also been
examined (Rozema et al. 1990, Teramura et al. 1990).

In an earlier studies (Staay et al., 1990; Rozema et al., 1990) we reported adverse
effects of enhanced UV-B radiation on the growth of the salt marsh species Aster
tripolium and Spartina anglica. Also it appeared that Aster tripolium was more sensitive to
increased UV-B radiation than Spartina anglica. It has been generally reported that great
differences exist between plant species in their sensitivity to enhanced UV-B (Teramura
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(1983), Caldwell et al. (1989).

In the present paper, we compare the growth and gas exchange of the Cj3 cereal crop
wheat and the C4 cereal crop maize in response to increased UV-B. The present study has
been performed in the greenhouse, but currently studies of plant responses to enhanced
UV-B are also perfommed outdoors in an experimental field with natural solar UV-B as a

background.

MATERIALS AND METHODS

For wheat (Triticum aestivum L.) cultivar Obelisk, and for maize (Zea mays L.)
cultivar Limagrain 5 was used. Seeds were germinated in garden soil that was frequently
moistened with demineralized water. Germination occurred within a week and seedlings
of about 7 cm height were transferred to black plastic (polyethylene) pots 1800 cm?3)
filled with garden soil (Calceolaria, Jongkind, Aalsmeer). Three seedlings were planted
per pot. Plants were grown in a greenhouse with Philips HPI/T lamps, with a photon
flux density (PAR) 200 - 250 p Einstein m 2 sec'l. UV-B radiation was varied using
Philips TL/2/40 tubes wrapped in cellulose acetate foil, at 1.0 (control) and 2.0 Wm-2
(enhanced) W m-2,UV-B radiation was measured using a UVX radiometer with a UV-X-
31 sensor (Van de Staay et al., 1990). Plants were harvest after two weeks (n = 10) and
after five weeks (n = 10).

Leaf area was measured with a Li-3100 area meter (Li. Corp., Inc., Lincoln,
Nebraska, USA). Photosynthesis and transpiration was measured of individual leaves
with the Parkinson Leaf Chamber of a portable ADC-LCA3 system (The analytical
Development Company Ltd., Haddesdon, Herts. UK) at a photon flux density of about
250 . Einstein m~2sec-1 (PAR). Details can be obtained from a more detailed report that is
prepared (Staay et al., 1991).
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Table 1.

Relative growth rate and growth parameters NAR, LAR, LWR and SLA of

wheat and maize in response to enhanced UV-B. Means of ten replications

with standard deviation. The percentage indicates the change of plants grown

with enhanced UV-B compared to the control plants. The data refer to the first

harvest.
UV-B RGR NAR LAR LWR SLA % H20
* radiation mgg! gml m2g-! gg! m2g-1
(Wm?2) day day day day day
Wheat (Triticum aestivum)
Control 57.6 2.56 0.022 0.655 0.034 90.2
1.0 +86 +0.48 +0.0027 +0.028 +0.0025 +0.38
‘Enhanced 30.5 1.34 0.022 0.661 0.033 89.3
2.0 +44 +0.47 +0.0023 +0.026 +0.0028 +0.53
- 48% - 49% 0% +1% - \ +3% -1%
| |
Mpaize (Zea mays)
Control 373 1.49 0.025 0.56 0.044 93.1
1.0 - +11.1 +0.42 +£0.0027 +£0.036 $0.0032 %0.50
Enhanced 22.6 1.09 0.020 0.50 0.041 92.0
2.0 44 +0.24 +£0.0023 +0.049 10.0041 %061
40%  -21%  -20%  -4% . -1% - 1.8%
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RESULTS

The mean relative growth rate of wheat and maize is decreased with enhanced UV-B
radiation. The reduction of the RGR with enhanced UV-B was up to 50% for wheat and
up to 40% for maize (Table 1 and 2). The Net Assimilation Rate (NAR) of both plant
species was markedly affected by increased UV-B radiation. This effect was most
obvious in wheat. At the first harvest, the Leaf Area Ratio (LAR) and the Specific Leaf
Area (SLA) were not significantly or only slightly affected by enhanced UV-B radiation.
At the second harvest LAR of wheat and maize was 41% and 23% depressed with
enhanced UV-B.

At the first harvest the Leaf Weight Ratio (LWR) showed no shift with the UV-B
treatment. The LWR of wheat is somewhat higher than that of maize. At the second
harvest both for wheat and maize LWR is increased markedly with enhanced UV-B
radiation. The content of water of wheat and maize was not influenced by the UV-B
treatment. The water content of wheat is slightly lower than that of maize. Net
photosynthesis of both wheat and maize measured April 19, 1990 was markedly
depressed by enhanced UV-B radiation (Table 3). Measurement of net photosynthesis,
May 11, 1990 and July 6, 1990 confirmed the inhibition by enhanced UV-B in wheat.
For wheat the reduction of Py, by enhanced UV-B measured in May and July is less than
in April. For maize repeated measurements of Py show variation with increased UV-B
but do not show a clear trend.

Transpiration rates of maize leaves tend to be lower than those of wheat. In both
' species there is no significant reduction of the rate of transpiration with enhanced UV-B.
For wheat transpiration measured in April, May and July does not vary greatly. For
maize there is greater variation of the transpiration rate with the UV-B treatment.
Measurements of the transpiration rate in maize in April and July demonstrate increased

- evaporation with a higher level of UV-B radiation.
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Table 2.  Relative growth rate and growth rate and growth parameters NAR, LAR,
LWR and SLA of wheat and maize in response to enhanced UV-B radiation.
Means of ten replications with standard deviation. The percentage indicates
the change of plants grown with enhanced UV-B compared to the control
plants. The data refer to the second harvest.

UV-B RGR NAR LAR LWR SLA % H0O

radiation mgg! gm? mZgl gg! mg!

(W m-2) day day-!

Wheat (Triticum aestivum)

Control 71.4 4.10 0.017 0.464 0.037 88.5

1.0 43 +0.54 +0.0019 +0.031 +0.0026 *0.58

Enhanced 48.8 2.04 0.024 0.625 0.039 86.7

2.0 +3.2 +0.30 +0.0026 *+0.027 +0.0037 +0.85

-33%  -51%  +41%  +34% '\ +5%  -2%
Maize (Zea mays) |

Control 69.9 3.26 0.021 0.476 0.045 90.3

1.0 +43 +0.33 +0.0011 0020 +0.0024 £ 0.52

Enhanced 55.0 2.11 0.026 0.499 0.052 91.5

2.0 +4.6 1+ 0.24 +0.0017 0031 +0.0037 030

-22% - 36% +23% +55% + 1%

+ 15%
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Table3  Net rate of photosynthesis (Py, pmol CO2 m-2sec-!) and transpiration (E,
“ mmol HoO m-Zsec!) of leaves of wheat and maize in response to enhanced
UV-B radiation. Average values of nine replications with standard deviation.
Measurement were conducted April 19 (1), May 11 (2) and July 6 (3, after

the second harvest).

UV-B (Wm=2) Wheat (Triticum aestivum)
1 2 3
Pn E Pn E Pn E
Control 3.46 7.89 572 7.40 6.72 6.68
1.0 +252 +165 +204 +132 +104 +063
enhanced 1.35 7.20 4.66 8.13 4.69 6.65
2.0 +100 +101 +155 +188 +108 +1.15
61%  -8% 9% +9%  -30% -1%
UVB (W m2) Maize (Zea mays)
1 2 3
Pn E Pn E Pn E
Control 5.32 1.79 5.38 2.01 5.70 1.70
1.0 +215 +052 +£169 +055 +135 +0.29
enhanced - 1.48 3.19 3.80 1.65 7.98 2.24
2.0 +1.09 043 +122  +033 +147 £0.19
-82%  +78%  -44%  -18%  +40%  +31%
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DISCUSSION

In a series of other papers (Rozema et al.,, 1990, et al. 1991, Staaij et al. 1992), we
report on the combined effect of increased atmospheric CO; and elevated UV-B radiation
on plant species. There are marked effects of atmospheric CO; and elevated UV-B on the
plant species tested viz. tomato, bean, Aster tripolium and Elymus athericus. Growth
increases caused by atmospheric carbon dioxide enrichment is reduced when increased
CO7 is combined with elevated UV-B. Teramura et al. (1990) also report that plant
responses to increased atmospheric CO? are modified by enhanced UV-B radiation. For
the species tested the effects of increased CO; and UV-B seem to be additive. This may
be expected based on the different mode of action of CO; enrichment and elevated CO».
Increased atmospheric CO7 stimulates carboxylation in C3 plants with raised net
photosynthesis and an increased of net assimilation rate as a result. Elevated UV-B may
reduce photosynthesis by disturbing PSII reactions and by damage to photosynthetic
pigments.

In earlier studies we examined the effects of carbon dioxide enrichment on C3 en Cy4
plant species of Dutch salt marshes. There was improved growth and increased
photosynthesis in the C3 plant species Puccinellia maritima, Scirpus maritimus and.
Elymus pycnanthus (= E. athericus), but not in the C4 halophyte Spartina anglica
(Rozema et al. 1991, Lenssen & Rozema, 1990, Lenssen et al., 1992. Enhanced
atmospheric carbon dioxide causes reduced transpiration due to partial stoma;al closure
both in the C3 and C4 plant species examined. Accordingly the water potential of the plant
increased with elevated CO,. The results presented here demonstrate adverse effects of
increased ultraviolet-B radiation on two important monocotyledonous cereal crops, wheat
and maize. Similar reduction of growth of wheat and maize by elevated UV-B has been
reported earlier. In most of the studies reported,.maize appears to be less sensitive to
enhanced UV-B radiation than wheat (Teramura 1983). Sensitivity of plants to UV-B
radiation seems to be dependent also on various environmental factors such as water and

nutrient availability. Plants cultivated in the field show a higher production of UV-B
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absorbing pigments than in the greenhouse (Beyschlag et al., 1988). The growth
inhibition by increased UV-B in the maize cultivar studied namely cultivar Limagrain 5
was generally less than in the wheat cultivar Obelisk.

The values of the mean RGR are relatively low for wheat and maize. This may be
related to the photon flux density (PAR) in the grccnhouse, that was between 200 and
250 p Einstein m-2.sec-1. Net photosynthesis of both crops will not be light saturated at
this light intensity.

The analysis of the mean relative growth rate and the growth parameters may partially
reveal the way in which inhibition of growth by enhanced UV-B in these two grasses
occurs. Growth reduction appears not to be primarily related to the the morphological
component of the growth, that is the Leaf Area Ratio and more in particular the Specific
Leaf Area. Enhanced UV-B radiation did not influence the allocation of biomass to the
aerial or belowground parts, since there is no effect of UV-B on the Leaf Weight Ratio at
the first harvest. The Net Assimilation Rate appears to be much affected by enhanced
UV-B in wheat and maize. This indicates that one or several phases of the processes
occurring from carbon assimilation to increase of plant biomass will be inhibited or
disturbed by enhanced UV-B.

The measurements of leaf photosynthesis support this and demonstrate a drop of the
net photosynthetic rate in both wﬁcat and maize with raised UV-B. This can not directly
be related to stomatal closure since in the case of the strongest reduction of Py, the
transpiration rate appears not to be affected by UV-B or even increased. It is well-known
that enhanced UV-B may disturb the photosystem II processes of photosynthesis.
Measurements of photosynthesis and transpiration in a later phase of the growth
experiment show some variation. It seems that the reduction of Py, with elevated UV-B at
the end of the growth period is less marked than at the start of the experiment. When
cellular components that absorb UV-B radiation are involved in adjustment to enhanced
UV-B, the gradual build up of UV-B absorbing components may explain this change of
the plant response to enhanced UV-B radiation with time. The relatively low photon flux

density may not only have reduced the mean relative growth rate, it may also have
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influenced the photosynthetic response of wheat and maize to enhanced UV-B (cf. Cen &
Boruman, 1990). At photosynthetically Active Radiation (PAR)-saturated and ambient
CO3, Beyschlag et al. (1988) did not find effects of enhanced UV-B irradiation on
photosynthetic characteristics of wheat. Growth of plant cultivated under a high photon
flux density appears to be less reduced by elevated UV-B than plants grown at low light
intensity.

In a more extensive paper (Staay et al., 1991, Staaij et al., 1992) details on growth
and physiological parameters (chlorophyll content, UV-B absorbing pigments) are
presented. Transpiration rates of the maize leaves show some variation with time. When
enhanced UV-B radiation disturbs the control mechanism of stomatal opening and closure
both reduced and increased transpiration rates may be expected.

Srewth of maize cv. Limagrain 5 seems to be less sensitive to enhanced UV-B than
growth of the wheat cultivar Obelisk. This difference may relate to the more tropical or
subtropical origin of maize and the fact that wheat the cultivar may have been evolved
from wheat populations adapted to climatic conditions of the moderate zones. Since no
pretise details are known of the evolutionary history of maize and wheat cultivars used,
the above hypothesis needs to be checked carefully. In further studies the analyses of
growth of these crops in response to elevated UV-B is extended and not only greenhouse
studies but also field studies will be conducted. In addition, it is attempted to explain the
response of plants to UV-B in terms of development and distribution of UV-B absorbing

compounds.
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Impact of Globai Climatic Changes on Photosynthesis and Plant Productivity

EFFECT OF SOLAR UV-B RADIATION ON GROWTH OF
MUNGBEAN (VIGNA RADIATA L. WILCZEK) PLANTS

Aruna Sharma, Y.P. Abrol and U.K. Sengupta

Division of Plant Physiology, Indian Agricultural
Research Institute, New Delhi 110012, India

The stratospheric ozone layer which is the primary attenuator
of solar ultraviolet radiation is gradually being depleted due to
increased man-made pollutants. Enhancement in UV-B region {(280-320
nm) is of particular interest in view of its adverse effects on
biologic:l” systems (5). Further, it is likely that the problem will
be more serious for countries near the equator as they already
receive greater amount of UV~B radiation due to sun's angle for

penetration of ultraviolet wave band through the ozone layer.

A number of investigations have shown that UV-B radiation
affects the morphology and anatomy of the plants (1,4,11,12).
Changes in physiological and biochemical processes have also been
studied (6,9,10). Most of the information has been obtained from
artificially controlled environment using UV-B lamps in growth
chambers or green houses. Due to manipulation in a single factor,
plants tend to show increased sensitivity to UV-B. The shortcomings
of these types of experiments are discussed in this proceedings
(13).

In the present communication, the effect of filtering off of UV-
B in the natural light on growth of mungbean (Vigna radiata L.
Wilczek) is reported.

Mungbean plants cv. Ps 16 were grown in the field in July 1990
under optimal conditions of growth. During this period, sky under
Delhi conditions remains partly cloudy but receives bright sunshine
due to clearing off of the atmospheric dust particles by the monsoon
rain. A thin polyester sheet was erected above the plot in order

to exclude solar UV-B radiatiom reaching the plants. The polyester
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film filtered off all the radiation in the spectral zone of 280-320 nm
and allowed only 23 per cent of 320 nm through the filter (Figure
1). The visible radiation (PAR) received at the ground level

through the filter was about 86 per cent of the unfiltered radiation.
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Figure 1. Percentage transmittance of UV wave
band through polyester filter.

The mungbean cultivar used .in this study is a short duration
crop and takes two months to mature. The day length during its
growth period (July-August) in this region is about 13 hours. Total
sunshine hours are, however, curtailed by cloudy and overcast sky.
During the experimental period, the crop experienced only 392 hours
of sunshine as against 830 hours on the basis of day length. The
plants received brighter solar radiation on clear days because some

of the atmospheric pollutants were cleared off by monsoon rain.

In general, the growth of plants under the UV-B filter was
faster and the leaves were wide apart from each other. Under the
normal sun light, leaves had a tendency to remain closer to each
other at noon time. It suggests that plants may have some
nrotective mechanism against direct solar radiation containing UV-B
wave band. The exclusion of UV-B from natural radiation caused
significant increase in plant height. The differences were quite
narrow at seedling stage but increased with maturity. Exclusion of

UV-B did not alter the leaf number per 'plant indicating that
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increased plant height was due to internodal elongation.

Considerable effect of UV-B exclusion was noticed on leaf area per

plant. This was due to increase in the size of the individual
leaves. The increase in leaf area and stem length was accompanied
by respective increase in their dry weight (Figure 2). This

indicates that exclusion not only caused elongation but also increased

the growth in terms of dry matter production by the plants.
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Elimination of UV-B also caused significant alteration in
reproductive parameters of the plants. There was increase in pod
and seed number per plant as well as their dry weight (Table 1).
It is 1likely that the effect of UV-B is on photosynthesis (6,8)
which in turn affects dry matter production as well as partitioning
to different plant organs.

Table 1. Effect of exclusion of solar UV-B radiation (per plant)
on reproductive parameters in mungbean cv. PS16.

Pod Pod Seed Seed

Treatment number weight (g) number weight (g)
Full sunlight 3.80 0.70 25.25 0.57
20.24 +0.09 + 2.61 30.10
Full sunlight 10.28 1.38 69.20 1.86
+ 1.65 +(0.30 t 7.16 +0.21

The use of supplemental UV-B 1light to study the effect of
enhanced UV-B radiation under green house and growth chamber on
different crop species have shown similar type of response on
growth of plants. In some sensitive crop plants, leaf expansion
was reduced due to increased UV-B radiation (2,3,14,15). Teramura
(12) reviewed the response of increased UV-B light and has shown
that overall growth processes of plants are inhibited by it.
Similar effects on growth parameters in the present study under
natural environments indicate that the UV-B wave band present in
the current level of solar radiation has already increased to cause
stunting of plants and decrease other growth parameters. Thus, the
plants under atmospheric conditions of Delhi are already growing
under above optimal conditions of UV-B radiation.
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INITIAL GROWTH AND ONTOGENY OF BIGLEAF MAPLE
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ABSTRACT

A controlled-environment experiment was initiated to evaluate the influence of
CO, enrichment on the growth and ontogeny of bigleaf maple (Acer macrophyllum).
Development of seedlings was monitored from seed germination through the first five
months of ontogeny in growth chambers containing 350 (ambient), 575 and 700 ppm
CO,. Seedling shoot elongation, leaf and branch expansion, and foliage retention were
altered by ambient CO, conditions. These preliminary morphological responses are
consistent with reports from previous experiments which employed tree seedlings pre-
conditioned in ambient CQO, conditions. Alterations in seedling crown and leaf
morphology due to CO, enrichment may influence future adaptive responses of tree

species to environmental stress agents.

The information in this document has been funded wholly by the U.S. Environmental
Protection Agency. It has been subjected to the Agency’s peer and administrative
review, and it has been approved for publication as an EPA document. Mention of
trade names or commercial products does not constitute endorsement or

recommendation for use.

183



INTRODUCTION

An increase in the concentration of atmospheric carbon dioxide (CO3 may
significantly affect tree anatomy and physiology and substantially alter ontogeny
(1,2,3,4,5,6). Potential direct and indirect effects of long-term CO, enrichment on
juvenile and mature tree carbon assimilation and allocation is virtually unknown (7,8).
Moreover, current knowledge of CO, effects on mature trees and forest ecosystems is
based almost exclusively on short-term assessments of tree seedlings pre-conditioned
in ambient CO, conditions (9). These experiments provide little information regarding
initial seedling ontogeny, morphology or eco-physiological processes in an enriched

CO, environment.

Previous research demonstrated consistent changes in conifer and broadieaf
tree seedling morphology and physiology in response to short-term doses of elevated
atmospheric CO, (1,3,9). Stimulation of carbon assimilation rates resuiting from higher
internal CO, concentrations in the leaves of plants in an enriched-CO, environment (all

other things being equal) lead to:

1) increased stem and foliar biomass, surface area, number of branches and foliage
retention (1,2,3,4,5,6,9,10,11,12,13,14);

2) greater root biomass and volume (4,5,13,14,15,17);
3) increased bud size and weight (15);
4) greater production and storage of carbon metabolites (17,18,19); and,

5) stimulation of root symbiotic associations (20,21,22).

The temporal and ontogenic responses of tree seedlings to CO, enrichment vary
significantly by species and site conditions (9,12,23). Significant attributes of these

responses will be reviewed.

Temporal Responses

Eco-physiological changes in tree seedlings in response to CO, enrichment
occur within hours to days, and plants can acclimate to higher CO, concentrations in
several weeks. For example, Arctic plants under field conditions (23) and temperate
plants in growth chambers (2,5) have both shown acclimation responses within a single
growing season. Acclimation of seedlings within growth chambers, however, may be
attributed to other factors such as reduced carbon sink strength in a limited rooting
environment (19,20). Acclimation responses vary widely by site and plant genotype as
suggested by in situ assessment of coastal marsh grasses in an enriched CO,

environment (12,23). 184



A long-term assessment of juvenile tree response to CO, enrichment was
reported by Surano et al. (7) and Houpis et al. (8). Both reports summarize a 2.5 year
experiment with ponderosa pine (Pinus ponderosa saplings grown in field chambers.
Surano et al. (7) reported a general decrease in tissue heat tolerance {i.e., the upper
thermal limits of photosynthetic apparatus) with increased CO, concentrations even
though the optimum temperature for photosynthesis increased. Saplings became
chlorotic, and growth rates eventually decreased (relative to control treatments) after
early stimulation of height and diameter growth. Based on these results, Surano et al.
(7) and Houpis et al. (8) proposed that pine saplings reach a new homeostasis in
higher CO, concentrations, losing short-term growth benefits as environmental stress
develops. However, these results are from one study conducted under one set of

conditions on one sapling per treatment.

Ontogeny

Carbon dioxide enrichment may alter the cycle of growth and dormancy in
trees, potentially altering adaptive responses to environmental stress (3,9,10).
Enrichment with CO, may directly increase foliage retention or delay bud-set, and/or
indirectly alter a seedling's cold-hardiness or bud dormancy (9). In a short-term study
by Rogers et al. (1), loblolly pine (Pinus taeda) seedlings grown in an enriched CO,
environment continued active shoot and needle growth after trees in ambient chambers
became dormant. Commercial greenhouse facilities have for decades altered ambient
CO, conditions to influence seedling growth and dormancy patterns (24). Elevated leaf
temperatures observed in CO, enrichment experiments (7), may also influence

temperature control of dormancy cycles.

An enriched CO, environment may alter dormancy cycles through changes in
the tissue biochemistry in seedlings, particularly carbohydrate and starch metabolism
(3,7,19). Plants metabolize and store photosynthate derived compounds to provide
energy for maintenance respiration during dormancy and growth following bud-break
(9). Oberbauer et al. (15) observed starch accumulation in leaf chioroplasts of tropical
tree species subjected to CO, enrichment. Campagna and Margolis (5) measured
starch accumulation in the needles of black spruce (Picea mariana) at elevated CO;
concentrations. The effect of these CO, stimulated biochemical responses (e.g., starch
accumulation) on tree dormancy and growth cycles is unknown, as is the effect on

subseqguent ontogeny.

The influence of CO, enrichment on initial seedling ontogeny, morphology and
canopy eco-physiological processes is unknown. Moreover, previous morphological

and physiological assessments of shade tolerant and intolerant species have employed
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seedlings or saplings pre-conditioned in ambient CO, conditions (9). The response of
shade-tolerant tree species (eg, Acer) to elevated CO, has not been thoroughly
examined. The objective of this preliminary experiment is to evaluate selected
morphological responses of bigleaf maple (Acer macrophyllum) seedlings, during the
initial five months of ontogeny, to CO, enrichment.

METHODS

The experiment was conducted in three EGC M-11 (4.2 meters?) growth
chambers, which regulate light, temperature and humidity. Three CO, treatments were
evaluated: 350 (ambient), 575 and 700 ppm by volume. Chamber CO, concentration
was monitored with a LICOR 6251 infra-red gas analyzer and 0.5 to 5.0-sec pulse
injections of CO, were added as needed to maintain treatment levels. Enrichment with
CO, was maintained + 20 ppm of target concentrations. Sample and injection time,
CO, concentration, temperature and light level were recorded at 4-minute intervals for
each chamber. Seedlings were rotated among chambers monthly to account for any
undetected differences in temperature, light quantity or light quality among chambers.

Bigleaf maple seed were stratified for 90 days at 2°C at which time radicals
were emerging from the viable seed (25). Germinants were planted in Hahn-192
Styroblacks and placed in their respective CO, treatments. Chambers conditions were
initialty cool (9°C) with low light (200 » E m™2s™). Ambient conditions were altered
gradually: 500-1000 « E m™2s™'depending on plant height, 25°C days and 19°C nights,
14 hour days, and a constant 70% humidity. After one month seedlings were
transplanted to 4x14-Treepots (10x10x35 c¢m) and grown for another four months.
Seedlings were watered as needed and fertilized (NPK + micronutrients) weekly during
the experiment. Plant density was held constant among treatments.

Seedling morphology was assessed during the experiment to record trends in
height, root collar diameter, and number of leaves. After five months 24 seedlings from
each treatment were harvested. Seedlings were dissected into three segments: 1)
upper segment, extending from the last fully expanded leaves to the meristem (mean
length, 12 cm); 2) lower section, from the cotyledon scar to the first fully-expanded,
non-senescent leaves (mean length, 37 cm); and 3) middle section, between lower and
upper sections (mean length, 34 cm). Basal diameter to 0.01 mm, length to 0.1 cm,
total number of leaves (leaf scar count) and leaves retained, and leaf and stem color
using a Munsell color guide (26) were measured for each stem section. Total seedling
height, number of leaves per seedling, and number of leaves retained on the shoot
were calculated. The total number of branches were recorded for the entire shoot. All

data were subjected to analysis of variance (P=0.05).
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RESULTS AND DISCUSSION

Height and diameter growth patterns of the bigleaf maple seediings grown in
an enriched CO;environment are shown in Figure 1. Enrichment with CO, increased
mean root collar diameters 27%. Height of seedlings in the CO, enrichment treatments
were not significantly different from those grown in ambient conditions. However,
average internodal length of the mid-stem ranged from 10.5 cm in ambient conditions
to 17.2 in 700 ppm CO, treatment (Table 1). Previous reports, with plants pre-
conditioned in ambient CO,, revealed total height and root collar diameter of broadleaf
tree seedlings subjected to short-term CO, enrichment did not necessarily increase
(2,7.17).

Seedling leaf morphology was significantly different among CO, treatments
(Table 1). Plants in ambient CO, produced 20% more leaves over the five-month
experiment than those in the 700 ppm CO, treatment. However, seedlings in the 575
and 700 ppm CO, treatments retained more leaves on lower and middle sections of the
crown relative those growing in ambient CO,. " Tinus (24), Tolley and Strain (2,11),
Higginbotham et al. (14), and Oberbauer et al. (15) previously reported significant
increases in tree seedling leaf area following short-term exposure to an enriched CO,
environment. Retention of leaves by seedlings in an elevated CO, environment was
reported earlier by Tolley and Strain (2) and Norby et al. (17), in Liquidambar and
Quercus, respectively.

Seediing branch morphology differed significantly among elevated CO,
treatments (Table 1). The total number of branches per seedling was significantly
increased by exposure to CO,. Sionit et al. (4) observed a two-fold Increase in number
of branches in sweetgum (Liguidambar styracifiua) after one growing season in a 650
ppm CO, environment. in the current experiment, seedlings in the 700 ppm treatment
had relatively Jarge crowns and a proliferation of secondary branches. These data
suggest CO, enrichment stimulates the proliferation and development of lateral buds

9.

Seedlings exposed to 700 ppm CO, were distinctly more yellow (2.5GY7/8,
hue, value, and chroma) relative to seedlings grown in 350 ppm (5GY6/8) and 575 ppm
treatments (7.5GY5/8, green). Leaves of seedlings grown in 700 ppm also exhibited
distinctive basipetal curing. Leaf curling reduced total foliage area of seedlings in the
700 ppm treatment relative to those plants grown in ambient conditions. The cause of

leaf discoloration and curling is not fully known but has been reported previously (7,8).
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CONCLUSIONS

Elevated CO, concentration significantly altered the Initial growth and
morphology of bigleaf maple seedlings. Seedling height, root collar diameter, number
of branches, leaf area and retention, and leaf color differed among CO, treatments. To
our knowtedge, this is one of the first experiments to measure a CO,, response In tree
seedlings grown from seed. Previous short-term experiments with conifer and broadieat
tree species (eg, 2,5,17,23) employed seedlings or saplings pre-conditioned in amblent
CO, conditions. Long-term experiments are necessary to validate these short-term
ontogenic and morphological responses.

The preliminary responses observed in this experiment with bigleaf maple suggest
that crown morphology and leaf canopy retention are altered by ambient CO,. Curtis
et al (23) observed stimulation of plant tillering in an estuarine marsh grass community
subject to CO, enrichment. Tree species which respond to high CO, conditions by
altering leaf and branch bud development and leaf retention may be subject to frost
damage in temperate regions (9). In contrast, within tropical latitudes, tree species with
large and robust canopies (photosynthetic capacity) in an enriched CO, environment
may gain a competitive advantage over species with small canopies (15). Long-term,
detailed assessments of whole-tree morphology and physiology are required to
elucidate the implications of an enriched CO, atmosphere for woody plant species (12)
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Figuwre 1. Root collar diameter and height growth pattemns of bigleaf maple grown

in ambient (350), 575 and 700 ppm CO, treatments after five months.
Standard error of the mean indicated by lateral bar.
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Table 1. Branch and leaf morphology of bigleaf maple seedlings grown in CO,
enriched environments.

CO, Treatment
350 ppm® 575 ppm 700 ppm p-value® R%°©
Seedling Sections

upper
leaves (#) 11d 10 8 .0001 0.38
mean internoda! length {(cm) 2.3 29 3.5 .0001 0.41

middle
leaves (#) 7 5 5 .0140 0.25
mean leaf size (cm? 76 101 93 .0001 0.42
meaninternodal length (cm)  10.5 149 17.2 .0001 0.64

lower
leaves (#) 17 15 15 .0001 0.40
leaves retained (%) 32 4’5 47 - .-
mean internodal length (cm) 45 44 3.0 .0001 0.46
Whole Seedling
root collar diameter (cm) 6.6 83 9.1 .0001 0.68
leaves (#) 34 30 28 .0001 10.52
leaves retained (#) , 22 22 20 1817 0.13
branches (#) 1 5 6 .0001 0.67

® ambient treatment.
® n.values for ANOVA tests on treatment significance.
¢ R? for the regression of the variable against treatment level.
d
n=24.
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Impact of Global Cimatic Changes on Photosynthesis and Plant Productivity

CO, ENRICHMENT RESPONSES OF CHRYSANTHEMUM,
CUCUMBER AND. TOMATO: PHOTOSYNTHESIS,
GROWTH, NUTRIENT CONCENTRATIONS AND YIELD

M.M. Peetl, D. H. Willits2, K. E. Trippl, W. K. Kroenl, D.M. Pharrl, M.A. Depal and
P.V. Nelsonl; 1Dept. of Hort. Sci.,2 Dept. of Bio. & Agr. Eng., North Carolina State
Univ., Raleigh, N.C. 27695-7609.

ABSTRACT

Yield increases from CO2 enrichment varied from 54% in cucumber fruit weight, to 37%
in chrysanthemum dry weight and 20% in tomato fruit weight. To determine the basis for
response differences, photosynthesis was modeled [5] in chrysanthemum and
photosynthesis, growth and leaf concentrations of starch, nutrients and carbon were
measured in tomato. CO2-enriched chrysanthemum leaves were more efficient than
ambient-CO2 grown leaves at irradiances below 400 pmol(photons) m-2s-1 because of
greater photosynthetic efficiencies. At higher irradiances, ambient CO2-grown leaves
were more efficient because of greater CO2 conductance. Measured at the same CO2
concentration, ambient leaves had higher photosynthetic rates than enriched leaves
because of their greater CO2 conductance, but dry weights and in situ photosynthetic rates
were still higher in enriched plants. Cucumber yield data appeared to fit this model, but
CO2-enriched tomatoes were much less responsive to CO2 increases. In tomatoes,
response to CO2 enrichment did not increase with increasing irradiance and short daily
periods of enrichment did not increase yield, suggesting that the CO2 conductances
declined significantly. Lower leaves of CO2-enriched tomato plants were inrolled,
chlorotic and purpled. We thought this was because of carbohydrate accumulation,
possibly associated with feedback inhibition of photosynthesis. We concluded, however,
after a 3-year study, that deformation severity was not directly related to foliar starch
concentrations. We found more starch in CO2-enriched leaves, but the pattern of
accumulation did not appear to account for changes in deformation through development
and with source-sink treatments. Severity of leaf deformity was also not correlated with
low leaf photosynthetic rates. In situ photosynthetic rates were only slightly higher in
enriched plants and did not differ with genotype. Severity of leaf deformation was cor-
related with high fruit yields and high C/N ratios, but low root weights and low foliar
concentrations of K and N. We suggest that in tomatoes CO2-enrichment increases sink

strength more than source strength in tomatoes. During fruit development, carbohydrates
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may be partitioned to fruit at the expense of roots, leading to higher yields, but late-season

nutrient stress.
INTRODUCTION

Rising global CO2 levels are expected to increase growth of plants significantly in both
managed and unmanaged ecosystems. Agricultural yields, for example, have been
predicted to rise by as much as 33% [7].- It is increasingly observed, however, that actual
responses to CO2 enrichment can differ greatly with the species used, the portion of the
crop's life cycle in which enrichment is given and the irradiance, temperatures and
nutritional levels provided to the plant during enrichment. For example, photosynthesis
and growth of seedlings of alfalfa {2] and tobacco [14] are much more responsive to high

CO2 than are these processes in mature plants.

CO2 enrichment for extended periods of time can, in fact, visibly deform leaves of cotton,
tomato, clover, soybean and Desmodium [3]. Leaf injury has also been observed in
cucumber [6,15] and gerbera [15]. Foliar effects are particularly pronounced in tomato
(8,9]. In the following paper, we summarize CO2 enrichment research which took place
from 1981-1989. The data is presented as case studies on chrysanthemums, cucumbers
and tomatoes. These case studies illustrate the difficulty of generalizing plant responses
to elevated CO2 concentrations. For tomatoes, the yield response was explored in greater
detail through physiological studies, including an in-depth study of the high CO2-induced
leaf injury response. As part of this study, we investigated the hypothesis proposed by
Madsen (8] and others [3] that leaf injury in CO2-enriched tomate is caused by excess

foliar starch.
MATERIALS AND METHODS

All Plants: All experiments were conducted in double polyethylene-covered

greenhouses. For these experiments 2 large (6.7 m x 12.2 m) and 4 small (5.2 m x 6.1 m)
greenhouses were used. CO2 enrichment was by liquid CO2 with application controlled
by computer. Greenhouse temperatures were regulated by computer at preset levels, with
heating provided by natural gas fired unit heaters with polytube heat kits attached. The

non-enriched houses were cooled by two-speed fans and evaporative pads.

In addition to these cooling systems, which require venting to the outside, in three CO2-
enriched houses, cooling was applied via 3.1 m wide x 5.4 m long x 1.8 m high
rockstorages attached to the houses by insulated ducts. More specific details of the
operation of the rockstorage system are contained in Willits and Peet [16].

Environmental variables in all compartments were monitored by both the control
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computer and a datalogger. Outside air dry bulb temperature, outside dew point, solar
radiation received on a horizontal surface outside the compartment (from an Eppley
black and white pyranometer), inside dry bulb temperature of each compartment, inside

wet bulb temperature and the CO2 levels in the houses were recorded by datalogger.

Chrysanthemums: Rooted cuttings of chrysanthemums were grown hydroponically in
an aerated, modified Hoagland's solution for 3 5-week experiments, Experimental
procedures are described in Depa [4]. Two CO2 levels (350 and 675 wmol mol-1) and 4
irradiance levels [550,875,1100 and 1400 umol(photons)m-2s-1] were applied in all
seasons except summer. Summertime CO2 enrichment could not be maintained in this
experiment because of the need to ventilate the greenhouses. The small greenhouses were
used for all chrysanthemum research. Nutrient solutions were changed weekly, at

which time dry weights and leaf areas of all plant parts were determined.

Photosynthesis and transpiration were measured weekly using a plexiglass cuvette that
enclosed an entire plant. Cuvette size was increased as plant size increased. The bottom
portion of the cuvette contained a room temperature nutrient solution. Volume of this root
cuvette also increased with plant size. Each photosynthetic measurement was conducted
at the same irradiance and CO2 concentration as that under which the plant was grown.
Steady-state photosynthesis was measured with an Anarad infrared gas analyzer.
During the 10-15 minutes required to obtain a reading, leaf and air temperatures in the
cuvette and leaf temperature outside the cuvette were compared using copper-constantin
thermocouples to ensure that cuvette temperatures did not rise more than 20C over those of
outside leaves. Chamber temperatures were controlled by circulating air through a heat
exchanger connected to an ice bath. Flow rates were adjusted, if necessary, to maintain
cuvette leaf temperatures. The time between successive readings was 20-30 minutes. The
analyzer used was sensitive to changes in reference CO2 concentration, and so drifted
significantly as greenhouse CO2 levels fluctuated. To remove this drift as a source of
error, the cuvette was disconnected from the system and a zero reading was made before
and after taking photosynthesis readings. These zero readings were later subtracted
from the reading with the plant in the chamber.

Cucumbers: Plants were grown as fall and spring crops. Details of production are given
in Peet and Willits [12].All plants were grown in the small greenhouses in upright 18.93 1
plastic bags filled with a 1:1 mixture of soilless media and pine bark mix. Individual
emitters delivered water and nutrient solution to the plants 2-3 times daily, delivering 1-3
I/day. CO2 regimes applied in the conventional houses with limited daily enrichment
period(because of the necessity to vent the houses for cooling) were: ambient, 1000, 3000
and 5000 pmol mol-1 . In the rockstorage houses with an average of 83% more daily
anrichment time than the conventionally ventilated houses, CO2 regimes were: ambient,
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600, 1000 and 1200 pmol mol-1 . A total of 4 different cultivars were used. Fruit were
harvested 2-3 times weekly and fruit fresh weights and numbers recorded. Plants in
these greenhouses were enriched an average of 10 hrs daily, representing 70% of daylight
hours in the fall and spring and all daylight hours in the winter.

Tomato Yield studies jn 1981-1986. Tomatoes were grown in the large greenhouses
described in Willits and Peet [16] and Peet and Willits [10,11].

Physiological studies in 1987 and 1988: Two cultivars of greenhouse tomato, ‘Michigan-

Ohio' and 'Laura’ were seeded and grown to transplant size in a glasshouse without CO2
enrichment. Seedlings were transplanted into 18.93 or 9.46 1 upright black polyethylene
bags with holes on the sides for drainage (Hydro-Gardens, Colorado Springs, Colo.). Mix
and drip irrigation procedures were similar to the cucumbers, but the nutrient solution
concentrations were those described in Abbott et al [1]. Every 2-3 weeks, foliar samples

and fertilizer solutions were analyzed for nutrient content.

Two large greenhouses were used in 1987 and four small greenhouses in 1988. One large
and two small greenhouses were enriched to 1000 umol mol-1 CO2 using liquid CO2 in
rockst'orage-connected greenhouses, with the remaining houses at ambient CO2
concentrations (approximately 350 pmol mol-1 ). In 1987, day and night heating began at
210C and 160C respectively. Cooling began at 250C, 270C and 280C for low, high vent and
evaporative cooling pads, respectively. In the rockstorage houses, however, the
rockstorage was used for cooling for as long as possible before CO2 enrichment was
terminated and venting to the outside began. In 1988, greenhouse temperatures were the
same as in 1987 until 20 weeks plants age when minimum night temperatures were

increased by 40C in 1 enriched and 1 ambient house.

Both cultivars were grown for 20 weeks (1987) or 18 weeks (1988) in treatments. The
growing apex was removed when the sixth flower cluster had set at least one fruit. All
axillary leaf growth was removed weekly. In 1987, treatments imposed on half the plants
in each CO2/night temperature regime were: reduced bag size and pruning all fruit
clusters to the 2 largest fruit when both fruit had diameters of at least 1 cm. Each
treatment was replicated randomly three times in each greenhouse except for CO2
concentrations which were not replicated. In 1988, CO2 concentrations were replicated

once and all other treatments 4 times.

Plants were rated weekly for severity of leaf deformation on the lower, middle and upper
thirds (1987) or lower and upper half (1988) of the canopies. Ratings were made
independently by two individuals. Deformation occurred largely in the lower third of the
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tanopy so foliar starch concentrations and carbon exchange rates (CER's) were also

measured in the lower canopy.

In 1987, lower canopy foliage was sampled at 0900 and 1600 h for carbohydrate analysis at
9,13, 19 and 23 weeks plant age. Leaf punches were taken from the terminal leaflet of
each of the 5 plants in the treatments, kept briefly on ice, then freeze-dried and stored
desiccated until analysis. Samples were randomly chosen from 2 of the 3 replicates,
resulting in 64 samples per sample date and time. Results of one sampling for each
treatment group are therefore the means of 4 samples each made up of 5 leaf disks per

sample.

In 1988, lower canopy leaves were sampled at 12, 17 and 23 weeks plant age. Procedures
were similar to those in 1987, except that samples were taken at 0600, 1200 and 1800 h. In
both years, leaf disks were ground in 3 mls of 80% ethanol using a Brinkman Polytron
Homogenizer. Samples were then extracted 3 times in 3 mls 80% ethanol in tubes
immersed in a boiling water bath. Ethanol insoluble material was pelleted by
centrifugation, resuspended in 1 ml of 0.2 M KOH and gelatinized by immersion of the
tubes in a boiling water bath for 30 min. After cooling, the solution was neutralized with
0.6 ml of 1 M acetic acid. Three mls of dilute, dialyzed a-amyloglucosidase from
Aspergillus oryzae were added to each sample to digest the starch. The amylogucosidase
had been previously dialyzed overnight against 50mM acetate buffer (pH 4.5) at 40C. The
dialyzed enzyme was then centrifuged and then diluted 1:24 before digestion for 1 h at
550C. Digestion was stopped by immersion of the tubes in a boiling water bath for 5 mins.
Samples were centrifuged to remove any remaining insoluble material. The
supernatants were made up to 10 mls with distilled water and stored frozen. Following

digestion, glucose concentration was determined using an enzyme link assay {13].

CER was measured using an LCA-2 portable leaf chamber analyzer system (Analytical
Development Corporation, Andover, MA). All readings were taken between 0900 and
1500 h on sunny days. Readings were taken on unshaded terminal leaflets of leaves in
the lower third of the canopy on the same date and on the same leaves sampled for starch.
Sample size was 1 leaf on 6-10 different plants.

Physiological study in 1989: Procedures were as described above, except that 6 additional
genotypes of tomato were grown for a total of 8 genotypes. Additional data taken on these
plants were: foliar nutrient concentrations, C:N ratios, and end-of-season fresh
weights. Photosynthetic measurements were taken on unshaded terminal leaflets of 1
leaf in the upper, middle and lower third of the canopies of 3 plants of each of 4 of the 8
genotypes in each house. The genotypes sampled were selected to represent the widest

range of deformation response.
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Leaf, stem, root and fruit fresh weights were measured at 23 weeks plant age on each of 4
randomly chosen plants of each genotype in each house. Leaves and stems were
harvested and weighed . Root balls from the same plants were removed from the bags,
washed in water, squeezed to remove excess water and weighed. Fruit fresh weights were
calculated as cumulative total fruit weight harvested over the entire season on an
individual plant basis. All fruit were harvested at the pink stage. Plant leaf, stem, root
and fruit fresh weights were averaged by genotypes and COg treatment. Foliage was
sampled for nutritional analysis at 1000 h at 10,11,13,14,15,17,19, 21 and 23 weeks plant
age. The terminal leaflet and 1 subtending leaflet were removed from representative
leaves in the lower third of the canopy on 3 plants of each genotypes in each house. All
leaflets for a given genotype in each house were pooled into one sample. Dried samples
were processed through a Wiley Mill 20 mesh sieve, then dry ashed at 5000C to determine
K, P,Ca,Mg, Mn, and Fe content . The resulting ash was dehydrated in 6N HCL and
redissolved in 0.6N HCIl. Atomic absorption spectrophotometry was used to analyze for
all elements except P, N and C. Tissue P was analyzed spectrophotometrically . C and N
were analyzed with a Perkin Elmer 2400 CHN Elemental Analyzer. K,P,Ca, N and Mg
concentrations are reported as percent dry weight. Mn and Fe concentrations are
reported as ptmol mol-1 dry weight. Nutrient concentrations were corrected for starch by
subtracting mg starch in a given leaf sample from the total mgs of sample dry weight and
then recalculating the nutrient concentrations. All nutrient concentrations reported
have been corrected for starch, except when N concentrations were used in calculating
C/N ratios.

RESULTS AND DISCUSSION

Chrysanthemum Study: Plants grown at the high CO2 concentration had higher relative
growth rates (0.0975 compared to 0.0903 g g-lday-1) and higher dry weights (data not
shown). The source of these higher growth rates and dry weights were higher
photosynthetic rates in enriched plants. Since our photosynthetic data was collected at a
naturally fluctuating range of irradiances, we modelled the photosynthetic response
based on the rectangular hyperbola model of France and Thornley [5]. We investigated
several other photosynthetic models, but this seemed to best fit our data. The initial slope
of the response curve is equal to the constant o, which is known as the photosynthetic
efficiency. The other coefficient used in this equation is 7, which is referred to as the CO2
conductance. The equation for net photosynthesis is:

Pn=al.tC

(eq.1l)

al + 1C
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where 1 is irradiance (PAR) and C is the CO2 concentration. Photosynthetic efficiency
was found to be significantly affected by time of day for the ambient-grown plants. Thus,
for ambient plants, a = a + b[time], where b has a negative slope because of an afternoon
decline in photosynthetic rates in plants in the ambient houses. There was also evidence
of a decline in enriched plants, but there were not insufficient measurements from the
enriched houses to determine if the decline was significant. We could not tell from our
data whether this afternoon decline represented stomatal or non-stomatal factors because

transpiration readings were extremely variable.

Values of a and 1t differed for ambient CO2-grown and CO2-enriched plants.
Photosynthetic efficiencies were greater in enriched plants (.153 compared to .092), but
CO2 conductances were greater in ambient-grown plants (.075 compared to .045). We
used France and Thornley's equations with our data to produce an irradiance response

curve (Fig. 1).

FRANCE & THORNLEY

“1 (our coetficlenta)
oo 350 a1 875
. e
- ee—-—= @75 a1 675
350 at 350
675 at 350
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IRRAD | AMGE —~ UNOLERAR2 §
Fig. 1. Rectangular hyperbola model of individual leaf photosynthesis as a function of
irradiance from France and Thornley [5] using our coefficients for CO2 enriched

and ambient CO2 grown plants at measured at both 350 and 675 pmol mol-1.

As seen on this figure, at irradiances below 400 pmol (photons) m-2s-1, CO2-enriched

' plants are more efficient,because of their higher photosynthetic efficiencies. At higher
irradiances, however, ambient-grown plants were more efficient because of their greater
CO2 conductance. The contrast is particularly great for the plants grown at 350 umol mol-
1, but measured at 675 umol mol-1 CO2 and 1600 pmol(photons) m-2s-1, These plants
have about a third higher photosynthetic rates than plants grown and measured at 675
umol mol-! . Plants grown at 675 and measured at 350 umol mol-1 CO2 have only a third
the photosynthetic rates at 1600 umol(photons) m-2s-1 of ambient-grown plants, measured

at 675 umol mol-1 CO2. Under growth conditions, (675 plants at 675 and 350 plants at 350
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jimol mol-1 CO2), net photosynthesis is still slightly higher (about a sixth) in enriched
compared to non-enriched plants, accounting for the greater growth of CO2-enriched
chrysanthemums. If CO2 conductances had not declined in enriched plants, however, we
would have predicted a much greater growth increase-almost a doubling at high
irradiances.

Cucumbers:

Cucumbers responded very well to C%{échment, showing up to a 54% yield increase to
on

some treatments. As might be predicte the basis of the chrysanthemum
photosynthesis data, the greatest response to high CO2 in terms of plant weight gain per
day came at high irradiances (Fig. 2).
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Fig. 2. Fruit weight vs. solar radiation for cucumbers. symbols represent seasonal
averages. The solid line is Eq. 3 from [16] for no daily enrichment. The broken
lines are Eq. 3 [16] for enrichment at 5000; 20,000; 10,000; and 15,000 pmol mol-1 h,
respectively, bottom to top.

The decline in CO2 conductance seen in the CO2-enriched chrysanthemums was not a

major limitation to CO2 response. The longer each day that the crop could be enriched, the
greater the response to high CO2 (Fig. 3).
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Fig. 3. Weight ratio of yield in enriched divided by yield in non-enriched
cucumbers. Symbols represent seasonal averages of enriched treatments.
The solid line is Eq. 7 [16].Fractional enrichment time is the % of
daylight hours in which it was possible to CO2 enrich the plants.

There was, however, an optimum CO2 concentration for each length of daily enrichment.
Enrichment at above optimal levels or for above optimal lengths at any daily enrichment
period, resulted in reduced response to high CO2. The best fitting relationship predicted
maximum yields for cucumber at any combination of hours of enrichment and CO2
concentration resulting in a cross-product of 14,400 pmol mol-l CO2x h. For example, this
can be accomplished by applying a concentration of 1000 umol mol-1 CO2 for 14.4 h, 3000
pmol mol-! for 4.8 h or 5000 pmol mol-1 CO2 for 2.9 h.

Tomatoes

Yield studies in 1981-1986: The yield response of tomatoes to CO2 was much less than
cucumbers. Tomatoes also differed strikingly in their response to irradiance and
duration of the enrichment pericd. While cucumbers had a greater response to CO2-
enrichment at high irradiance (Fig. 2), , as predicted by the model [5], tomato yields had a

relatively flat response to irradiance (Fig.4).
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mol-1. The broken lines are eq. 8 with CO2 concentrations of 700 and 1200
umol mol-1, respectively, bottom to top.

Tomatoes also required enrichment for a very long percentage of the day before

significant effects on fruit weight were seen (Fig.5).
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Fig. 5. Weight ratio of yield in enriched divided by yield in non-enriched
cucumbers. Symbols represent seasonal averages. The solid line is eq.
14{16].
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This contrasts dramatically with the linear increase in cucumber fruit weight with
duration of enrichment (Fig. 3). Possibly in tomatoes, the CO2 conductance of enriched
plants was sufficiently depressed that very long periods of high CO2 were required to

compensate for decreased conductances at low CO2.

Physiological studies in 1987 and 1988: These studies were undertaken to explain the

relative lack of yield response of tomatoes to high CO2 concentrations noted above. We
had observed in the 1981-1986 yield studies that CO2 enrichment dramatically increased
the severity of leaf deformation {purpling, chlorosis, curling) in tomatoes. It seemed
likely that this deformation would reduce plant photosynthetic capacity and studies were
initiated in 1987 to find the basis for this deformation. Deformation increased with CO2
enrichment in 1987 and 1988 and leaf starch was also seen to increase. The time course of
development of leaf injury was very different from changes in foliar starch, however.
Foliar injury was low until plants were 9 weeks old (4 weeks of CO2 enrichment). From
week 9 to week 13, foliar deformation symptoms (leaf curling, purpling and chlorosis)
increased dramatically, but they then remained constant at week 13 levels for the 10
remaining weeks before the crop was harvested. Starch, on the other hand, decreased
dramatically from week 9 to week 13, after which time it either was unchanged or
increased. Differences between cultivars and between the pruning, bag size and night
temperature treatments in leaf deformation (where they were found) also were not related

to differences in leaf starch concentrations (Fig. 6).
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Fig. 6. Relationship between mean foliar starch concentration (mg glucose dm-2
leaf area) and mean foliar deformation severity of 2 cultivars of
greenhouse tomato grown at ambient and 1000 pmol mol! CO2 in 1987 and
1988,
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Photosynthetic rates were low in all leaves measured, especially after week 9. In situ
photosynthetic rates in 1987 were not greatly different in enriched and ambient-grown
plants. In 1988, there was some evidence of higher in situ rates of enriched plants , but
again, rates were low. With these relatively small differences between enriched and
non-enriched plants at growth CO2 concentrations, and presumably lower CO2
conductances in CO2-enriched plants at ambient CO2 concentrations, it is not surprising
that tomatoes must be enriched for long periods of time in order to show a yield response to

high CO2, as previously seen in the yield studies (Fig.5)-
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Fig. 7. Relationship between mean carbon exchange rates and mean foliar

deformation severity in both CO2-enriched and ambient CO2-grown

plants in 1987 and 1988.
Although we had hypothesized that deformed leaves would have lower photosynthetic
rates, there appeared to be no relationship between the degree of deformity of the leaf and
CER (Fig.7). It is necessary to point out, however, that CER was measured in enriched
leaves at 675 yimol mol-l CO2 and in ambient leaves at 350 imol mol-1 . Thus, under
conditions leading to greater deformation, i.e. CO2 enrichment, CER was measured at a
higher CO2 concentration, possibly obscuring any negative relationship between
deformation and CER. Examining the time course of development of deformation
symptoms and changes in CER does not suggest a causal relationship of deformation in
depressing CER, however. Deformation increased progressively in 1988 from week 9 to
week to week 23, while CER was low throughout the measurement period. In 1987,
deformation increased from none in week 9 to a high level in week 13 which was
maintained until the end of the experiment. In contrast, gER in 1987 decreased from
week 9 to 13, but then decreased again from week 19 to 23.

There was also little or no relation between leaf starch and CER (data not shown). All the
leaves measured were in the lower canopy, however and CER was minimal.
Examination of upper canopy leaves might have shown different relationships. For
example, Yelle et al [17] observed seasonal increases in upper canopy starch in tomatoes

throughout the season whereas lower canopy starch was declining. Since most of the
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deformation takes place in the lower canopy, however, lower canopy data should be the

most relevant for our study.

Physiological studies in 1989:; 1987 and 1988 data had shown very low CER rates in the
lower canopy, but upper and middle canopy CER was not measured. In 1989, CERs were
measured in all three regions of the canopy. CERs were highest in the upper canopy, low
in the middle canopy and lowest in the lower canopy (data not shown). At 13, but not 19,
weeks plant age, CERs were significantly greater in COg2 enriched plants compared to
ambient CO2 grown plants. At 19 weeks, CERs were actually negative in both CO2
treatments in the middle and lower canopy region. There were no significant
differences between genotypes on either date and no apparent relationship with

deformation (data not shown).

Across the 8 genotypes included in this study, CO2 enrichment increased both yield and
leaf deformation. Genotypes differed significantly in mean yield and deformation
(data not shown). Regression analysis showed a significant, positive relationship
between mean foliar deformation severity and mean total fruit yield, such that the

highest yielding genotypes showed the greatest foliar deformation severity (Fig. 8).
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Fig. 8. Linear regression relationship between mean foliar deformation severity
(0=none, 1=low, 2=moderate, 3=severe) and mean seasonal total fruit
yield (g per plant) of 8 genotypes of tomato grown at ambient (ca. 350 and
1000 pumol mol-1 CO2) for 16 weeks. Each point is the mean of 12 plants.

Total plant biomass increased only slightly with enrichment, with fruit weights
increasing and root weights decreasing. These two factors; root weight and fruit weight;
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were, in fact significantly negatively correlated, with an r2 value of 0.72. There was no
relationship between fruit fresh weight and either leaf (Fig. 9) or stem fresh weights
(data not shown).
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Fig. 9. Linear regression relationship between fruit fresh weight (mean
cumulative yield, grams per plant), root(A), and leaf (B) fresh weights
(grams per plant) of 8 genotypes of 23 week old tomato plants grown at
ambient (ca 350 or 1000 pmol mol-1 CO2 for 16 weeks. Each point is the
mean of 8 plants for 1989 data.

Foliar K and N concentrations were both significantly reduced by CO2 enrichment . For
both nutrients, the time course of decrease in the foliage over the season was very similar
to the time-course of increase in leaf deformation (Fig. 10 for K). When weekly ratings
of foliar deformation were regressed against weekly leaf potassium and nitrogen
concentrations, the r values were -0.65 and -0.66, respectively (p=.001). Mn
concentrations were also significantly correlated with deformation ratings using
seasonal, but not weekly, genotype means. Starch correction reduced the regression
coefficient of deformation against all elements except potassium, indicating that the
apparent correlation between low foliar nutrients and deformation in COg2-enriched

plants is at least partially a starch dilution effect. For example, the regression value for
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uncorrected nitrogen was 0.72 and the corrected value 0.66. For potassium, however, the
correlation was equally strong with and without starch correction, suggesting that the
effect of low foliar potassiur;x values in causing leaf deformation in CO2-enriched plants
may be direct. A direct effect of K was also suggested by a preliminary study (Fig. 11) in
which KHoPO4 was sprayed on the foliage of tomato plants during the period from 13 to 20
weeks plant age in which deformation symptoms normally appear. This foliar spray
significantly reduced the deformation observed throughout the entire period Additional

evidence for a direct role for K is the outward appearance of the deformed leaves which

resembles K deficiency.
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of tomato foliage grown at ambient or 1000 mmol mol-1COg2 and either
treated or untreated with 7 mM KH2PO4 foliar spray. Each point is the

mean of ratings on 11 leaves in the lower third of the canopy.

Leaf carbon was high in CO2-enriched plants, as expected, but was also high in high-
yielding cultivars of both enriched and non-enriched plants (Fig. 12). The relationship
was particularly strong for the enriched plants. Because non-starch corrected N was
lower in CO2-enriched and high-yielding cultivars, C:N ratios (N not starch-corrected)
were significant and positively correlated with fruit yields (Fig. 12)
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Fig. 12. Regression of cumulative fruit yield against C:N ratios (N not, corrected
for starch) during 16 weeks of growth at 350 or 1000 pmol mol-1 CO2. Each
symbol represents the mean of 12 plants. Open circles represent ambient-

grown plants, closed ciicles, high CO2-grown planté.
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For the same reasons, i.e. higher leaf carbon and lower (uncorrected) leaf nitrogen, C:N

were also positively correlated with leaf deformation(r2=0.89)(Fig.13).
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Fig. 13. Regression of deformation against C:N ratios (N not corrected for starch)
during 16 weeks of growth at 350 or 1000 pmol mol-1 CO2. Each symbol represents
the mean of 12 plants. Open circles represent ambient-grown plants, closed

circles, high CO2-grown plants.

CONCLUSIONS

Chrysanthemums, cucumbers and tomatoes had very different responses to CO2
enrichment. In chrysanthemums, dry weight, growth rate and photosynthetic responses
to CO2 enrichment were statistically significant for most of the experiments and were
similar to the average given by Kimball [7]. Photosynthetic studies showed that CO2
conductance was reduced in enriched plants, thus decreasing the potential gain in
photosynthesis at high CO2, and resulting in much less efficient leaves of CO2-enriched
plants at ambient CO2 concentrations. Photosynthetic efficiency was increased in CO2
enriched plants, however, making them more efficient at low irradiances than ambient

CO2-grown plants.

In cucumbers, yield response to CO2 was greater than that predicted by Kimball [7].
Plants had a linear response to increasing daily hours of CO2 enrichment. This
suggests that CO2 conductance was not greatly reduced in leaves of enriched plants, or
they would have done poorly on days when enrichment was only possible for a few hours.
They were also able to respond more to high CO2 at high irradiance, as would have also
been predicted based on the higher photosynthetic efficiencies of CO2 enriched plants seen

in chrysanthemum,

Tomatoes represented an extreme case of lack of response to high CO2. Modeling data
showed that unless they could be enriched for virtually the entire day, there was little
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yield benefit to CO2 enrichment. Presumably this was because CO2 conductance was
decreased so much in enriched plants, that on days with partial enrichment, rates were
depressed more by low CO2 than they were increased by high CO2 concentrations.
Although we did not have as many irradiance data points for tomato, it appeared that
yield response to CO2 was actually less in tomatoes at high irradiance, or at least no

greater.

We investigated the hypothesis that starch buildup in CO2-enriched tomato leaves
depressed photosynthesis and caused the characteristic leaf chlorosis, purpling and
twisted we had observed we had observed consistently in these plants. Depressed
photosynthetic rates in deformed leaves would then limit the response to high CO2
concentrations. No such direct relationship between deformation, starch and CER could
be found, however, to account for the lack of yield response. The time course of changes in
foliar starch did not correspond with changes in deformation. The starch concentration
of individual leaves was also not correlated with the degree of deformation of the leaves,
except that CO2 enriched leaves were on the average, more deformed and had higher
starch concentrations compared to ambient CO2-grown leaves. We were not able to relate
CER in any of the canopy regions to differences in yields or deformation. Because CERs
did not differ between genotypes, the observed significant genotypic differences in
deformation and yield response could not be explained by differences in CER.

Examining the degree of deformation in 8 cultivars we were, however, able to make the
following correlations. Across genotypes and CO2 treatments, the most severe
deformation was correlated with high fruit yield, but low root biomass. Root fresh weight
was inversely proportional to fruit yield while stem and leaf fresh weights were not
related to fruit yield. A high degree of deformation was also associated with low foliar K
and N, but high C/N ratios. \

The strong relationship between high fruit yield and low root weight suggested that CO2
enrichment increased fruit sink strength, possibly through a direct effect on pollination
and seed set. In a preliminary study, higher seed numbers per fruit were found in CO2-
enriched tomato fruit. This higher fruit sink strength ma; lead to a increase in
partitioning to fruit at the expense of roots. The change in partitioning could reduce root
weight at elevated CO2 since CERs were not greatly increased by CO2 enrichment and
did not differ between cultivars. Reduced root /shoot ratios could have secondary effects
on plant growth and development, such as reduced nutrient and water supply ,which may
be involved in the deformation response. Mobile elements such as K and N may be
withdrawn from lower leaves to support fruit growth, if adequate supplies are not
available from the roots. This was suggested by the positive correlations of foliar K and
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N with deformation, but the negative correlatioas of foliar concentrations of these

elements with yield.
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ABSTRACT

One of the foremost environmental problems of global
concern today is the greenhouse effect resulting mainly
from the increasing concentration of co, in the
atmosphere. Terrestrial vegetation, forests, and soda
lakes have attracted attention as sinks for some of the
C02, but another equally important sink, namely,
alkaline/saline wastelands appears to have been largely
neglected. In this report we discuss the significance of
such lands in countering, to some extent, the build-up of
CO2 in the atmosphere, thereby partly alleviating the
greenhouse problem. We have surveyed a few "usar" soils
and conducted some Coz—enrichment experiments; these have
revealed that these lands may act as a significant auto-
sink for trapping some of the atmospheric C02. In a
preliminary study we have observed that alkaline/saline
soils show significant drop in pH following CO2
absorption even in the presence of ambient concentration
of COZ;

enriched atmosphere. Furthermore the algal flora of

the pH fall is greater in the presence of COZ—

alkaline/saline soil appears to be another sink for
trapping the COZ' Our studies have demonstrated that the
alkalophilic algae of usar lands can accumulate large
amounts of inorganic carbon. Such accumulation appears
to be due to the presence of the enzyme carbonic
anhydrase. The strains having carbonic anhydrase on
their outer membrane appear to be more efficient in

trapping COZ' Because of the high affinity for CO2 and
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absence of photorespiration, these algae are suitable
candidates for trapping COZ' It 1is felt that by
manipulating the carbonic anhydrase in plants other than
algae, the trapping of CO2 may be considerably increased.
Although these alkaline/saline lands in 1India or
elsewhere are treated as "wastelands", it 1is highly
likely that they may prove to be a strong natural sink
for COZ' There is a need to propagate alkalophilic algae

or other plants in these lands to fix CO, at high level.

2
INTRODUCTION

Global warming from increasing emissions of
greenhouse gases has become a major scientific and
political issue during the past decade. There is a fast
growing and serious international «concern at man's
influence on the global climate. The greenhouse effect
and <climatic modifications are regulated by the
interactions between tropospheric and stratospheric
processes (l1). There appears to have been an increase in

27 Nzo, chlorofluorocarbons and CH4 in
recent years. All these gases (including NZ) accumulate

tropospheric CO

in the atmosphere and act like glass in a greenhouse,
letting in the warming rays, but inhibiting«the escape of
infra~red rays. Because CO2 and other trace gases
produced by industrial and agricultural processes absorb
thermal radiation emitted by the earth's surface, recent
studies have predicted that the increasing concentrations
of these gases in the atmosphere will result in
significant changes in climate which in turn may produce
substantial changes in the location of the agricultural

zones and shorelines (2).

Amongst all the greenhouse gases, relatively more
work has been done on the increasing trend of coz, its
source and its effect on the global temperature (3-5).
Recently, it has been demonstrated that the amount of
CO2 in the atmosphere is steadily increasing by almost
1.5 ppm per year (6). Using average values, it has been
estimated that global air temperature appears to have

increased by roughly 0.7% over the past 140 years. Many
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workers have predicted that CO2 concentrations will reach
600 ppm sometime between 2030 and 2080 A.D. It has also
been projected that if CO2 concentration were to double
from 300 to 600 ppm, the earth's surface temperature
would eventually warm up by somewhere between 3.5 and 5°C
(4). A few workers have projected that an increase in
global temperature of several degrees celsius will cause
sea level to rise by 0.5 to 1.5 metres generally in the
next 50 to 100 years; such a rise would endanger coastal
settlements, estuarine ecosystems and the quality of
coastal freshwater resources. Natural events such as
intense drought, forest fires, intense hurricanes and
flooding that have been hapenning for over a decade now
clearly attest to the fact that the greenhouse effect is
here. Unfortunately, no serious attempt has as yet been
made to control the increasing level of atmospheric COZ'
Nature has created man and man is proving dangerous to
mother nature. Despite our vast knowledge and technology
development, one has to believe that most natural
phenomena are subject to negation by natural laws/
processes. This dictum applies no less to the greenhouse
problem and has prompted us to ask the question: "can we
seek ways/means from nature to balancing the level of
atmospheric C02?" In this paper we describe a few
abiological and biological approaches to alleviating the
greenhouse effect with special reference to the

significance of microalgal communities in fixing C02.

TRAPPING OF CO2 BY ALKALINE SOILS

The total land area of India is about 329 million
hectares in which alkaline/saline lands occupy 64.65 lakh
hectares (Fig. 1). (There are also a number of alkaline/
soda lakes and ponds.) These lands are characterized by
impermeability, extreme hardness, and occasional presence
of undesirable salts. They are locally known as 'usar'
in Uttar Pradesh. The pH value of these soils often
reaches up to 11, although the pH varies with depth.
These lands also contain high levels of sodium. Their
calcium content 1is generally low. These soils are

usually infertile and are treated as wastelands. Their
215



r T T

72 84r ea- 9 96°
o
b36° C,-J‘ \". 36
\.d{\%‘_/""\') I N DIA
Ve MM U AND,/- o JOOMILES
é" O 100 KILOMETRES
1
. west »  SHOWING SALINE AND ALKAL!I LANDS {32+
PAKISTAN - PRADE SH
\_\.
s C H I N A LY
260 / AN ELg
VA e NN
<9 S 5
~ RAY NS N o
. ‘“ O N
: 1.H5§§¥v\;4"
R ’l BIHARS ) easy 1 ,{PUi o
24 “ "‘W ‘(’PAK:STAN}{ v 24
3 W
PRADES’L.\ "\ 1 BURMA
“; " ’
- 20° % Q 20°
j‘ BAY OF 0
BENGAL
L 1o %
COMPACT AREAS OF SALINE
AND ALKALI LANDS
e SCATTERED BLOCKS OF 121
SALINE AND ALKALI LANDS
y
8 IcEvIQN 8°
"

8g°

84° 22°

Fig. 1: Map showing distribution of alkaline/saline lands

physico~chemical properties

rainfall and microbial decomposition.

in India.

show fluctuations due to

A number of such

lands have been transformed into fertile lands either by

natural processes spontaneously or by man-made amendments

(7).

There are reports that reclamation of usar soils

does occur;

however,

the real cause is not known (8). We

feel that the fall

important factor occurring naturally.

in pH of reclaimed soils is

an

In our study we have observed that usar soils have

the capacity to absorb co, resulting iy a lowering of

their pH. A suspension of usar soil having initial pH of
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10.5 changed its pH to 10.02 upon continuous stirring for
36 hours. No such change in pH occurred in normal soil
or double~distilled water, following stirring for the
same period. That absorption of CO2 by usar soils does

occur sensu sStricto was further evident from experiments

where CO,-enriched air was employed. Suspensions of usar

2
soils were placed in airtight glass jars containiny 5%
CO2
This drop in pH remained constant for several days

in air; they showed drop in pH from 10.5 to 8.15.

suygesting that CO2 does not escape from the soil. The

absorbed CO2
soils contain high level of sodium base. In the absence

is probably converted into Na2C03, as these

of periodical data, especially of pH, it is hard to
speculate whether changes in pH have taken place in the
existing wusar soils which cover many thousands of
hectares of land all over India. There is a need to test
this phenomenon in natural conditions over a long period

of time.

The above findings and our hypothesis are in
ayreement with earlier reports where trapping of
atmospheric CO2 by freshwater bodies has been shown (9).
It has been demonstrated that the CO2 trapping ability of
lakes increases with increasing alkalinity and pH in
saline/alkaline lakes. With the increase in alkalinity
there is increased formation of CaCO3/Na2CO3, some of
which, however, tends to get deposited in the lake

sediment.

DO ALKALOPHILIC ALGAE HAVE A ROLE IN TRAPPING C02?

A number of blue-green algae ¢row luxuriantly in
alkaline/saline soils (8). The abundant algal growth
produces striking and beneficial changes in such soils.
The algal strains reported are mainly some species of

Microcoleus, Scytonema, Porphyrosiphon, Camptylonema,

Cylindrospermum, Anabaena, Nostoc and Aulosira. These

algae form a thick mat on the soil surface during the
rainy season (July to September) and during the
retreating monsoon (December-January). Singh (8) made
detailed investigation, both under field and laboratory

conditions, with a view to understanding the role of
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these algae in the reclamation of usar soils. He found
marked decrease in pH value, and there was a considerable
improvement in the percentage of organic matter, total
nitrogen, exchangeable calcium and water-holding capacity
of the soil. Due to algal growth, the -pH fell from 9.5
to 7.5, and the content of soluble CO2 increased from
0.23 to 8.1 ppm. The changes in pH and CO2 content of
these soils following algal growth clearly point to the
role of blue-green algae in trapping C02. We also have
performed simple experiments with usar soil, double
distilled water, pond water and a few algae collected
from usar soils. From Table 1, it is seen that usar
soils amended with algal mats are more efficient in

absorbing CO, than the soils devoid of algae.

Table 1. Effect of algal supplementation on pH of usar*.

Condition/supplementation Initial Final pH
pH after 80 hrs
Usar soil + double distilled water 10.55 9.94
Usar soil + DD water + algae 10.55 9.70
Usar soil + pond water (having pH 10) 10.55 9.85
Usar soil + pond water + algae 10.55 9.65

* 100 gm soil suspended in 200 ml of double distilled

water or pond water, and usar algae (Aulosira, Nostoc,

Anabaena etc.) were added. 1Initial pH was recorded and

adjusted to 10.55 if required.

IS THE DROP OF pH A CONTINUOUS AND PERMANENT PHENOMENON
IN USAR SOILS?

From our findings as well as tentative postulations,
it appears that usar soils show gradual decrease in pH
following CO2 absorption. If this process continues, it
would ultimately be expected to show considerable change
in pH of all alkaline/saline soils and may even lead to
complete reclamation of all such soils. However, due to
operation of certain physico=-chemical events, the soils
regain their original pH and alkalinity and thus they

maintain the original character. &his is an important
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factor if these soils are going to act as a strong sink

for absorbing C02.
METABOLIC PROCESSES INVOLVED IN THE TRAPPING OF CO2

The notion that these algae are indeed involved in
lowering the pH and increasing the soluble CO2 content of
alkaline/saline soils, apparently suggests that they
possess unique metabolic processes/enzymes to absorb and
metabolize the CO,/HCO;.
for microalgae (including cyanobacteria), the affinity

It has been demonstrated that

for CO2 in photosynthesis is much higher in cells grown
under ordinary air (low-CO, cells) than in those grown
under air enriched with 1-5% co, (10). Based on the
presence and location of carbonic anhydrase (CA), two
groups of algae have been recognised: one having CA on
the cell surface utilize HCOQ and the other having CA
inside the cell utilize free CO2 in photosynthesis. It
has been clearly demonstrated that HCO3 is utilized after
it has been converted to CO2 by the CA on the cell
surface (1l1). Therefore the actual species of inorganic
carbon which crosses the cell membrane of these algae
also appears to be free CO2 (Fig. 2). Furthermore the
existence of an active transport system for HCO3 has been
suggested for cyanobacteria such as Anabaena variabilis

(12).

+ -
=y
H + HCO3 CO2 + H20

+

Membrane

v

Cytoplasm CO2

Fig. 2. Role of carbonic anhydrase in algal cells in
utilization of HCO3 (15).

Accumulation of dissolved inorganic carbon (DIC) has
been reported in a number of algae belonging to the
classes Cyanophyceae, Chlorophyceae and Xanthophyceae
(11). Reports are available which suggest that low—CO2
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cells of some species can accumulate DIC upto concentra-
tion 1000 times higher than that in the medium (12, see
also 11).

Furthermore, the 1ow-C02 cells of many microalgae
have been shown to utilize DIC as efficiently as
terrestrial C4 plants. The presence of CA thus is
required for lowering the apparent Km (C02) for photosy-
nthesis. The high DIC concentration inside the cell
would obviously favour the rate of carboxylation reaction
via RuBP carboxylase, and hence the lower apparent Km
(C02) value for photosynthesis. Enhancement of photo-
synthesis has been reported, even in higher plants, with
the addition of CA. Shiraiwa and Miyachi (13) demonstr-
ated multi-fold stimulation of 14CO2
chloroplasts of spinach and Bryopsis maxima in the
presence of exogenously added CA. CA most probably

fixation by intact

causes accelerated conversion of Hco; to C02, thereby

1

enhancing the rate of 4CO2 fixation.

The presence of both Na© ions and high pH in alkali
soils is favourable for the high CO2 accumulation within
the microalgal cells. Abe et al. (14) reported that in
the presence of Na© (30 meq) the rate of increase in
internal DIC from added CO2 increased in parallel with
the increase in pH value from 7 to 9 whereas the same
rate from added HCOS did not change with change in pH. In
the absence of Na® both rates decreased with increase in
PH. Furthermore not only HC05 but also CO2 transport was
stimulated by Nat and the enhancing effect of Nat on the
transport of inorganic carbon was higher at higher pH in

case of Anabaena variabilis.

Besides the above, the microalgae are also very
efficient in CO, utilization. Kaplan et al. (12)
observed high photosynthetic affinity to Coz in A.
variabilis, in fact one of the highest reported for any

organism, including C4 species of higher plants.

The improved efficiency for CO2 fixation observed

appears to be a consequence of the fact that both low and
high CO, cells accumulate inorganic carbon within the
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cells to concentrations which exceed that present in the
medium (12). This permits more efficient activity of the

RuBP carboxylase.

Coleman and Colman (16) demonstrated, by using a
silicone fluid filtration technique, that the rate of
accumulation of DIC inside the cells of the blue-green

alga Coccochloris peniocystis was relatively constant

over a wide pH range. At external DIC concentration of
0.56 to 0.89 mM, the internal concentration after 30 sec
of illumination was greater than 3.5 mM over the pH range
of 7.0 to 10.0. They also reported that at an alkaline
pH where the intracellular pH is less than the external
pH, the cell must rely upon active transport of HCO3 and
not a passive flux of CO2 if inorganic carbon accumula-

tion is to occur (17).

Though most of the algae present in alkaline/saline
soils act as a significant sink by absorbing co, for
photosynthesis, Nz—fixing cyanobacteria appear to be even
more important. The energetics of Nz—fixation in general
show that this process requires large amount of reductant

and ATP. The reductant in N -fixing cyanobacteria is

supplied directly through phot;;ynthesis. Thus the
processes of Nz-fixation and CO2 fixation in these
organisms are interlinked. The property of N2 fixation
in a way forces these cyanobacteria to fix more CO2 so as
to drive nitrogenase reaction efficiently. The impli-
cation 1is that whereas green algae and other non-N, -
fixing algae fix CO2 for simply meeting the requirement
of less energy-consuming metabolic processes, some extra
CO2 may be fixed by N.»=fixing cyanobacteria to continue

2
the process of Nz-fixation. Obviously the Nz-fixing
cyanobacteria of alkaline/saline soils appear to play a
key role in maintaining the nitrogen budget as well as

fixing more CO, from the atmosphere.

2

It appears 1likely that CA 1is responsible for
suppression of photorespiration in the microalgal cells.
The C02/02 ratio inside the cells gs one of the important

factors which determine the relative ratio of photosynth-
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etic CO2 fixation to photorespiration. If some
cooperation between CA and the CO2 concentration
mechanism brings about enhancement of CO2 transport for
RuBP carboxylase, it is possible that the presence of
both factors suppresses photorespiration in cyanobacteria
by increasing the C02/02 ratio in the c¢yanobacterial

cytoplasm or the algal chloroplast stroma.

CA-deficient mutants and low-CO, cells of the green

2
alga Chlamydomonas reinhardtii which had been treated

with a CA inhibitor showed higher rates of glycolate

production and higher 02 inhibition. This indicates that
CA may have a definite role in suppression of photorespi-

ration, and that the CO, concentrating mechanism cannot

2
work efficiently in isolation.

The overall assumption is that the algae having CA
activity either inside or outside the cell membrane may
play an important role in fixing CO2 and augmenting the

rate of photosynthesis.
REGENERATION OF ALKALINITY IN SOILS

In nature, there is some regeneration of alkalinity
in usar soils. In areas having restricted underground
drainage, salts which come through irrigation water or
run-off fail to escape. The evaporation of water from
the surface further facilitates concentration of salt in
the soil. Capillary action during the summer months
brings them to the surface where they form a white"
efflorescent crust. The downward movement of salts is
much less than their upward movement with the result that
salts tend to accumulate in high concentrations at or
near the surface. These saline soils gradually
deteriorate into alkali soils. Sodium salts enter the
clay complex and form sodium clay by displacement of
calcium. The above events go on continuously although
the degree of alkalinity varies from year to year. Thus,
no doubt these soils do absorb CO2 and show decrease in
pH but ultimately they regain the original characters in
due course of time, by themselves, through physico-

chemical processes. .
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Finally there are no reliable quantitative estimates
of the extent to which wastelands or their algal cover

absorb/fix CO2
data is badly needed and should be subjected to computer

per unit area per unit time. This kind of

analysis for proper extrapolations. Global sink rates of

CO2 need to take the wasteland factor into account.
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

ASSESSMENT OF LIMITATIONS FOR PHOTOSYNTHETIC
RATE IN PLANTS ACCLIMATIZED TO ELEVATED CO,
- AND TEMPERATURES

M.UDAYA KUMAR and T.G.PRASAD

Department of Crop Physiology,
University of Agricultural Sciences,
GKVK Campus, BANGALORE 560065

To enhance the photosynthetic rate in plant
species, it 1is essential to asses the limitations
imposed for assimilation rates (A) by different
photosynthetic traits and the genetic control of this
traits.

The relative importance of these limitations vary
depending upon the environmental factors. Since, the
Co, is the major substrate, the predicted increase in
global CO may become an important environmental
variable aftering the limitations which may affect the
potential carbon exchange rate of the species.
Therefore, the maior objective 1is to examine the
relative limitations to ‘A’ at elevated Co, and the
temperatures. ’

Any change in the ambient CO, concentration will
have profound effect on photosynthetic characteristics.
Not only the effect of elevated CO, on gas exchange
rates, but also, the comprehensive status of the
problem with regards to its effect on water use
efficiency, leaf expansion, canopy development,
allocation of photosysnthetic products, seedling growth
rates and reproductive aspects have been critically
reviewed by Leeman, (1983) and Eamus and Jarvis,
(1989).

The increase in growth rates due to CO,-
fertilization has been unequivocally proven in severa
container studies in controlled experiments and in open
top chamber studies under field conditions. Increase
in biomass could be due to increase in assimilation
rate or canopy photosynthesis or decrease in
photorespiration. However, the response has been
shown to be species specific. One of the reasons for
the differential response is lack of maintenance of
higher assimilation rates in long term experiments.

The plants are always Co, limited for

photosynthesis. In all short term experiments when the
leaves were exposed to elevated CO, levels for a short
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period, increase in photosynthetic rate has been
clearly .demonstrated. In long term experiments when
the plants were continuously exposed to enriched Co,
levels, the results have been contradictory.)

Increase in assimilation rate at higher co
concentration in long term experiment has been observe
in several plant species by Havelka et al. (1984),
Ocurson et al. (1984) Campbell (1987, 1988), Thomas
and Harvey (1985), Porter et al. (1988), Nijs et al.
(1989a, 1989b). In some crop species increased
assimilation rates were maintained althrough the growth
period and in such cases, a significant increase in
growth rates were recorded. One of the factors
attributed was an enhanced sink number and activity
when plants were exposed to elevated Co, levels.

In contrast, a decrease in photosynthetic rate in
plants grown at higher CO, concentration and measured
at growth CO, concentration has been reported in water
hyacinth (Spancer and Bowees, 1986), in cotton (Sivak
et al., 1983), in cucumber (Peet et al., 1986), in
desmoodium (Wulf and Strain, 1987) in a few forest
species (Oberbaur et al., 1986) in Trifolium (Cave et
al., 1981) in pinus seedling (Conroy et al., 1986a).

The absolute reduction in "A’ in plants exposed to
elevated CoO, for a long period is caused by the
following factors.

1. End product inhibition - Accumulation of end
products - starch and sucrose

2. Limitation due to inadequate Pi recycling.

3. Decrease in content and activation of RuBisCO.

End product: End product inhibition of photosynthesis
has been ‘attributed as a major reason (Azconbit and
Osmond, 1983). Starch accumulation has been stated as
a major reason for inhibition in several studies (Peet
et al. (1986), Spencer and Bowees (1983) Wulf and
Strain (1982) Cave et al. (1981) Oberbeur et al.
(1986).

Several reasons are attributed for the observed
decrease in ‘A’ due to starch accumulation. A
reduction in chlorophyll content and grana formation
due to starch accumulation has been reported by Wolf
and Strain (1982), Cave et al. (1981). The other
inhibitory effects of starch accumulation was reduction
in light reaching the chloroplast (Waraned and Wilson,
1986) or increase in diffusive pathway length or
interference with CO, transfer due to large starch
grains. Direct damage to the chloroplast caused by
starch granules has been clearly dJdemonstrated by
Nofziger and Koller (1976). Physical distortion  of
chloroplast due to starch grains are co?monly observed
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in plants grown at high elevated CO, (Caves et al.,
1981; Mauney et al., 1979) leading to suggestion that
the decline in “A’ at high CO, results from either feed
back inhibition or physicai damage to chloroplast
(Delusia et al., 198S).

Pi recycling: Inadequate recycling of inorganic
phosphate 1limits the asimilation rate at elevated CO
levels even in short term experiments (Stitt, 1986).
When the capacity to regenerate Pi declines the rate of
electron transport also declines (Sharkey et al.,1989).
It is well established that the rate of RuBP production
and consumption and rate of triose phosphate
utilization has been the major factor determining the
extent of limitation imposed by inadegquate Pi
recycling. Therefore lack of wutilization of end
products, starch and sucrose leading to their
accumulation re!mains a major factor for inadequate Pi
‘recycling.

RuBISCO

In plants aclamatized to high Co2 concentrations
in long term experiments, a decrease in RuBISCO
activity has been shown in number of crops (Downton et
al., 1987; Peet et al., 1986; Yelle et al., 1989).
Wether, this is due to refduction in sgpecific activity
df the enzyme or due to reduction in RuBISCO protein is
not known. However, indirect Tsasurement of RuBISCO
protein by binding with £*7cl carboxyarabinitol
biphosphate indicated that there was loss of RuBISCO
protein in cabbage at elevated CO, (Sage, 1989). Not
only RuBISCO content but also a decrease in its
activation state also has been shown in plants
acclamatized to high Co, (Sege et al., 1989).

The decrease in RuBISCO content in plants grown at
elevated CO, has been attributed to reallocation of N
to the other enzyme systems because carboxylation is
favoured through high substrate levels. Under such
conditions, the rate of utilization of end products may
be higher and inorganic Pi recycling may not impose any
limitations. But it is not clear why a reduction in
the state of activation was observed with a reduction
in the RuBISCO content.

It can be concluded that at high elevated co,
concentration the lack of maintenance of higher
assimilation rate is due to reduction in Pi recycling
caused by end product accumulation and also decrease in
RuBISCO content and its activation state.) such a
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response WwWas also seen in plants with rerstricted
growth of sink. There is increasing evidence that
maintenance of active sink for assimilates is necessary
for the effective stimulation of photosynthesis at
elevated coz concentration.

Approach

The crop plants will be benefited to the predicted
increase in global CO, concentration only when the
observed short term responses of asimilation rates were
maintained continuously. Though a number of factors
discussed above has been attributed as major reasons,
there 1is need to focus our attention on the following
three aspects.

(1) Is really the sink limitation a constraint?

The maintenance of greater sink size is implicated as a
prerequisite to maintain and continue the short term
cffect in assimilation rate. It is not always true
that genotypes or species with higher sink capacity
always maing}ns high assimilation rates. Therefore
more intricate approaches needs to be adopted to assess
the importance of sink size and its growth rates- on
assimilation rate at high substrate levels.

(2) Are there any specific constraints for sucrose
biosysnthesis and its export?

Increased accumulation of starch is a common
‘phenomena at elevated €O, levels. This could be due to
constraint, in sucrose synthesis and export. Though
the feedback control on the rate of wutilization of
triose phosphate is clearly demonstrated, the primary
factors responsible for this is not understood so far.

(3) Is the observed decrease in RuBISCO content,
activation and change in kinetic
characteristics 1is a direrct or indirect effect
of elevated Co, concentration?

In non-responsive species at elevated co
concentration, a deffenite reduction in RuBISC
activity has keend shown., Though the activation state
of the enzyme is affected, te major factor atributed to
the decreased activity seems to be due to reduction in
RuBISCO protein content. However, the adoptive
gsignificance of lesser allocation of protein to this
enzyme is not clear. Moreover, a substantial decrease
in RuBISCO content 1is not associated with high
assimilation rate nor showed an increase in activation
state.

At higher substrate level more than Knm (coz),
specific activity, K(cat) assumes importance.
Therefore species/ genotypes with high specific
activity may be more benefited at highiCO, levels.

228



There is a need to estimate the direct and
indirect effect of elevated CO, concentration on
RuBISCO protein content and kinetic characteristics.
Whether a brief exposure to elevated CO levels can
alter the kinetic characters and the actors which
influences the regulation of differential allocation of
proteins to RuBISCO with change in CO, levels need
greater indepth studies.

Temperature

The predicted changes in CO, is also associated
with increase in global warming tﬁough the magnitude of
change is debatable. Increase in temperature affects
gas exchange traits and also alters dark respiraton,
and growth rates of sink. Elevated temperature may
have a direct effect on (a) specificity factor -
photorespiration, (b) sucrose metabolism - its rate of
synthesis and export and (c) indirect effect on gas
exchange traits, through enhanced growth rates of sink.

At elevated temperature decrease in specificity
factor and thus enhanced co loss through
photorespiration has been well documented (Brooks and
Farquhar, 1985; Jordon and Ogren, 1984). At higher Co,
the changes that occur in photorespiratory when
specificity factor known to decrease at high
temperature could be species specific and needs to be
investigated.

One of the reasons attributed for enhanced
assimilation rates at higher temperature and Co, is due
to decrease in limitations imposed by inorganic Pi
recycling. The increase in sucrose metabolism has been
implicated for observed decrease in limitations of Pi
recycling (Stitt, 1986).

Approach

In long term experiments there is need to examine
the combined effect of temperature and CO, to answer
the following three aspects.

(1) Is the beneficial effect of elevated CO, is
nullified by decrease in specificity factor?

(2) 1Is enhanced sucrose metabolism and thus high Pi
recycling is maintained in long term experiments?

(3) What would be the indirect effect of enhanced
growth rates of sink on assimilation rate?

These aspects have greater relevance in tropics
with high temperature and light intensity.
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Impact of Global CEmatic Changes on Photosynthesis and Plant Productivity

THE RESPONSE OF LEAF PHOTOSYNTHESIS
TO ELEVATED CO,

A. Laisk and V. Oja, Institute of Astrophysics and Atmo-~
spheric Physics, Estonian Acad. Sci., 202444, Td3ravere,
Estonia, U.S.S.R.

ABSTRACT

Plant responses to increasing CO, levels may be classi-
fied as short-term and long-term. Long-term responses are
more complex as they include ecosystem- and organism-level
responses also, while short-term responses may be understood
considering leaf-level processes only. The active €O, con-
centration for photosynthesis is that at the active sites of
the carboxylation enzyme. It is lower than ambient due to
the concentration drop on the leaf diffusion resistances.
Under atmospheric conditions RuBP carboxylase in C3 plants
operates at CO, concentrations below the K-(COZ). Under
saturating CO, the rate is limited by the supply of the COjp
acceptor ribulosebisphosphate (RuBP). The latter is resyn-
thesized in the Carbon Reduction Cycle (CRC). The rate of
RuBP resynthesis is determined by: (1) concentrations of CRC
intermediates, (2) CRC enzyme activities, and (3) levels of
energy cofactors NADPH and ATP. Maximum concentration of CRC
intermediates is determined by the inorganic phosphate (Pi)
pool in chloroplasts which is kept constdnt.(}n increase in
intermediate organic phosphates causes a décrease in free
Pi.\CRC enzymes are activated by the ferredoxin(Fd)-thiored-
oxin system which needs higher levels of reduced Fd for more
enzyme activation. NADPH level is efficiently stabilized by
the allosteric inhibition of the Fd-NADP reductase by NADPH,-
ATP/ADP ratio is determined by the proton gradient and ffeé
P;.
lakoid pH. The maximum possible rate of leaf photosynthesis

Photosystem II efficiency is controlled by the intrgthy—U

at saturating COz and light levels is achieved as a compro-

mise between the controversial conditions. High ATP levels
233



are necessary to support high CO, assimilation rates. At
high assimilation rates the concentrations of CRC inter-
mediates increase and that of free phosphate decreases.
Accumulation of organic phosphates is emphasized when
sucrose synthesis is restricted. In order to maintain high
ATP with decreasing P;, transthylakoid pH difference in-
creases, the intrathylakoid pH, consequently, decreases.
Decreasing intrathylacoid pH causes downregulation of the
photosystem II efficiency which decreases the electron
transport rate. In a steady state, the rate of electron
transport stoichiometrically corresponds to the rate of ATP
synthesis at an ATP/ADP ratio which is sufficiently high to
drive the carbon metabolism at a rate equal to the electron
transport rate. Concurrently, the level of free phosphate is
sufficiently low to activate sucrose synthesis to the level
corresponding to the carbon assimilation and electron
transport rates. In spite of almost a complete rate-control
by PSII there is still enough reduced Fd to guarantee the

necessary activation state of the CRC enzymes.

INTRODUCTION

Continuing deforestation and fossil fuel burning is
shifting the carbon dioxide budget of the atmosphere towards
an increase ‘in COy concentration. How does the biosphere
respond to the increasing COy level? It is a complicated
question since, along with the direct effect of COz on
assimilation, possible indirect influences must also be
considered. Even the direct effect of COy on plants depends
on the presence or absence of other growth-limiting factors
besides the supply of carbohydrates. A short-term response
of leaf photosynthesis to 002 is the easiest to analyse and
even here we shall meet a number of complicated inter-
actions. Neveftheless, a correct understanding of the prila;
ry effects of elevated CO, on leaf photosynthesis is a
prerequiééte for understanding what may happen at the plant,

canopy, ecosvstem and biosphere levels.

Carbon dioxide is a chemical substrate for photosynthesis
while light is an energy cofactor driving the assimilation

process. It is evident that at high light intensities the
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effects caused by elevated CO, concentration are more pro-
nounced than at low light intensities since light determines
a certain possible rate of photosynthesis which cannot be
exceeded by improving the substrate supply. Temperature
places a limit for the reaction rates, therefore, at low
temperatures there will be little effect of increasing both,
light intensity and COy concentration. Limited supply of
minerals will limit the synthesis of photosynthetic enzymes
which is somewhat similar to the effect of low temperature.
Low mineral supply, as well as low temperature or water
stress may cause growth restrictions in the whole plant
which sooner orater will be signaled to leaves and their
phoposynthesis regulated down, despite COz concentration or
light intensity. Evidently, elevated Co, has quite a limited
chance to increase photosynthesis. But this conclusion is
based on a simplified scheme of separated limiting factors
assuming that when one factor is limiting, others cannot
release the limitation. Reality is more complicated. COz may
release limitations caused, for example, by water deficit or
low mineral supplies. It is also important to consider
numerous regulatory phenomena which tend to stabilize the
operation conditions of the photosynthetic machinery, so
that under the wide variations of environmental factors the
status of intermediate and energy metabolites (phosphate
esters, ATP, NADPH etc.) varies as little as possible.

ACTIVE CO5 CONCENTRATION. THE ROLE OF STOMATA.

In C4 plants and in some algae COz is actively trans-
ported to the COy-binding enzyme ribulosebisphosphate carb-
oxylase (RuBPC-ase). In these plants the active 002 concen-
tration may be higher than in the external air and the
kinetics of 002 assimilation with respect to 002 are large-
ly determined by the COoy transporting mechanism. In Cy
plants COo, is transported by diffusion and, therefore,
during photosynthesis its concentration at the active sites
of the carboxylation enzyme is lower than in the external
air. There are several diffusion resistances on the pathway
of COy, like leaf boundary layer, stomata, intercellular air
spaces, cell walls and chloroplast stroma. Most of them are ,

approximately constant for a given leaf in a short time-
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scale, except stomata. Stomata are the entrance doors for
the leaf gas exchange. With water deficiency, water economy
is of primary importance and then stomata control their
apertures according to the allowed rate of transpiration. If
water is available, stomata regulate their apertures accord-
ing to the demand of the leaf for CO,. For instance, they
tend to close at low light intensities at the normal atmo-
spheric CO, concentration, at elevated COy they close even
during high light intensities. In both cases the aim of the
regulation is to keep the intracellular COZ concentration
more or less constant, nearly limiting for photosynthesis
despite its surplus in the ambient air. Does it mean that
stomatal closure tends to neutralize the effect of elevated
ambient COy by stabilizing the intracellular COy concen-
tration? The answer is yes if the photosynthetic machinery
is not able to handle the unexpectedly high assimilation
rates; but the answer is no if the machinery has a capacity
that exceeds the rate at normal atmospheric GOy, [25]. In the
latter case the photosynthetic rate will increase to a value
determined by the maximum capacity of the machinery. As
explained above, this state may be temporary if the plant
cannot utilize the increased rate of carbohydrate synthesis,
" or more steady if the growth processes have a corresponding-

ly high capacity.

As we see, the maximum internal capacity of the photosyn~

thetic machinery is an important parameter determining the .~

response of the leaf photosynthesis to elevated CO,. e

X
THE ROLE OF RuBP CARBOXYLASE

RuBPC-ase catalyses the reaction of a S5~-carbon sugar
bisphosphate ribulosebisphosphate (RuBP) with COy to form
two molecules of 3-phosphoglycerate (PGA). The reaction is
practically irreversible. Therefore, the rate of 002 assimi-
lation in Cy plants is always determined by the kinetic pro-
rerties of the RuBP carboxylase on one hand, and CO, and
RuBP concentrations at the reaction sites on the other hand.
Accordingly, factors determining the CO, uptake rate may be
divided into two groups: (a) kinetic factors controlling the
concentrations of substrates, and (b) regulatory factors

controlling the enzyme properties.
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RuBPC-ase is activated by 002 and Mgz+ by carbamylation
[22] and in the absence of 2-carboxyarabinitol 1-phosphate
the carbamylation state mainly determines the relative acti-
vity of the enzyme [4]. In the activated state its Ky for
COZ is about 10 - 15 uM [50] and about 15 - 30 uM for RuBP
{23, 51], values up to 100 - 150 yM have been reported,

{32). The number of operating active sites is controlled by

means of a tightly binding competitive inhibitor, 2-carb-
oxyarabinitol 1-phosphate [17]). An ATP-dependent enzyme
RuBPC-ase activase is involved in regulation of the activity
of RuBPC-ase {30, 31). A specific feature of the carboxylase
.8 that the concentration of its active sites in chloroplast
stroma is very high, 4 - 6 mM [15]. At low CO, levels high
concentrations of RuBP up to 10 -20 mM may accumulate in the
chloroplasts {2] which are believed to saturate the carb-
oxylase with respect to this substrate. At RuBP-saturation
the kinetic curve for CO, of the carboxylase is a Michaelis-
Menten type rectangular hyperbola with half-saturation at
10-15 pM and practical saturation at about 40-60 pM. Atmo-
spheric COgy concentration of 330 pl/1 corresponds td\kbout
13.5 uM in the gas phase at 25°C. Due to stomatal and other
diffusion resistances the concentration in the leaf inter-
cellulars is about 7 - 9 uyM when stomata are normally open.
At 25°C the CO, solubility constant in water is 0.83. There
is also an additional small diffusion resistance in cell
walls and chloroplast stroma. The resulting CO, concen-
tration at the carboxylation sites is about 5 - 7 uM (5.2 nM
in cotton mesophyll cells averaged over the vegetation
period, [(33]). Therefore, under normal atmospheric CO,5 con-
centration the carboxylase in leaves is functioning below
its K, for COy. In an assumption that RuBP remains satu-
rating for the carboxylase at any 002 concentration, the

rate of carboxylation might be increased by four to six

~times, increasing the external CO, concentration to 60 - 80

uM (1700 - 2000 pl 171,

Unfortunately, the assumption of constant RuBP is not
true. Figure 1 shows an experiment carried out with a
sunflower leaf in a rapid~response gas exchange measurement
é&stem {26]. The equipment has a response time of 2.2 se-

conds which allows us to monitor rapid transients in the
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Fig. 1 (left). The recording of Coy uptake rate P (nmol
cn'2 s'l) in a sunflower leaf after a transition from 227 to
1907 ul 171 o, in Ny. Light I = 34 mW cm™2, leaf

temperature tl=22°, time t in s.

Fig. 2 (right). Initial rates of CO, uptake after a
transition from a low to different high CO; concentrations
Py (Fig. 1) as functions of the intracellular CO, concentra-
tion Cy (nmol cm°3) at the maximum P,. The three curves were
measured at different temperatures: diamonds, t1=33°,
Vp=12.9 nmol cm 2 g7, Kp=21 nmol cm~3; squares, t1=24°,
Vp=11.7, Kg=20.7; triangles t;=14%, v _=5.9, K =14.5.

leaf gas exchange. In this experiment the photosynthetic
rate of a sunflowver leaf was stabilized at a limiting COqy
concentration at 1% 0g. Under these conditions the RuBP pool
was big enough to saturate the carboxylase. Now the COy
concentration was rapidly increased to 2000 ul 17!, Immedi-
ately a higﬁ CO, uptake rate was recorded which decreased in
about 5 seconds to a much lower value (Fig. 1). A small part
of the 002 uptake burst';as caused by the solubilization of
COz in the chloroplast stroma [27]}, but the major part of it
reflected the rapid carboxylation of RuBP. Evidently, the
RuBP pool was not stable but rapidly decreased at the high
€Oy, Switching the light off we could see a postillumination

COy uptake which reflected the remaining pool of the Co,
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acceptor.

Jumping from a low to different higher 002 concentrations
and recording the initial rates of COZ uptake as in Fig. 1
it is possible to obtain clean kinetic CO, response curves
of the carboxyvlase at a constant high RuBP level. Such
curves are shown in Fig. 2. They are rectangular hyperbolae
with Vm and Km depending on temperature. The maximum rates
Vm are much higher than the maximum steady photosynthetic
rates of the leaf at the same temperatures are. This experi-
ment shows us that the steady CO, uptake rate of the leaf
follows the kinetic curve of the carboxylase at saturating
RuBP only in a range of very low CO, (and Oy) concentra-
tions. When a certain carboxylation rate is achieved, the
stable RuBP concentration cannot be maintained but the
higher the CO, concentration,the more it declines. At high
CO, concentrations the rate of RuBP supply to the carboxy-
lase is rate-determining, the RuBP concentration adjusts
authomatically to the level which guarantees the equality of
the carboxylation rate to the rate of RuBP synthesis [19,
201.

RuBP RESYNTHESIS IN THE CARBON REDUCTION CYCLE (CRC)

In the carboxylation reaction CO, is bound to a 5-carbon
sugar bisphosphate and, as a result, two 3-carbon organic
acid phosphates are formed. In CRC the 3-carbon organic
acids are at first reduced to the carbohydrate level with
the help of energy-rich compounds ATP and NADPH generated in
the light reactions of photosynthesis. Then the net gain of
carbon is exported from the chloroplasts to produce sucrose
and the rest is rearranged to form RuBP again. Evidently,
one from the six carbons reduced has to be exported and five
used for RuBP resynthesis in order to guarantee stable
operation of the cycle. As a 3-carbon moiety triose phos-
phate (T3P) is the smallest unit available for export, an

integer stoichiometry is obtained after three turns of the

cycle:

ATP,NADPH . ATP
Ix5 + 3x1 = 6x3 ~--=-~--- > 6x3 - 1x3 = 5x3 ~----mev-w- > 3x5
RuBP Co, PGA T3P export RuBP resyn. RuBP
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RuBP resynthesis proceeds via a network of reactions [6]
in the last step of which ATP is used to convert ribulose
monophosphate into RuBP. The rate of RuBP resynthesis de-~
pends on: (a) the concentrations of metabolites themselves
as reaction substrates, (b) the activities of the enzymes
catalysing the reactions, and (c) the concentrations of
energy cofactors ATP and NADPH.

CRC Intermediates. All the CRC intermediates are phospho-
rylated sugars or organic acids with either one or two
phosphate groups bound to their carbon skeletons. Therefore,
the total concentration of CRC intermediates cannot exceed
the total concentration of inorganic phosphate in the chlo-
roplast. In a short timescale the latter may be considered a
constant. There is a special enzyme in the chloroplast
membrane, a phosphate translocator [49], which is respon-
sible for the export of triose phosphate (and PGA, to some
extent) from the chloroplast to the cytosol. But it
functions like a merchant selling triose phosphate for a
free inorganic phosphate (actually, it exchanges Py, T3P and
PGAZ- mutually in both directions). As a result of this, the
total amounts of phosphate in the chloroplast and in the
cytosol remain constant (the exchange of Py between cytosol
and vacuole is slow). This places an upper limit to the
concentrations of photosynthetic intermediates in both com-
partments of the cell. It also opens a principle possibility
to control the photosynthetic rate of leaves by the plant.

In photosynthesis, phosphate turns over between free and

sugar-bound forms:

RuBP + CO,-->PGA ----- > T3P ——-—mmmmmem > RuBP
P, + ADP —-—--—- SATP —--|--=—- ATP
I I
ittt e L e it Py
Chloroplast | |
I+t it ittt it it ittt 1ttt ittt 1+t
Cytosol | SPS |

T3P --> HeP --> Sucrose +'Pi

In chloroplast P; is bound to ADP forming ATP in photo-

phosphorylation. The CRC is driven with the help of ATP and
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prhosphate is transferred to CRC intermediates. Triosephos-
phates T3P are exported to the cytosol where, as a result of
a series of transformations via hexosephosphates HeP,
sucrose is formed and phosphate is released. From the cyto-~
sol P; returns into the chloroplast in exchange of a triose-
phosphate. When the sucrose phosphate synthase (SPS) activi-
ty is downregulated [13, 14] and the rate of sucrose synthe-
sis is low (for example, when the growth is suppressed and
the plant cannot utilize all the sucrose produced in
leaves), P; is released at a restricted rate and at the same
rate it can be imported into chloroplasts, incorporated into
ATP and used in the CRC. It must be emphasized that the
control of photosynthesis by sucrose synthesis is not abso-
lute. When sucrose synthesis is restricted, the levels of
CRC intermediates rise since export is suppressed. As a
result of this, a pathway of starch synthesis in chloro-
plasts is activated and storage of carbohydrates continues.
However, when the rate of photosynthesis increases as a
result of an elevated CO, concentration, the CRC interme-
diates build up and the level of free phosphate, correspond-
ingly, decreases [42]. In parallel with this the carbamyla-
tion of the RuBP carboxylase decreases [5] which allows
higher RuBP concentrations to build up and store more Pi
[41]). This leads to a decline in an equilibrium ATP/ADP
ratio which is important to consider as a factor determining
the maximum rate of photosynthesis. At maximum rates of
photosynthesis, the CRC intermediates are at the maximum and
free phosphate is at the minimum, influencing the rate of
assimilation through the conditions for ATP synthesis

(transthylakoid proton gradient) and the level of ATP.

CRC Enzymes. Several CRC enzymes catalysing PGA reduction
and RﬁBP regeneration are controlled by reducing power gene-
rated in the light reactions of photosynthesis which act
through the ferredoxin-thioredoxin enzyme control system (1,
3]. CRC enzymes glyceraldehyde-dehydrogenase, fructosebis-
phosphatase, sedoheptulosebisphosphatase and phosphoribulo-
kinase plus not CRC enzymes NADP-malatedehydrogenase and
ATPase (coupling factor), are shown to be activated in the
light., In the inactive form these enzyme pfoteins contain
thiol groups (- 8 - S -) which are reduced into sulphydryl
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groups (-SH SH-) during activation. The kinetics of acti-
vation is modulated by the presence of several CRC interme-~
diates [37]. Reducing electrons come from ferredoxin, which
is the primary output compound of the light reactions of
photosynthesis, and are transferred to thioredoxins by the
Fd-thioredoxin reductase FTR, and thioredoxins interact with

enzymes:
Light Light
I l
PSII--e~~>PSI --> Fd FNR------~ e-—--- >NADPH
l | | _
| | RuBP+COp-->PGA---~--= >T3P~--=--~ >RuBP
e FTR | |
i L---Thioredoxins----e--=~===—~== e
H,0 Activation

This scheme shows that reducing power is double-used in
photosynthesis, both as a substrate and as a regulatory
factor [11]. At low light intensities electrons do not move
readily to PGA but at first considerable electron pressure
has to be created before the enzymes become activated to the
necessary extent. The same is true for the phosphorylation
potential: considerable electrochemical and proton gradients
are generated at low light because ATP synthesis and COo,
assimilation are restricted by inactive enzymes. Quite
clearly, such a regulatory system guarantees the build-up of
relatively high redox and phosphorylation potentials in the
cell already at low light intensities. In this way the |
conditions for cell metabolism are stabilized in a variable
light environment. But in this case a question arises, what
determines the rate of 002 assimilation at limiting light?
It is not CO,5, NADPH or ATP because all these are in
surplus. It is the CRC enzyme activation state. But the
latter is automatically adjusted to a level which is Just
high enough to process the NADPH and ATP fluxes generated by
light reactions at the given light intensity. Therefore, the
photosynthetic rate still remains light-determined. A
question arises whether the continous maintenance of the
high metabolic resistance in the CRC causes an inevitable

loss of photons, thereby decreasing the quantum efficiency
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inhibition of the FNR. Evidently, the other component of the
driving force, ATP/ADP ratioc, must change parallel to chan-
ges in photosynthesis, of course, only as much as the meta-
bolic resistance of the CRC enzymes may be considered
constant. The latter tends to be regulated so that the
rhosphorylation state of the adenylate system varies less
than expected [16].

LIGHT REACTIONS

In photosynthesis light energy is stored in two succes-
sive photoacts, Photosystem II (PSII) and Photosystem I
(PSI) (Fig. 3). Electrons are donated to the PSII donor side
(P680) in result of water oxidation, transferred from the
PSII acceptor side (Q) to the PSI donor side {P700) with the
help of two carriers, plastoquinone (PQ) and plastocyanine
(PCN). Cytochrome b/f complex (Cyt b/f) facilitates the
transfer of electrons from reduced PQ (PGH) to oxidized PCN.
There are a few low-potential intermediates (Al - A5) on the
acceptor side of PSI through which electrons are rapidly
transferred to ferredoxine (Fd). Ferredoxin-NADP reductase
(FNR) catalyses the transfer of electrons from Fd to NADP.
The whole process of electron transport occurs in the thyla-
koid membrane and the individual transfer reactions are
specifically located either at the inner or the outer
surfaces of the membrane. As a result of this electrons are
going along an N-shaped way starting at the inner (thyla- 7
koid) and finishing at the outer {stroma) surface of the '

membrane.

Consequent to such a charge separation a difference in
electric potentials over the membrane is generated, positive
inside and negative outside. This energizes the membrane.
Additionally, when plastoquinone receives two electrons, two
protons from the stroma are bound to form plastohydrokinone
(PQHy ). These protons are released inside the thylakoid when
PQH is oxidized at the Cyt b/f complex. This creates a
proton gradient on the membrane and increases its energiza-
tion. The amount of protons appearing inside the thylakoid

2+

is relatively big. Counter ions Mg serve to neutralize the

charge but the proton gradient remains and it may be as high
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as 3.5 pH units.
Stroma
+ Cyt b/f PST  NADP Mgt
‘e N Ry
>Fd

PCN-->PCN -e Mgt

H Thylakoid

Fig. 3. A scheme of electron transport in photosynthesis

[28]). Explanations in text.

Membrane energy, which is mostly in the form of proton
gradient, is used for ATP synthesis. According to Mitchell,
free energy of the proton gradient (and/or electrical poten-
tial) over the membrane can be used to shift the equilibrium
of ATP hydrolysis towards ATP synthesis:

ATP
RT*1n m— = AGO + n*RT*ln(chyl/Hstr) (1)
i .
from where
ATP AG
= =90 -
o - P * exp[RT + 2.3026*n*(pHg, . thhyl)] ( 2 )

where AGO is the standard free energy for ATP hydrolysis, RT
is the multiplication of absolute temperature and gas con-
stant and n is the number of protons whose energy is thermo-
dynamically used for ATP synthesis when the protons are

released via the coupling factor of ATP synthase.

From Eqg.{(2) it is possible to calculate the equilibrium
ATP/ADP ratio as a function of Pi’ ApH and n, the number of
protons returned to stroma per Pi bound. According to the
current information, the most likely value of n is 3 [461].
The ATP synthase is activated by the thioredoxin system but
also by the proton pressure on the membrane. It is not clear

whether it is activated to the extent that the ATP/ADP ratio
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in chloroplast would become close to the equilibrium deter-
mined by Eq.(2). Evidently, Eq.(2) gives an upper limit for

the ATP/ADP ratio under given conditions.

An important feature of the photosynthetic machinery is
that it supports a linear flow of electrons from water to
NADP and further to COq with a stoichiometry 4e/002. The
same flow transports protons, that are necessary for ATP
synthesis. According to the scheme in Fig. 3, four H* are
released in water splitting and 4 H' are transported with
plastogquinone per 4 electrons. Eight protons support the
synthesis of 2.67 ATP-s, if there is no passive leakage
across the membrane (but there is). The CRC needs 3 ATP-s
per 002, plus 1/6 ATP per COZ in starch synthesis. Clearly,
the linear electron flow produces ATP in an insufficient
stoichiometry to support steady CO, uptake. ATP production
will limit the rate of the CRC and at least 0.615 e per CO,
must accumulate somewhere in the cell or to be captured by

oxygen or some other oxidant.

The first compound where electrons can accumulate is
ferredoxin. Here electrons branch between NADPH and other
possible acceptors like plastoquinone, oxygen, thioredoxins,
nitrite etc. The way how the electron flow is distributed
between these acceptors seems to be one of the key questions
in understanding the control processes in photosynthesis
since at this point the equilibrium between ATP and NADP
syntheses for the carbon assimilation, CRC enzyme activa- |
tion, nitrite reduction and the consequent aminoacid synthe-
sis rate and, finally, redox equivalent transport from the
chloroplast to the cytosol are determined. Readjustments in
the distribution of electron flow at the acceptor side of

PSI are clearly seen in oscillations of photosynthesis.

UNDERSTANDING OSCILLATIONS MEANS UNDERSTANDING THE CONTROL
OF PHOTOSYNTHESIS

For many years, oscillations in photosynthesis have com-
manded considerable interest, because in this process the
rate-controlling regulatory systems are displaying their
kinetics {18, 29]. Maximum rates of photosynthesis in the

peaks of oscillations have been observed to be considerably
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Fig. 4 (left). Simultaneous recordings of photosynthetic
COy uptake P (nmol cm~? s '1) and chlorophyll fluorescence
parameters F,/F,, characterizing the reduction level of the
primary acceptor Q, and qE characterizing thylakoid energy-
zation in an Helianthus annuus leaf after a transition from
340 to 2000 ul 171 COy, 21% O5. Photon flux density 160 nmol

cm™2 s_l, time t, s.

Fig. 5 (right). Simultaneous recordings of photosynthe-

2 s'l) and the relative amount of

tic COy uptake P (nmol cm”
nonoxidized P700 in a Helianthus annuus leaf after a transi-

tion similar to that in Fig. 4.

in excess of maximum steady state rates of light- and COy-
saturated photosynthesis. Obviously, the potential of leaves
for fast photosynthesis is not fully utilized under steady-
state COz and light saturation. An experiment with a sun-
flower leaf in which CO, was rapidly increased from 340 to
2000 pl 17! is shown in Fig. 4. A deep minimum in photo-
synthesis occurs 45 seconds after the transition and the
steady state is reached via a series of damped oscillations
within about 200 seconds from the transition. Chlorophyll
fluorescence was recorded simultaneously with the COy uptake
by means of a pulse~modulated fluorometer PAM 101 [39]}.
Variable fluorescence F,, and maximum variable fluorescence
va were measured using short dark and very high light
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pulses as is a common routine procedure [47). A considerable
reduction of the first acceptor quinone at PSII occurs in
the first minimum of photosynthesis, as indicated by an
increase in the Fv/va ratio. The qE parameter which is
believed to reflect the transthylakoid proton gradient and
the absolute pH in the thylakoid lumen is decreasing, ap~
proaching a minimum slightly before the minimum in photosyn-
thesis. These data indicate that a considerable reduction of
the electron transport chain and de-energization of the
thylakoid membranes occur in the first deep minimum of
photosynthesis.

Oxidation of P700, the donor pigment of PSI can be mea-
sured monitoring the absorption of a leaf at 820 nm {40,
48]). The measurements can be calibrated assuming that P700
becomes completely reduced in the dark and completely oxi-
dized with a far-red light which excites only PSI. Figure 5
shows simultaneous recordings of the Co, uptake and P700 in
an experiment similar to that shown in Fig. 4. P700 was
quite oxidised at the low CO, before the transition but it
became almost completely reduced slightly before the 002
uptake rate reached its first minimum.

The interdependence between photosynthesis and nonoxi-
dized P700 can be better visualized in a phase-portrait
ﬁhere the two variables are plotted against each other (Fig.
6). The points are plotted after 2 seconds and the direction
of movement in time is shown by an arrow. A close inspection
of the shape of the hysteresis curve in Fig. 6 enables us to
recognize processes which follow approximately straight
lines. One of the straight lines starts at the origin of
the coordinates and ends at Pmax at the completely nonoxi-
dized P700. In this experiment Pmax = 16 nmol cm~ 251 which
corresponds to 10-photon requirement per C02 in average for
the both photosystems or 5 photons per CO, used in PSI in
assumption of equal distribution of photons between the
photosystems. This line corresponds to the complete control
of PSI efficiency by the donor side. The proportion of
photons used for charge separation is equal to the propor-
tion of nonoxidized P700 when the experimental points are on
this line. This happens when the rate of electron flow is
completely controlled by PSII, therefore, this line will be
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Fig. 6 (left). Phase-portrait of P against P700 from
Fig. 5. After each 2 seconds the value of P was plotted
against P700. For one of the points it is shown how the
efficiencies of PSI and PSII are calculated:
EPSI1=PPSII/Pmax; EPSI=PPSI/Pmax.

Fig. 7 (right). Phase~-portrait of P against P700 obtained

from another experiment with a Helianthus annuus leaf which

had weaker oscillations.

referred to as the PSII control line. PSI operates like a
sucking pump whose input pressure is given by the nonoxi-
dized P700. Evidently, the position of experimental points
on this line shows us the depth of the PSII downregulation.
In Fig. 6 the points are on the line when 20 to 35% of P700
are nonoxidized. The relative PSII efficiency (in an as-
sumption of equal distribution of photons between the two
photosystems) is of the same magnitude [10]}.

When photosynthesis is going through the troughs of os-
cillations the points in Fig. 6 depart to the right from the
PSII control line. There seems to exist another linear
process which causes the photosynthetic rate to decrease
when P700 is more reduced than just necessary to remove the
electrons donated by PSII. it may not be quite evident from
Fig. 6 that the trajectories to the right from the PSII

control line form a family of approximately straight lines
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ending up with zero photosynthesis at the completely nonoxi-
dized P700, because there are simultaneous movements along
both the lines during oscillations. It is more evident from
Fig. 7, produced from another experiment where oscillations
were less deep and more rapidly damped. For the points that
lay to the right from the PSII control line in Fig. 6, P700
is more reduced than necessary to transport electrons do-
nated by PSII, nevertheless, the electron transport rate
through PSI (juddgded by the €O, uptakg rate) is not greater.
This suggests that a part of the PSI centres are blocked
from the acceptor side. The possibility of PSI acceptor side
reduction was shown also by Weis and Lechtenberg [48],

especially at high CO, concentrations.

It is important that the rate of electron transport
actually decreases approximately proportionally to the per-
centage of blocked PSI centres. This suggests that there
exists a considerable channelling of electrons at the accep-
tor sides of PSI-s and between the two photosystems. If any
PSII centre could donate electrons to any PSI centre, the
rate of photosynthe¢ is should not decline before P700 will
be completely nonoxidized. Until there is still a sufficient
number of nonblocked PSI centres present they could guaran-
tee the necessary electron transport rate though the rest of
the centres are blocked. For the case in Fig. 6, until there
will be about 30X% of PSI-s open on the acceptor side, the
photosynthetic rate should stay constant. In this case 70%
of the P700 would be nonoxidized because of the blocked
acceptor side and 30% would be nonoxidized only on the donor
side in order to perform an efficient electron transport.
But experimental data do not agree with this model. The
overall rate of electron transport through both the photo-
systems declines approximately proportionally to the percen-~
tage of blocked PSI-s. This suggests a model according to
which electrons are restricted to ’channels’ between certain
pairs of PSII-PSI centres or, which is more likely, between
relatively small groups of PSII-s and PSI-s. If a channel is
blocked at the end it is switched off from the photosynthe-
tic electron transport and electrons from the blocked chan-
nels cannot use neighbouring channels though those may be

open.
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The following scheme characterizes possible combinations
which may occur in case of a simplified centre-to-centre
channelling. In case of a grouped channelling the denotions
OPen or CLosed for a PSII centre and Reduced or Oxidized for
the Donor and Acceptor sides of a PSI centre will lose their
absolute meanings and become averaged over the group. It is
also not yet clear whether the PSII regulation mechanism
operates on an on-off principle or PSII centres each can be

regulated gradually.

hv PSII PSI
DA
-==> OP ---> RO --->NADP

--=> OP ---> RR --->PQ, 0,p, NOE' ThR
---> OP ---> 00
-=-=> OP ---> OR

-—> CL 00
—==> CL OR
-——=> CL RR

According to this scheme a successful charge separation at
PSII occurs when it is OPen. A PSII may be CLosed because of
the acceptor Qa being reduced or the/centre inactivated due
to one of the thylakoid pH-dependent control mechanisms 9,
47]. After an electron is donated into the interphotosystem
transport chain its fate depends on the state of the corres-
ponding PSI centre(s). Centres with Reduced donor and Oxi-
dized acceptor serve for photosynthetic electron transport
to NADP. Because of the great redox potential difference
between Fd™ /Fd and NADPH/NADP systems other acceptors are
out of competition. It is suggested that a centre with
Reduced donor and Reduced acceptor also can perform charge
separation but the further electron transport is blocked at
the ferredoxin-NADP-reductase (FNR) which is inhibited by
reduced NADPH {21]. In these centres electrons accumulate at
Fd creating a high negative redox potential. Under the
thermodynamic pressure of this potential and NADPH being out
of competition now, it appears possible to reduce plastoqui-
none PQ (cyclic transport), 0, {pseudocyclic flow), nitrite
and thioredoxins ThR. Therefore, this model assumes a ’divi-
sion of labour’: PSI centres with open FNR serve for photo-

synthesis without competition; only centres with inhibited
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FNR (blocked by NADPH) can perform alternative reducing
tasks, also without a competition by NADP. When the alter-
native channels are rate-saturated or blocked, electrons
return to P700 via a back reaction from one of the primary

acceptors of PSI.

The next two cases where PSII is open but P700 oxidized
may occur transiently after a successful electron transfer
by PSI when the intersystem electron transport is limiting
and electrons do not arrive at P700 at a necessary rate. The
last three cases refer to the situations when PSII is
closed. These states accumulate in abundance when photosyn-
thesis is completely PSII-controlled. In the scope of this
model it is possible to follow the sequence of regulatory
events at PSII and PSI during oscillations. Returning to
Fig. 6 we see that immediately after the transition to the
high CO, the system remains on the PSII control line as
axpected since at high COZ the metabolic resistance of the
CRC decreases. During the initial two to four seconds after
the transition PSII control releases a little and the points
are moving upwards along the PSII control line. But then
quite suddenly the points break to the right from the PSII
control line indicating a developing acceptor side block at
PSI. Assuming a linear decline in photosynthesis with the
PSI acceptor side reduction we find that simultaneously with
the developing overreduction at PSI the PSII control further
releases. This is supported by the fluorescence data in Fig.
4 which show that the thylakoid energization-dependent
quenching qE is decreasing while photosynthesis is dropping
into the first trough. Dashed lines drawn through one of the
points in Fig. 6 show how relative PSII and PSI efficiencies
were calculated for every point. The relative efficiency
EPSI is defined as the relative decrease in the photon yield
of PSI caused by the acceptor side reduction. The relative
efficiency EPSII is defined as the (hypothetical) photon
yvield of PSII in assumption of the full efficiency of PSI.

The relative efficiencies EPSII and EPSI are plotted
against each other in Fig. 8. During the declining phase of
oscillations the PSII control releases and simultaneously

PSI becomes highly reduced losing more than 90% of its
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Fig. 8. Phase-portrait of the PSII efficiency EPSII

against the PSI efficiency EPS]I calculated from the data in
Fig. 6 as given in the legend to Fig. 6.

efficiency for the photosynthetic electron transport. In the
next phase, while PSI is still over-reduced, PSII gradually
gains more control until it takes the complete control which
enables the PSI over-reduction to disappear and the PSI
efficiency to reach maximum again. This means that the
decreasing trend in the proton gradient was reversed while
PSI was overreduced. Evidently, either cyclic (this is,
still, unlikely since the whole electrontransport chain was
overreduced, see F/F,, in Fig. 4) or pseudocyclic electron
transport to 02, or nitrite reduction helped to keep elec-
trons flowing, or NADP-malate dehydrogenase was activated
which accelerated the malate-oxaloacetate shuttle transport
of electrons out from the chloroplast [38]. As a result of
these processes, a great pH gradient was generated which
produced considerable downregulation of the PSII centres,
actually an overshoot. It is clearly seen from Fig. 6 that
the points return onto the PSII control line at a much lower
photosynthetic rate than that at which they branched off
from the line. In this situation almost all FNR-s are open
and almost all electrons are directed to NADPH supporting
pPhotosynthesis. But such a situation is unstable since the

linear electron flow to NADP alone is unable to produce
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enough ATP to support photosynthesis. The accumulated ATP is
gradually consumed, proton gradient released, PSII efficien-
cy and the 002 uptake rate are increasing. Finally, unused
NADPH begins to accumulate, it blocks FNR and the whole

cycle begins again.

When the oscillations are over, a steady state photosyn-
thetic rate is established as a result of a compromise
between the control processes. The aim of these regulations
is to establish a necessary ratio of NADPH/ATP syntheses and
to activate the CRC enzymes to the necessary extent. When
elctrons are transported to NADP only, the COZ uptake rate
is determined by the corresponding ATP synthesis and NADPH
accumulates, CRC enzymes are slowly deactivating. Accumula-
ting NADPH blocks some FNR centres which causes electron
accumulation in Fd at the blocked PSI centres. These centres
start to reduce thioredoxins and, with their help, to acti-
vate the CRC enzymes. Simultaneously, NADP-malate dehydroge-
nase becomes activated which supports a more rapid transport
of electrons to the cytosol where these can reach oxygen via
the mitochondrial oxydative chains, coupled or alternative
oxidases. This helps to produce some additional ATP in
chloroplasts due to the linear electron flow not coupled to
carbon reduction, and some in the cytosol. ATP can be prdd-
uced also in result of cyclic and pseudocyclic electron
flows and an additional flow for nitrite reduction, all of
which take place at the closed centres. Therefore, estab-
lishment of the right proportion of the PSI centres with
reduced acceptor is the main regulatory event which takes
place when conditions for photosynthesis change, including
changes in coz concentration or light intensity. In the
experiment in Fig. 6 the steady state point is a little to
the right from the PSII control line indicating some perma-
nent overreduction of the PSI centres. 'In the other experi-
ment, Fig. 7, the steady over-reduction is almost not de-
tectable. This does not mean that there were no PSI centres
with reduced acceptor sides in this experiment. Rather, the
rate of electron transport to the alternative acceptors was

also PSII controlled.

But what detemines the maximum possible rate of photo-
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synthesis at Co, and light saturation? The main driving
forces for CO,y assimilation are NADPH and ATP. NADPH cannot
change in a wide range because its concentration determines
the proportion of PSI centres with oxidised and reduced
acceptor sides. Therefore, the main rate-determining driving
force should be ATP and the main metabolic resistance at
saturating 002 is a composite function of the CRC enzyme
activities. As shown above, the ATP/ADP ratio is determined
by transthylakoid pH difference and free phosphate concen-
tration. To support a higher photosynthetic rate there must
be a greater pH difference. At high photosynthetic rates
which occur at elevated CO2 concentrations rapid sucrose and
starch synthesis rates are necessary. Control mechanisms for
these pathways need low phosphate for their activation {12,
43]. Therefore, low free phosphate is a prerequisite for a
high CO, uptake rate. At low Py
necessary to generate a high ATP/ADP ratio. On the other

a greater pH difference is

hand, the declining pH in the thylakoid lumens leads to
inactivation of PSII centres and to a corresponding limita-
tion in the electron transport rate. The following scheme
illustrates the two simultaneous but controversial controls
of photosynthesis linked to the end-product synthesis rates,
both based on the thylakoid energization.

Scheme of the control limitation of photosynthesis

PSII efficiency electron
(light) - —>> transport
rate

Thylakoid pH

\ ATP co,

(P;, stroma pH) —_——— uptake

/// \ rate

Rate of Buffering
end-product capacity,
synthesis stroma pH-stat

In this scheme, beaides the free orthophosphate, also an
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important role of the stroma pH is emphasized. It has been
shown [48] that absolute pH in the thylakoid lumens controls
the PSII efficiency. Therefore, a more alkaline pH in stroma
would result in a greater pH difference and a higher ATP/ADP
ratio at a given pH in the lumens. High buffering capacity
and pH-stabilizing mechanisms in stroma help to support

higher photosynthetic rates in leaves.
CONCLUSION AND DISCUSSION

The main conclusion is drawn from the kinetic studies of
oscillations in photosynthesis. It is based on an experimen-
tal evidence that overreduction of the acceptor side of PSI
causes a decrease in the 002 uptake rate approximately
proportionally to the portion of the overreduced centres.
This suggests that an overreduced centre cannot reduce NADP
and the electrons fed to an overreduced centre cannot choose

another centre which is not overreduced.

Weis and collaborators [21] have shown that reduced NADPH
is an efficient inhibitor of ferredoxin-NADP reductase
(FNR). We suppose that blocking of the PSI centres is a
result of inhibition of the FNR by NADPH. Kinetic data show
that the PSI centres are switched off one by one. Therefore,
we have to conclude that the FNR active in photosynthetic
NADP reduction is the membrane-bound enzyme attached to a
PSI centre. In the scheme in Fig. 3 [28], Fd and FNR were
shown as relatively free, not incorporated into the conti-
nous electron transfer chain at the acceptor side of the PSI
centre. In Fig. 9 the model is changed structurally incﬁrpo—
rating Fd and FNR into the PSI unit.

The acceptor side of PSI forms a continous ’tube’ for
electrons ending with NADP and, when open, the flow of
electrons to NADP is out of competition. When the tube is
closed (NADPH allosterically inhibits FNR), electrons ac-
cumulate at the bound Fd. Then a sufficiently high reducing
potential is created which allows to reduce alternative
acceptors (PQ, O,, NOE, thioredoxins). From our kinetic data
it is impossible to say anything about the structural orga-
nization of the alternative reductases (Fd-plastoquinone
reductase, FQR, Fd-nitrite reductase, FNiR, glutamate syn-

thase, GOGAT and Fd-thioredoxin reductase, FTR). Robinson
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Fig. 9. A scheme of electron transport in photosynthesis.
The difference compared to Fig. 3 is that Fd and FNR are
incorporated as structural parts of the PSI centre com-
plexes. These electron transport chains kinetically form

more or less separated channels.

[34] reported that in his studies light-dependent CO, assi-
milation and NOE reduction never suppressed each other, ra-
ther, there was some mutual activation between the two
processes. He suggested that "there are individual linear
electron transport systems which terminate on the reducing
side of PSI by a specific reductase, i.e., either FNR, FTR,
FNiR or GOGAT. Each terminal reductase would be equipped
with its own bound set of Fd molecules. Ferredoxin which
always would remain bound in place on the specific red-
uctases, would recycle between the reduced and oxidized
forms". The fact that nitrite photoreduction in vivo is
inhibited by oxygen in soybean cell isolates [35] does not
necessarily mean a competitibon between O, and NOE rea-
uctions. Photorespiration which is active in the presence of
oxygen seems to be an efficient ATP generator in whole cells
[8]. At low Oy this source.must be replaced by an additional
nonphotosynthetic electron flow which may be directed to
NO, .

There is also a more direct evidence in literature in
support of our conclusion. Two molecular forms of FNR with
molecular weights 33000 (FNR-S) and 75000 (FNR-L) have been
isolated from spinach [44]. FNR-S is more tightly bound to

the membrane than FNR-L. FNR—S is directly bound to PSI
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particles but FNR-L is also a functional constituent of the
ferredoxin-NADP reductase complex. Absorbance transients
have been observed in isolated thylakoids which could be
identified to originate from the reduction of FNR to the
‘semireduced FNR* by PSI. Generation of FNR* appears to be
unpreturbed in the absence of Fd {7]. This is possible when
a PSI centre can directly donate electrons to FNR structu-

rally associated with the centre.

Our kinetic evidence also suggests that there must be a
considerable channelling of the electron flow between PSII
and PSI centres, so that only a limited number of PSII
centres can donate electrons to a limited number of PSI
centres. This is difficult to reconcile with the existing
knowledge about the different number of PSI and PSII centres
{24], and the spacial arrangement of the two photosystenms,
PSII-s in the granal and PSI-s in the stromal lamellae, free
plastoquinone and plastocyanine pools interconnecting a
number of the both photocentres. One of the possible compro-
mises is that the channelled units are individual thyla-
koids. It is possible that all thylakoids are not equal in
their performance. Something like stomatal patchiness may
also exist on the thylakoid level. It seems that the grou-
ping phenomenon is widespread on different levels of the
natural hierarchy and there is no reason to expect that all
thylakoid lamellae are absolutely similar.

Wwhat concerns the global importance of these conclusions,
they once again emphasize the integrity of the plant as a
living creature. Dependent on growth conditions and geno-
type, a long exposure of plants to elevated 002 mAY Or may
not cause an increase in the maximum CO, and light-saturated
rate of photosynthesis [36]). Increased Co, concentration may
cause positive shifts in the photosynthetic productivity on
areas that are well supplied with growth substrates. Restri-
ctions in photosynthesis caused by stomatal closure due to
water stress may be released by high €Oy but only if the
growth rate of the plants is not drastically suppressed by

the stress.
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At canopy level, elevated CO2 increases photosynthetic rates, leaf
area, biomass and yield. Elevated CO2 also reduces transpiration rate
per unit leaf area, but notin proportion to reduction of storhatal
conductance. With increasing leaf area and foliage temperature, photo-
synthetic water-use efficiency is increased. At cellular level, RuBP
pool decreases with increasing COZ' Organic phosphates increase at the
expense of Pi, with chloroplastic PGA showing a marked increase. Hexose
phosphates show an initial fall, followed by a marked increase. Sucrose
synthesis is extremely sensitive to changes in CO2 concentration. The
[ATP)/[ADP] and the light seattering signal decline with inereasing Co,
pressure. These changes are generally interpreted as showing that
the limiting element within the capacity for RuBP regeneration at
high CO2 pressure lies in the series of reactions between triose
phosphates and RuBP, mainly because of mass- action ratios of RuBP

regenerating reactions tending towards infinity at high CO2 pressures.



The global atmospheric CO2 concentration, currently estimated to be 350
umol molq,may double within the next century due to continued increase in
fossil fuel use (1). Since CO2 is the primary substrate for photosynthesis
in green plants, it appears likely that an increase in CO2 in the aerial
environment would offer a great potential for increasing the growth of many
agricultural crop species (2). Furthermore, because the photosynthetic
capacity of C3 crops is limited by the 002 level in the present
atmosphere, an increase in CO2 during growth might be expected to result
in increased CO2 fixation rates, and eventually to greater productivity

(2,3).

By the early 1900s, leaf photosynthetic rates of certain species had
been characterized as a function of several environmental variables such as
CO2 concentration, light and temperature. Over the years, many short
term physiological studies of responses to CO2 have been conducted. Also
results of numerous earlier studies on the growth and yield responses of
crops to elevated levels of CO2 in enclosed environments have been
compiled (4). In 1978, a workshop supported by:the office of Carbon
Dioxide Effects Research, OAES, U.S. Department of Energy, identified
31 plant responses to CO2 enrichment (5). Some of the important responses
identified included : increased photosynthesis, changed growth rate,
decreased transpiration, decreased stomatal conductance, increased tolerance
to atmospheric pollutants, increased leaf area, increased leaf dry weight/
leaf area etec. However, most of the responses reported as above had
been obtained from experiments conducted in horticultural greenhouse,
Hence, it was proposed that long term studies during all stages of the
life cycle of plants were needed to answer questions on effects of long
term global atmospheric CO2 enrichment on vegetation. Furthermore,
experiments are also needed to understand interactions between CO2 and
other environmental factors. A subsequent AAAS Symposium emphasized
research needs at the carbon nietabolism, leaf and other organ
physiology, whole plant growth and development, terrestrial plant
community, aquatic plant community and micro-organisms levels (6). One
concern that emerged in this symposium was the uncertainity of how to
make the linkage between the leaf physiological levels of response to CO2
and the whole plant and community levels of response. These linkages
are still being examined, researched,and coded into simulation modets.

A plan of research was developed by the U.S. Department of Energy,
Carbon Dioxide Research Division to address these questions (7).
Research within the framework of this plan has been underway for several

. years and many of the findings have been summarized by Strain and
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Cure (8). However, systematic studies on these lines have not been
conducted in this country. The objective of the present paper is not to
give a comprehensive review but to diseuss the recent data on crop and
noncrop vegetation responses to elevated COZ’ both at canopy and

cellular levels, by citing a few selected references.
Photosynthetic rates and carbon dioxide

Almost all recent studies show. an increase of leaf photosynthetic
rates when C3 crop plants are exposed to long-term elevated CO2 levels.
A linear response of soybean leaves to increased CO2 was reported when
plants were grown at CO, concentration ranging from 340 to 910 umol

Y (9). vale et al (10) confirmed this type of response for soybean
leaflets grown at and exposed to two levels of CO 330 umol mol—1 and
660 umol mol Their data showed a doubling of photosynthetic CER
not only at hlgh PPFD levels {PmaxL of 37 and 76 umol CO m 25_1 at
CO treatments of 330 and 660 umol mol , respectively) but also across
the whole range of PPFD levels. Leaf dark respiration rates were
apparently higher for the 660 umol mol_1 treatment leaves than for the
330 umol mol~1 CO2 treatment leaves. The light compensation point was

reduced from 35 umol photon m 2!

photom m~ 2" at 660 umol mol” . The quantum yield mole CO, uptake,

at 330 umol mol | to 27 umol

per mole photon intercepted, was 0.05 at 330 umol mol and 0.09 at 660
umol mol Also leaves of soybean plants acclimated at 660 umol mof1
CO had hlgher CER across all ranges of external CO concentration
than leaves acclimated at 330 umol mo] Likewise when leaf CER was
plotted against intercellular CO concentration, the leaves that were
acclimated at 660 umol mol CO2 had higher CER than leaves
acclimated at 330 umol mol -1 (11). In wheat also, the photosynthetic
rate of the flag:leaf of plants enriched to 1390 umol mol was 50%
higher than those of the plants grown at 332 umol mol~ (12). However,
in some other cases, plant photosynthetic responses have been observed
to decrease following initial stimulation by elevated COZ' Monoecious
cucumbers exposed to continuous high levels of CO2 showed reductions

in photosynthetic rates and no increase in yield {13). This type of
acclimation seems to be common in many ecosystem species where the
initial stimulation of photosynthetic rates by elevated CO2 decreases to
the point where leaf or canopy photosynthetic rates become similar to

those at ambient CO2 concentrations.
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The lack of response to high CO2 is probably due to end-product
feedback inhibition of photosynthesis due to imbalances of 'sink' for
photoassimilate relatives to 'source' of photoassimilate. This phenomenon
is usually manifested by accumulation of starch in chloroplast of leaves
(14,15). Conversely, examples exist where a direct correlation between

starch content and photosynthetic rate does not exist (16).

End-product feedback inhibition has been variously attributed to
disruption of the grana of chloroplasts by starch grains (17), inhibition
of RuPBcase activity by phosphorylated sugar via competition with RuBP
for binding sites, some mechanism for inhibition of SPS, which would
result in photosynthetic starch formation at the expense of photosynthetic
sucrose formation (18) or some mechanism mediating the availability of
phosphate at the chloroplast membrane. Regardless of the cause, the
studies with soybean have indicated that the sink for photoassimilate
(vegetative or reproductive growth) is always large enough forelevated
CO, to manitain higher leaf photosynthetic rates (11,19) or whole canopy
photosynthetic rates (20).

In cotton, field experiments have shown consistent large photosynthetic
and yield responses to CO2 (20). Rice canopy photosynthetic rate and
yield responses to CO2 increased to a concentration of 500 umol mol_1
but tended to level off at higher concentrations (21). Cure (22) summari-
‘sed the effect of doubling CO2 concentration on photosynthetic rates of
nine crops, viz. wheat, barley, rice, maize, sorghum, soybean, alfalfa,
cotton, potato and sweet potato, by comparing the percentage increase
at 680 umol mol | above that at 340 umol mol | predicted by linear
regression. She considered both short term CER (immediate response
to CO2 enrichment) as well as acclimated CER. Furthermore, she
compared initial response net assimilation rate of 002 with long-term
net assimilation rates. She computed weighted average increases of
+52, +31, +23, and +18% for short-term CER, acclimated CER, initial )
net 002 assimilation rate, and long-term net assimilation rate, respectively.
The computed weighted average increases for soybean were +78, +42,
+35 and +23% for each type of measurement, respectively. The computed
weighted average increases for soybean were +78, +42+35, and +23 for
each type of measurement, respectively, for a doubling of CO2 from
340 to 680 umol mol-l. From these data, it is clear that as plants
acclimate to higher COZ’ the leaf or whole plant phqtosynthetic CER
will decrease. However, Valle et al. (10) found that leaves of soybean
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\‘grown throughout their, life cycle at 660 umol mol—‘l CO2 had higher
photosynthetic CER capacity at all short-term levels of CO2 from 90
to 990 umol mol-1. Therefore, we should not generalize leaf and whole
crop performance across a range of data sets. Acock et al. (23)
concluded that soybean crop canopy photosynthetic rates could vary
greatly throughout the growing season and that the variability appeared

to be related to the requirement of the crop for photoassimilates.

Enzymatic responses to CO2 enrichment

The research in this area has been conducted mainly on two enzymes,
ribulose-1, 5-bisphosphate carboxylase (RuBPcase) and sucrose phosphate
synthase (SPS). Vu et al. (24) reported that RuBPcase activities {on a per
unit chlorophyll basis) of soybean leaf preparation with respect to 330
umol mol™! were 92 to 95% for the 450 umol mol ' treatment and 77
to 80% for the 800 umol mol—1 treatment for newly expanded leaves.
However, the RuBPcase activity of older leaves showed smaller
differences. The reactant RuBP concentrations were about 30 to 50%
higher for leaves of soybean plants grown at 800 umol mol_1 than for
plants grown at 330 umol mol_1. Campbell et al. (11) found little
differences in soybean leaf RuBPcase activity on a leaf area basis or
soluble protein basis of plants grown over a range of CO2 concentrations
from 160 to 990 umol mol—1. However, RuBPcase activity on a dry
weight basis decreased across those respective 002 concentrations,
presumably because of increased specific leaf weight (weight/area)
attributable to increased leaf thickness and increased stored starch.
RuBPcase protein was further shown to be a constant fraction (about
55%) of total soluble protein regardless of CO2
to the findings of Vu et al. (24), Campbell et al. (11) found that RuBP

levels in soybean leaves tended to decrease with increasing COZ' No

treatment levels. Contrary

differences were found in RuBPcase activities of wheat leaves when

expressed on a leaf area basis. RuBPcase activity in Nerium oleander

was reduced significantly at 660 umol mol-1 with respect to 330 umol
mol_1 when expressed on the basis of soluble protein, but the reduction
was not statistically significant when expressed on a per-unit leaf area
basis or chlorophyll basis. From the above discussion, it appears that
elevated 002 raises the substrate RuBP slightly but reduces the in vitro
activity of the enzyme RuBPcase slightly. However, neither of these
responses would appear to be the primary cause of increased leaf

photosynthesis rate of elevated COZ'
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Metabolite responses to CO2 enrichment

Dietz and Heber (25,26) studied changes in the rate of CO2
assimilation and in metabolite contents in the chloroplast compartment
of spinach leaves with varying external CO2 pressure. RuBP pool

decreased with increasing CO, and remained high even at very low

CO2 pressures. Similar obser?rations were made by Badger et al. (27)
and by Stitt et al. (28). As the CO2 pressure was increased, there was
a general increase in organic phosphates at the expense of Pi, with
chloroplastic PGA showing a marked increase.  Hexose phosphates showed
an initial fall, followed by a marked increase. The content of FBP
remained relatively constant, although in another study it has been shown
to fall in low Co, (28). The [ATP)/[ADP] and the light scattering signal
were observed to decline with increasing CO2 pressure. Dietz and
Heber (25) interpreted these results as showing that that the limiting
element within the capacity for RuBP regeneration at high CO2 pressures
lies in the series of reactions between triose phosphates and RuBP. They
argued that electron transport does not limit RuBP regeneration becaue
although [ATPJ/[ADP] and [NADPH]/[NADP] decreased with increasing COZ’
PH (as measured by light scattering) stayed constant.

The site of this regulation between triose phosphate and RuBP
remains elusive. Leegood and Walker (29) found CO, to have little

influence on the activity of FBPase at below atmospheric CO, pressures,

but it was inhibitory to redox regulation at above atmosphericZCO2
pressures. It, therefore, appears unlikely that redox modulation acts as
a means of fine control over the flux through Calvin cycle at different
CO2 pressures. Since fru-6-P inhibits FBPase activity, its increased
concentration with increasing CO2 pressure would constitute a feasible
mechanism for restricting FBPase activity. However, Dietz and Heber
(25,26) argue from their data that FBPase does not limit at any CO2
pressure and that regulation must lie in other reaction of RuBP
regeneration, although the fact that the FBP content remains so constant

over a wide range of CO, concentrations might equally well indicate

that FBPase is regulated 2in such circumstances, even, if it cannot be
shown to limit photosynthesis, since relatively large pool of FBP is
unlikely to be maintained in the presence of active enzyme.
Stomatal conductance, transpiration and foliage temperature responses
to elevated CO2

Stomatal conductance, in general, decreases with increasing CO2

concentration in most of the studies of about 50 species although a few
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cases of no response or very large response also have been reported
(30,31). For some species, stomatal density may decrease with increasing
co, concentration (32). Some reports indicate no significant change (33)
or increase in stomatal density with increasing 002 concentration (34).
Morison (31) reported a reduction of about 4015% in stomatal conductance
for a doubling of CO2 from 330 umol mol_1 based on 80 observations
from the literature on 16 C3 species. The mechanism of sensitivity of

stomata to 002 remains unexplained.

Pallas (35) showed leaf transpiration rates of several species to
decrease with increasing 002 concentration, whereas air temperature,
humidity, irradiance, and flow rate were being maintained constant.
Leaf temperature increases with decrease in transpiration by increased
002 concentration. All these factors will cause an increase in leaf
vapour pressure through the increase in leaf temperature. This effect
nullifies part of the direct reduction in transpiration expected due to a
reduction in stomatal conductance.

Beladi et al. (36) developed a Soil-Plant-Atmosphere Model (SPAM)
to determine canopy photosynthetic CER, transpiration plus evaporation
from the soil surface (evapotranspiration or ET) etec. These models have
been used to determine canopy photosynthetic CER at a number of CO2
concentrations. The canopy ET decreases slightly with increasing CO2
due to stomatal closure, and increases noticeably with increasing
temperature-mediated VPD (vapour pressure deficit) at constant air
vapour pressure. It is interesting to note that the decrease of ET due
to a doubling of 002 concentration is approximately negated by an
increase of ET due to a 3°C rise in air temperature.

The values of the foliage-to-air temperature differences were lower
when the stomatal conductances were higher because of a greater degree
of cooling associated with larger rates of transpiration. Soil surface
moisture conditions may also affect the specific TF-TA values. Higher
002 world could increase foliege surface temperature by several degrees
celsius. At a vapour pressure deficit of 4 kPa, the stomatal closure
effect could cause foliage temperatures to be upto 4°C warmer at
midday for an 800 umol mol_1 002 world without any adjustments for
atmospheric vapour pressure changes related to climate change or leaf
area changes related to vegetation enrichment by COZ' An increase in
vapour pressure without any change in vapour pressure deficit would lead

to an even greater increase in foliage temperature. Another scenario is
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that VPD would increase (mediated by global temperature rise) while
atmospheric vapour pressure remains constant. This scenario would result
in less increase of TF-TA. A more likely scenario is an increase in TA,
a modest increase in atmospheric vapour pressure, and a partial closure
of stomata, to produde a slight increase in TF-TA, with some increase
in the absolute value of TF. The effect of higher TF-TA under raised
global 002 levels might produce a local or regional warming, but the
global effect would be small (37-39).

Water use and water-use efficiency in response to elevated CO2

Plant canopy water use has been reported both to be reduced by
CO2 enrichment (40) and to be essentially unaffected by co, (41).
Although water use per unit leaf area decreases considerably with
increasing CO2 concenti‘ation due to stomatal closure, much of the
reduction in transpiration that is expected from canopy is offset by
larger LAl (41). Evenif the LAI is similar, the canopy energy balance
would cause foliage temperature to rise and prevent full expression of

the reduction in stomatal conductance at elevated 002 on transpiration.

Water use efficiency (WUE) is defined herein as the ratio of
photosynthetic CER to transpirational water loss. Although WUE is
doubled (at equivalent leaf area) by a doubling of COZ’ most of the
increase in C3 plants comes from an increase in photosynthesis with
only a small contribution from reduction in transpiration (10,41). High
LAI canpies have lower WUE for a given 002 exposure level than low
LAl canopies. Low LAI canopy (3.3) and the high LAI canopy (6.0)
have almost the same canopy photosynthetic rates at equivalent 002
exposures, but the high LAI canopy has more transpiration which
reduces its WUE.

Growth, biomass productivity and economic yield °

The increased photosynthesis of plants translates eventually to
increased biomass productivity and yield through individual plant
growth processes. Acock and Alien (42) and Acock and Pasternak (43)
have reviewed literature on these processes in detail. In general,
higher CO2 levels result in greater amounts of starch accumulation in
leaves exposed to elevated levels of COZ' Extra carbon in plant leaves
induces by high 002 concentrations results in an increase in leaf size,
number of branches (or tillers) and number of nodes along the branches
which support leaves, and hence greater leaf area from these two
effects. Leaves also increase in specific leaf weight (dry weight per
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unit leaf area) with increasing C02 enrichment. Allen et al. (44) predicted
canopy photosynthetic rates biomass yield and seed yield to increase §3,
43 and 32%, respectively, for a doubling of C02 from 315 to 630 umol
mol—1. CO2 enrichment of rice has been shown to increase dry weight,
plant height, tillering and yield. Yoshida (45) reported optimum CO2
concentration for growth and yield in rice to be between 1500 and 2000

umol mol” !
Interaction of enriched CO2 with other environmental factors

Pearcy and Bjorkman (46) have reviewed leaf CER responses of a
03 and a C4 desert shurb to leaf temperature at 330 and 1000 umol mol-1
CO at high light levels. They showed a low, flat temperature optimum
of C species with a maximum between 35 to 40°C when the CO2
concentratlon was 330 umol mol but a sharper temperature optimum
about 2.5-fold larger near 44°C when the 002 concentration was 1000
umol mol-1. In bigtooth aspen (C3 species),peak CER increased 2.5-
fold and the optimum temperature increased from 25 to 37°C when 002
level was raised from 320 to 1900 umol mol ' (47). Presumably RuBP
carboxylase- oxygenase affinity for CO2 decreases with increasing

temperature.

Whether increased temperature alongwith increased CO2 also
enhances overall growth or not over the long term depend strongly on
germplasm and growth conditions. Okra, at ambient CO2 concentration
(350 umol mol_1) and day night temperature below 26/20°C, did not
survive, whereas the plants thrlved at 20/14°C when CO concentration
was 450 675 or 1000 umol mol ™! Seed yield for soybean at 660 umol
mol decreased slightly with temperature over range of 23 to 33°C,
but seed yield increased slightly with temperature at 330 umol mol_1
CO,. Idso et al. (48) reported that the growth modification factor
(i.e. the biomass growth increase ratio) for a 300 umol mol™! elevation
of CO, :
temperature over the range of 19 to 34°C for five C3 species of plants.

increased somewhat linearly (0.087 per °C) with increasing

In fact, they reported a negative effect of elevated COZ for temperature
less than 19°C. The findings with above crops indicate that whole-
season, whole crop responses may be different from short-term, single
leaf photosynthetic rate responses. Perhaps, many plants may thrive

in cooler environments in higher global COZ atmospheres. Hence, quick
predictions based on single leaf data may be misleading and that more
researcby miksMneeded to study long term CO2 X temperature interactions

on all plant processes. )
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Conclusions

From the discussion presented here, it is clear that the rate of
photosynthesis is affected by many factors, particularly the availability
of light, water and nutrients. It is not, however, very sensitive to
temperature change. The rates of plant respiration and decay, on the
other hand, do strongly depend on the temperature. A one-degree
temperature change in either direction often alters rates of plant
respiration by from 10 to 30%. Hence, the global warming will speed
the decay of organic matter without appreciably changing the rate of
photosynthesis. That will increase the release of CO2 into atmosphere.
A warming will also result in more: methane, because methane:is
produced by respiration in regions where oxygen is not freely available,
such as swamps, bogs and moist soils. In recent years, there has been
a rise in the concentration of atmospheric methane of more than 1% per
year. The increase is both rapid and significant because methane is 20
times as effective as CO2 in trapping heat.

Though, an attempt was made here to discuss the direct effects of
CO2 on plant processes, less attention has.been given to the question of
interactions of CO2 effects with potential climatic changes. Similarly,
the effects of other green house grasses (methane, chlorofluorocarbons,
nitrous oxide) in combination with CO2 have not been identified. Hence,
future research on direct effects of CO2 on crops and ecosystems should
also include interactions with the environmental variables (e.g. temperature,
rainfall, vapour pressure deficit, and soil moisture) that may be involved
with predicted future climatic changes.
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ABSTRACT

Agriculture could be affected in two broad ways: by the
direct effects of CO2 on plants, and by warming effects of CO2 and
other greenhouse gases on the climate. A preliminary assessment of
the potential effects of CO2 enrichment and climate change suggests
that higher €02 will have positive effects on growth and yield of
major food crops grown under moderate to adequate supply of water
through irrication/rainfall in 1India. In these areas, the adverse
effects of 1-2 ©C rise in air temperature could be absorbed with
the 5-10% 1increase in vprecipitation. For a doubling of CO2
concentration, yield 1increases of 20-30%Z may be possible on about
70%Z area under rice and wheat. There 1is also possibility of
improvement in the yield of cotton, groundnut and C4 species under
new environmental conditions, In winter dryland crops, C02
enrichment and rise in temperature could probably result in
depletion of soil water at rapid rate during vegetative phase of
growth, leading to moisture stress during grain filling stage and
in turn poor harvest 1index and low productivity. In North India,
warming would offset some losses in yield by early pod set in
winter grain legumes 1like chickpea and lentils, and by arresting
frost damage in oilseed brassicas. A large proportion of an adverse
effect on croo yield and production could be avoided or absorbed by
suitable crop adjustments, developing proper genotypes, and
adopting appropriate technology for the changed environmental
conditions.

The coastal low lands and deltas could however be
threatened by flooding, erosion and salt intrusion and_thus are
particularly at risk. Drainage may also be impeded as sea level
rises, resulting in loss of yield or utlimately a change in land
use of the agricultural areas. Salt water intrusion means that some
crops mav have to be abandoned or alternative varieties cultivated.
In most respects, it would be wise to advance these issues for
further research, rather than as findings.

The crop productivity could be affected in two broad ways
by CO2 enrichment, i.e. by the direct effects of CO2 on plants, and
by the effects of changes in climate. The burning of coal, gas, oil
and the deforestation of large areas of land have caused a rise in
the atmospheric (02 concentration from an estimated preindustraial
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level of about 265 ppmv (Parts per million by volume) to about 345
pomv of air. Some scenarios predict that atmospheric CO2 could
double within 100 years. There is, however, major uncertainty about
how quickly the CO02 concentration will build up. Predictions of
future concentrations depend, first on assumptions about the rates
of consumption and mix of fossil fuels, and second on knowledege
about the sources and sinks of carbon, 1{.e. the global carbon
cyele. Added to co2 are the changes in the atmosnheric
concentration of other ¢reenhouse gases (for example, CH4, N20,
Chlorofluorocarbons) which have the same radiative forcing as
doubled CO02. Thus, the effective doubling of CO2 concentration will
occur around the vyear 2030, if present omission trends continue
[1]. The climate change caused by this effective doubling may be
delayed owing to slow uptake of heat bv the oceans and other
factors. The results of most climate models suggest that a doubling
of €02 will. cause a global surface air warming from 1.5 to 4.5 °C
from the so called greenhouse effect [1,46]. But the changes in
climate will not follow step by step. There are also two major
uncertainties about the climate change (when and where) which
present major difficulties for agricultural impact analysis.
Climatic changes will vary in direction and magnitude from one
agricultural region to the next. Unfortunately, general circulation
models (GMMs) can not yet provide reliable predictions of climatic
change at regional scales appronriate for most impact analysis
[25,46]. From the experimetnal observations and crop models, it is
estimated that a doubling of atmospheric CO2 concentration from 340
to 680 ppmv would increase the growth and yield of the major C3
crops by 10~50 per cent and of C4 crops by 0-10 per cent 11,2,46].
Crop 1impact analysis using crop climate models suggest that a 2 °C
rise in air temperature in mid-latitude cereal regions may decrease
yields hy 3 to 17 per cent [46]. These results are, however,
derived from leaf chambers, plant growth chambers, greenhouses and
phytotrons in which environmental factors can be controlled with a
high degree of precision. Evidence from actual field exveriments is
more limited due to difficulties in controlling and simulating
actual field conditions [7,8,25]}., Thus, 1t 1is unclear that how
crops will fare in a (€02 enriched world with competition from
weeds, pests, diseases and other stresses. These lacks on vital
information do not, however, preclude us in analysing the probable
sensitivity of Indian agriculture to increased CO2 concentrations
and associated climatic changes. Such analysis is only tentative
and aimed at to review the probable impact of CO2 enrichment and
climatic changes on photosynthesis, water use and productivity of
important field crops grown in Indian sub—continent.

DIRECT EFFECTS OF CO2 ENRICHMENT

Almost all recent studies have shown an increase of leaf
photosyntheic rates when crop plants were exposed to long term
elevated CO02 1levels ([2,46)}. This effect was mwost pronounced in C3
plants (e.g. wheat, soybean, rice, barley) as compared to C4 plants
(e.g. maize, sugarcane, sorghum). From experimental observations,
it was estimated that a doubling of atmospheric C02 concentration
from 340 to 680 ppmv could increase the growth and vield of the
major croos by 10-50 per cent [46]. Kimhall [20] reviewed over 700
prior experiments 1involving effects of CO2 on C3 agronomic plants
and concluded that an atmosphere of 600 pnmv €02 of air would
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result 1in about one thrid increase in productivityv. The plants with
the C3 vhotosynthetic pathwav are C02 1limited and have hicher
photorespiration, In €3 nplants, the CO2 concentration increases
directly the rate at which the carbon is fixed and also suppresses
photorespiration. In contrast, C4 nlants are largelv C02 saturated

at current ambient lewels and also have negligible
photoresviration, Therefore, higher cn2 concentration bhas
comparatively little ef fect in directly stimulating the

photosvnthetic response 1in C4 plants. For C4 species, the increase
in yield would be less, 0-10 per cent [46].

At the crop 1level, several important feed backs can
increase or reduce the ef fects of higher CO02 on canopv
photosynthesis over the duration of growth period [1,2,4,46]., One
important feed back observed in many crop species was increased
leaf area expansion which allowed greater interception of incident
radiation and greater whole plant photosynthesis— a positive feed
back. For 660 ppmv CO2, photosvynthesis rates were increased by 35,
25 and 10% in soybean, wheat and maize, respectively [11. Cure [9]
found that net photosynthesis of C3 crop species could bhe expected
to increase by an awrage of 287 in an atmosphere of 680 ppmv CO2.
The proportion of N in the tissues at the final harvest was
unaf fected by elevated CO02 concentration [3]. Therefore, the CO2
enrichment functions mainly as a carbon nutrient for plants. These
results are, howevwer, derived largely from leaf chambers, green
houses and phytotrons {in which environmental factors can be
controlled at desired level [25,46].

CO02 enrichment also resulted in more number of tillers and
branches which support the leawes and hence the greater leaf area
from these two effects [2]. Self shadine influenced the net
assimilation ‘rate at high CO2 levels in sovbean [15]. Evidence from
field experiments carried out under 330 pomv CO2 concentration
indicated that "the incident ovhotosynthetically active radiation
(PAR) was not adequate to saturate the present day available canopy
of most of the winter season crops [(35,36,39,41,50] and wet monsoon
season crops in North India [24,42)}. Under controlled conditions,
Singh et al [36,41] found light saturation of leawes at around 1600
ME m2 s-1 PAR at flowering stage in oilseed brassicas and
chickpea. On the other hand, in the absence of environmental or
physiological 1limitations, light response curves for leaves of Cé4
species did not saturate at 2400 nE m-2 s-1 PAR intensity [21}. In
North 1India, the incident PAR always remains below 1600 uE m-2 s-1
in winter and wet monsoon seasons and below 2000 uE m—-2 s-1 during
summer dry months [26,35,39]. Due to this sub-optimum available
incident radiation, skipping one row after every two or three
planted rows had rather beneficial effect in wheat [28], chickpea
[37), oilseed brassicas [38) and cotton [43) in North India (Table
1). Under 1low 1light 1intensity, there was no difference in net
photosynthesis rates of water-lily between 340 and 640 npmv CO2
concentration [4). Therefore, the sub-optimal PAR at greater )eaf
area index with CO2 enrichment will negate the positive response of
elevated C02 on canopy photosynthesis and productivitv to some
extent under irrigated field conditions in India.

At leaf 1level elevated CO2 reduced transniration due to
decline 1in stomatal conductance in most of ower 50 species reviewed
by Allen [2]. Thus the reduced transpiration and enhanced
photosynthesis could result in higher water use ef ficiencvy (ratio
between net CO0O2 wuptake for photosynthesis to water 1loss by
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transpiration), At the crop level, however, several important feed
backs can modify the ef fects of higher C02 on plant growth over the
duration of <rowth period. If vegetation LAl should increase with
rising CO2 then canopy ET is expected to increase due to the
presence of more transpiring surface. Recent studies carried out on
soybean [19] and wheat [7] have shown that the water transpired
increased as the level of CO2 increased. Water use efficiency with
CO2 enrichment increased in wheat [7] but decreased in soybean [2].
In soybean, the low LAI canopy (3.3) and high LATI canopy (6.0) had
almost the same canopy photosynthetic rate at equivalent (02
exposure but the high LAI canopv had more transpiration which
reduced its water use ef ficiency.

Table 1: Effect of crop «<eometry on vield of chickpea, mustard,
wheat and cotton.

Crops Crop geometry Seed yield*
(T/ha)
Chickpea 30 cm row spacing 2.81
[37] Skipping one row after every two 2.91
rows (30 + 60 cm)
Mustard 30 cm row spacing 1.66
[38] Skipping one row after every two 2.22
rows (30 + 60 cm)
Wheat 22.5 cm row spacing 3.73
[281] Skipping one row after every three 3.80
rows (22,5 + 67.5 cm)
Cotton 75 cm row spacing 1.99
{43] 120 cm gap between two rows planted 2.93

30 cm apart (30 + 120 cm)

* Seed cotton in case of cotton

Practically nothing 1is known about the conseauences of
increased ET with- LAI at elevated CO2 level on pattern of soil
water use in plants under dryland sitatuions. In a recent study
carried in boxes on winter wheat under high and low water level
treatments (winter wheat planted in October was subjected to
dif ferential watering between April and June) provided some data on
rooting pattern [8]. In the top soil 1layer (0-10 cm) drought
stressed wheat grown with 825 ppmv CO2 produced more roots than did
adequately watered plants grown with 330 pomv CO2 concentration.
Root weight remained almost constant below 50 cm soill depths for
all the treatments. Authors did not, however, provide any data on
water use pattern from dif ferent soil depths., Thus, it may be
presumed that the increased ET (about 60 mm) at- high CO2
concentration in drought stressed wheat would have been suoported
by additional water extraction from top soil layers with improved
root growth rather than more water absorption from the deever
lavers of soil orofile. It may have adverse influence on the
productivity of those dryland crops which are grown entirely on
conserved moisture in the profile before seeding [27,34]. In Indian
context, this type of root system may be beneficial in those areas
where little amount of rainfall is available at frequent interval
to cause only mild stress in crop plants. The majority of dryland
crops in India either have 1long spell of drought particularly
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during reproductive phase of growth {in wmonsoon season or
practically no rainfall during the entire growth period in winter
season. On conserved soil moisture, the nroductivity was related to
water use from sub-soil during reproductive phase of growth in oil
seed brassicas [34], rice [23] and wheat [22]. Therefore, the over
all productivity of real dryland winter season crops (grown
predominately on stored soil water at planting) may decrease with
C02 enrichment because of rapid early growth, higher ET during
initial vegetative growth and exhaustion of soil water before grain
filling, leading to forced maturity and poor harvest index.
However, further research is needed to know more about the
influence of elevated C02 on water use pattern, canopy expansion
and vpartitioning of dry matter to grains under real dryland
situations to draw any meaningful conclusion.

Other feed backs can also be negative. For instance,
photosynthetic acclimation can result from an 1imbalance in the
source/sink ratio: supply of photosynthate in the leaf due to an
inadequate development of sink (or storage organs like grains)
which can slow down photosynthesis at source. This type of
acclimation seems to be common in many species where the initial
stimulation of photosynthetic rate by elevated CO2 decreases to the
point where leaf or canopy photosynthetic rates become similar to
those at ambient €02 concentrations {2,31,46,511. No svpecies
exhibited an idealized acclimation response at the biochemical
level and growth of three out of the five species ( P. wvulegaris,
S. melongena, B. oleracea ) was af fected at high C02 level (31].
The weedvy species ( C. album ) exhibited the most economical
response to long term CO2 enrichment because its rubisco content
decreased yet the rate of photosynthesis at high C02 level
increased. Thus the weedy species may enhance their ability to
compete against the agricultural crop species with less effective
acclimation responses. Evidently, there 1is no simple acclimation
response to levels of C02; responses are likely to vary widely with
species, environment, stade of growth and pretreatment conditions
[2]. However, for most of the important crop species, the net
ef fect of elevated CO2 on plant growth and yield is positive [46].

EFFECTS OF TEMPERATURE

The second way in which agriculture could be affected is by
changes in climate [46]. The surface temperature would increase
from 1.5 to 4.5 2C for doubling of the pre-industrial CO02 level
[49]., Warming will probably be greater in the higher latitudes than
in the tropics, and will be most pronounced during the winter half
of the vyear., At higher latitudes the warming according to the
models, will probably be at least twice the slobal average [16].

In North 1India for winter season crops like oilseed
brassicas and chickpea, the response of canopy photosynthesis to
PAR is temperature dependent [35,39]. At the current ambient CO2
concentration the optimum temperatures for maximum rate of net
canopy photosynthesis lie between 20-26 °C for winter season crops.
During cooler months (December to first week of Februarv), the
canopy vhotosynthesis was alwavs lower for a certain quanta of PAR
during the first half than the second half of the dav. Low
temperatures also resulted in an ineffective flowering (pseudo and
aborted flowers) 1in chickpeas [35) and frost damage in oilseed
brassicas [10]. Therefore, the increase in air temperatures due to
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warming is expected to enhance the canopy photosynthesis and growth
during the cool wmonths 1in sensitive crops like oilseed brassicas
and chickpea in North India. On the other hand, a reverse trend of
air temwperature on canopy photosynthesis was recorded on warm days,
i.e. after the middle of Februarv. Most of the winter cereal crops
and pulses enter in the anthesis and grain filling stages of growth
in February-March 1in North India. During this critical period of
crop development, the elevated temperatures resulted in accelerated
leaf aenescence, decline 1in canopy photosynthesis and forced
maturity in winter cereal crops [33,34,50],

INTERACTION OF C02 AND TEMPERATURE

What 1is less clear, however, is how the expected rise in
CO02 and air temperature will interact and af fect plant processes
such as net photosynthesis and growth? Kimball [20] and Cure [9]
reviewed the dinteractive ef fect of atmospheric C02 and temperature
on plant growth, Kimball [20] reported that the percent increase in
growth caused by CO2 enhancement was about the same over the range
of temperatures, and Cure [9] concluded that a doubling of CO2
generally caused greater increase in growth at high temperature.
Campbell et al (6] reported that a 10 °C difference in air
temperature during the growth period of sovbean caused only a 4 °C
leaf temperature difference, which was insufficient to change the
photosynthetic rate or rubisco activity in the canopies grown and
measured at either 330 or 660 ppmv C02. However, Sionit et al [45]
reported increased leaf photosythesis of soybean in response to CO02
enrichment wmore at 22/16 ©C than at 26/20°C. Backer et al (5]
reported that seed yield of soybean at 660 ppmv CO2 decreased
slightly with temperature over range of 23 to 33 °C but it
increased slightly with temperature at 330 ppmv CU2. Contrarily,
Idso et al (18] found negative effect of 300 ppmv elevated CO02 for
temperatures less than 19 C for five C3 species (carrot, radish,
cotton, water~hycinth, water-fern) but a somewhat linear increase
of growth at elevated (€02 with increasing temperature over the
range of 19 to 34 C for all the svecies. The plants of okra at
ambient temperature did not survive at dav/night temperatures blow
26/20 ©°C, whereas plants thrived at 20/14 °C when .02 concentration
was 450, 675 and 1000 ppmv [44]. Conditions of cool temperature (20

°c) promoted 1leaf injurv to CO2 enriched vplants of Phaseolus
vulgaris [13)]. The experience with okra and soybean as well as Cé&
grasses suggests that the whole crop responses of certain C3 plants
may be different from short term, single leaf photosvnthetic rate
responses [2]. The comnarison of whole crop, long term responses
also suggests that quick predictions based on single leaf data mav
be misleading, and that more research is needed to studv long term
C02 and temperature interactions on all plant processes.

In many outdoor studies, increased vavour pressure deficit
is. caused by an increase in air temperature [2,4,19]. An increase
of air temperature from 28 to 33 °C caused a 20% increased in
soybean canopy transpiration at both 330 and 800 ppmv CO2 and an
increase in temperature from 28 to 35 °C caused 30% increase in
canopy transpiration f191]. There was a linear increase in
transpiration with increase in temperatures from 10 to 42 °C at 330
ppmv  CO2 in chickpeas [36] and oilseed rape [41] under controlled
conditions. Under field conditions at ambient C02 level, there was
a sudden rise in ET with temperatures above 20 °C in barley [50],
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chickpea, mustard and wheat (Fig.l), and above 32 °C in mungbean
[241]. As stated earlier that if vegetation LAI increases with
rising C02 concentration, then ET is expected to increase further
with rise in CO2 [2). Higher temperatures could be deterimental to
yields in most of the dryland crops in Indian sub-continent. In
part this is because higher temwperatures are associated with
greater vapour pressure deficit and ET, and thus greater moisture
stress, particularly during reproductive phase of growth in winter
season crops grown on conserved moisture in soil profile. Because
of more available water at the time of seeding of winter season
rainfed crops, the CO2 enrichment can lead to exhausten of limited
water supply at rapid rate during initial vegetative phase of
growth due to faster development of above ground canopy and thus
soil may run out with water during critical reproductive phase of
growth. Studies caried out in large containers also indicated that
most of the crops unwatered after 30-35 days after seeding attained
compensation point of photosynthesis at the time of anthesis (Table
2). Occurrence of moisture stress during the critical stages of
flowering and grain filling may 1lead to drastic reduction in
post—-anthesis canopy photo-synthesis and economic yield (Fig. 2).
The yield realization under such moisture stress conditions ranged
from zero yield in chickpea [40) to 34%Z grain yield in mingbean
[24). Thus, an increase in LAI and vapour pressure deficit because
of increase in temperature may lead to higher ET and thus less
available water to plants in the soil profile. It is known that
higher temperature accelerate plant development and shorten the
growth period. This could lead to drought escape and realization of
some yield in water deficit season, but could be detrimental to
attain higher oproductivity in good rain fall years from dryland
areas 1n general and irrigated areas in particular. It is estimated
that a 2 °C increase in air temperature may decrease seed vields in
mid-latitude cereal regions of North America and Furope by 3 to 17%
[46), but no such estimates are available for Indian sub-continent.

Table 2: Plant water status for compensation point of canopy
photosynthesis in important field crops.

Crops Cultivars Stage of growth Leaf water potential
(bars + 2)
Wheat WH-147 Anthesis ~42
Barley BG-25 Anthesis 46
Chickpea H-355 Pod initiation -30
Mustard parkash Flowering -43
Pearl millet BJ~104 Heading =40
Cluster bean FS=277 Pod initiation -30
Green gram T-44 Flowering -16

CROP IMPACT ANALYSIS

There are large uncertainties about the rates at which C02
and other greenhouse gases will accumulate in the atmosphere. It is
also not very certain that when and where it will be warm. Taking
into accounts the projected concentrations of the greenhouse gases
(with their associated wuncertainties), there could possibly be
equivalent doubling of CO2 by as early as 2030 [49]., But changes in
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Fig. 1: Effect of air temperature on evapotranspiration (ET) in
vheat (Y = -0.168 + 0.026 X; R* = 0.87), mustard (Y = 0.118 -
0.028 X - 0.002 ¥* ; R* = 0.97) and chickpea (Y = - 0.0358 -
0.0045 X + 0.0007 X*; R* = 0.83). Diurnal data of clear days
at anthesis have been used for curve fitting.
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(ground area basis) and grain yield of mustard (Y = 1.72 +
0.03 X + 0.58 X*; R* = 0.90), wheat (¥ = - 0.93 + 3,77 X; R™ =
0.94) and chickpea (Y= 1.97 + 2.02 X; R? = 0.99. Data of six
irrigation treatments have been used for curve fitting.

Fig. 2: Relationship between canopy njt photosynthesis rates
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climate will not follow step by step. Owing to the thermal intertia
of the oceans, changes in global surface temperature will probably
lag behind by several decades. Thus, the question of 'when' is
clouded. The question of where is even more problematic. Climatic
changes will vary in direction and magnitude from one agricultural
region to the next. Unfortunately, GCMs cannot yet provide reliable
predictions of climatic change at regional scales appropriate for
most 1impact analysis. The current scientific consensus is that
world should eventually warm by about 1.5 to 4.5 °C if the €02
concentration doubles [25,46,49]. There is general agreement that
the higher latitudes will warm twice more than the lower latitudes,
that the winter half of the year should warm more than the summer
half and that on an average the world should receive more
precipitation ([47]). lower latitudes (0-30 N) are expected to
receive 5-10% more rainfall. Relative humidity will not change, and
with clear sky, solar radiation is expected to decrease slightly by
about 1% [17). Humidity deficit, which is one of the factors
governing the evapotranspiration will, howewer, increase by about
7% for each 1 °C rise in temperature if the relative humidity is
unchanged. Temperature frequently plays a dominant role in the
distribution and development of pests and diseases. It is expected
that 1losses due to pests and diseases could increase as mich as 15%
at higher latitudes [25]. Scientific literature also suggests that
sea level has risen by 10-20 cm over the 1last 100 years, an
increase of 1-2 mm vper year [47}. A rise 1in sea level also
increases the vulnerability of coastal areas to flooding from storm
surges. An example of this is the changes in Brahmputra delta, much
of which is less than one meter above sea level,

The way in which climate scenarios are used for impact
analysis, depends partly on what aspects of climatic changes are
assumed to be most important for agriculture. The predominent view,
which can be termed the slow change view considers the potential
problem for agriculture to be slow, cummlative degradation or
improvement of the growing environment. The problem for agriculture
will be how to adapt to changes such as gradual regional warming
and dessication. In contrast from a "shift-in-risk" view the
potential problem of climatic change derives from a change in the
frequency of the climatic extremes that are detrimental or
beneficial to crop production on seasonal basis (drought, floods,
frost etc). It has been demonstrated [46,48] that small changes in
the mean climate can result in large changes in the frequency of
extremes (assuming no change in the variance). Studies with this
view point tend to choose short term, extreme values of climatic
variables for impact analysis. In general,’ the few studies
conducted wusing global agricultural models suggest that long term
climatic ef fects on agriculture can to a large extent, be adjusted
and accomodated by the system [46). But it should be borne in mind
that such results are only as good as the models themseleves [17}.
Global agricultural models because of thelr complexity and the
limitations of data are largely unvalidated. There 1s largely
uncertainty as to whether agriculture would respond in a similar
direction and magnitude in the real world.

For Indian sub-continent, 1t 1is expected that with the
doubling of C02, there will be 1 to 2°C rise in temperature, and 5
to 102 4increase 1in precipation. 1In India, out of 142 million ha
cultivated area, about 31.4% 1is irrigated [14}. The drylands,
constiuting about 68.6% of arable land in the country, contribute
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around 45% of cereals and 75% oilseeds and grain legumes to the
national food basket. Besides 31.% irrigated area in Indfa, about
28% area falls under assured rainfall conditions. Thus, about more
than half of the cultivated area falls under moderate to adequate
supply of water. The principal C3 crops occupy about 76.6% (117.8
million ha) and C4 species about 23.4% (36.0 million ha) of the
153.8 million ha gross area under major field crops (Table 3).
Thus, the majority of crops which fall in C3 will respond
favourablv to €02 enhancement. Research results suggest that a
doubling of CO02Z could increase the growth and yield of major C3
crops by 10-50%, ovrovided all other factors remain optimum for
growth [46]. For wheat and barley yield increases as much as 40%
have been suggested [9]). Yoshino et al [52] reported that for a
doubling of COZ atmosphere the rice yields in Japan are expected to
increase by about 4% for quick maturing genotypes and 26% for late
maturing genotypes. In soybean under high light conditions, seed
vields are predicted to increase 32% for a doubling of CO2 from 315
to 630 ppmv [2]). Although C4 plants in general are not expected to
respond as much to increasing CO2 levels as C3 plants [12], several
other experiments have shown positive response of C4 grasses to CO2
[30]. For C4 crops, the increase would be less, 0-10 per cent [46].
One should, howewer, bear in mind that such results are deriwed
largely from the growth chambers and not from the farmer's field.
How crops will fare in a CO2 enriched world with competition from
weeds, pests, diseases and other unforeseen adversities is a major
uncertainty (25,46]. Howewer, sewral studies suggest that for many
species a doubling of CO2 will lead to substantial increase in
yield under field conditions [25],

Changes in CO2 concentration and greenhouse gases are
associated with changes in weather. Changes in weather could af fect
agriculture 1in number of ways, for example through changes in water
use, length of growing season, geographical shifts in agricul tural
potential, incident of pests and changes 1in mean crop yield.
Probably the most important consequences for agriculture would stem
from a reduction in soil moisture due to higher rates of
transpiration from plants and of evaporation from soil surfaces
exposed to higher temperatures. Vapour pressure deficit which is
one of the factors govwerning evapotranspiration will increase by
about 7% for each 1 °C rise in temperature if the relative himidity
is unchanged [17]. 1In soybean for each degree rise in temperature
between 28 to 35 °C (both at 330 and 800 ppmv CO2), ET increased by
about 4% [19]. For a diurnal change in air temperature at ambient
C02 1level, the increases in ET with 1 °C rise in temperature were
about 2.3% in barley (between 10-25 ©°C) [50], 3.2% in mstard
(between 10-20 °C) [39], 2.4%Z in chickpea (between 10-25 °C) (351,
2.5%4 in wheat' (between 10-25 ©°C; Fig. 1) and 2.5% in mingbean
(between 30-40 ?2C; ET(mm/h) = = 0.707 + 0.027 T (°C): R? = 0.88)
[24). Thus the rise in 1 to 2°C air temperature micht not have any
adverse effect on so0il water balance because of 5-10% increase in
preciptation at lower altitudes (0-30°®N). There may be about 6-8%
reduction in maturity duration for each oC rise in air temperature
(Fig. 3). In wheat for each ®2C rise in alr temperature, the
reductions of about 5 days in flowering date [32] and 4 days from
flowerig to maturity have been recorded in North India [11].
Temperature rise of 1-2 2C should increase the productivity of
wheat in cool hilly region. In plains, however, wheat yields could
be reduced with 1-2 °C elevated temperatures above mean temperature

’
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Table 3: Cultivated and irrigated area of important C3 and C4 crops
in India {14].

Crops Area (m/ha) Irrigated (%)
Rice (C3) : 41.8 43,4
Wheat (C3) 24,0 77.3
Oilseeds (C3) 21.6 18.8
Pulses (C3) 23,2 9.8
Cotton (C3) 7.2 30.9
Sorghum (C4) 14.8 4.8
Pearl millet (C4) 12.0 5.7
Maize (C4&) 5.9 20.8
Sugarcane (C4&) 3.3 74.2
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Fig. 3: Effect of air temperature on (a) duration of flowering
(seeding to flowering [32]: Y = 186.8 - 5.2 ¥; R* = 0.92), (b)
grain filling (flowering to maturity [11]: Y = 114.54 - 3.98X;
R? = 0.95), and (c) grain yield of wheat ( [11]: Y = - 34.74
+ 5.20 X - 0.16 X*; R = 0.99).
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of 17 ©°C during grain filling period (Fig.3) due to increased rate
of senescence of flag leaf area and reduction in the grain filling
duration [l1]. These adverse effects of rise in temperature could
be avoided by adjusting seeding time and developing suitable
genotypes tolerant to higher temperature at seedling stage in
irrigated wheat [33]. Warming, howewr, may cause some trouble to
about 20% rainfed wheats grown in central India. This region will
require either alternate crops or dewelopment of suitable genotypes
tolerant to water stress and high temperature. This region,
however, contribute relatively little to the overall production of
wheat. The major wheat oroducing states of Uttar Pradesh, Punjab
and Haryana grow 85 to 97% irrigated wheat. Therefore, it appears
that the effects of slow change in climate with elevated
temperatures of 1 to 2 °C could be absorbed by adjusting seeding
time and developing suitable genotypes of wheat. Thus, the CO2
enrichment will have positive ef fect (20-30%) on the productivity
of rainfed wheat in hilly regions and irrigated wheat in plains of
North India.

The rise in 1-2 °C in air temperature will be beneficial to
majority of dirrigated oilseeds and grain legumes grown in winter
season in North India. It will help in early and more number of
setting of pods by arresting pseude-flowering, flower abortion and
thus better reproductive growth of chickpea and leatil in North
India. Warming will also provide safe guard against the frost
damage 1in oilseed brassicas. The major area under winter season
pulses and oilseeds 1is sown on stored soil moisture from monsoon
rains, However, nothing is known about the effects of increased ET
(due to increase in LAI and air temperature with CO2 enrichment) on
sesonal water use pattern in winter season rainfed crops. Seeding
on conserved soil moisture with early vigrous growth in CO2
enriched world may 1lead to relatively more water use during
vegetative phase and thus exhaustion of seil water for reproductive:
phase of growth. This may cause forced maturity, poor harvest index
and low productivity of dryland crops grown entirely on limited
stored water in the soil profile. The effects of water deficit will
further be aggravated due to relaively more warming between
December and February months of winter season in South Asia [25].
One study carried out on winter wheat with limited water supply
indicated about 8% (25 mm) and 18.5% (60 mm) increase in ET at 660
and 825 ppmv CO2 owver 340 ppmv CO2 concentration [7]. CO02
enrichment enhanced more root growth in top 50 cm soil profile [8].
Roots of wheat with C02 enrichment penetrated to the maximum depth
of observation (176 cm) before roots of wheat grown under the
ambient 1level of 340 ppmv CO2. This study did not, however, provide
any data on water use pattern during vegetative and reproductive
phases of growth. There is a need to study the influence of
elevated Co2 and air temperature on water use pattern and
partitioning of dry matter to roots, stems and grains under real
dryland conditions.

Precipitaion is of oprime importance to monsoon season
crops, and models indicate an increase of 5~10% in the monsoon
rainfall at lower latitudes. There are indications that under 1 °C
warmng and with precipitation increase of 100 mm in China,
national yields of rice are estimated to increase by about 10 per
cent (53]. Yields of rice are also expected to increase in Japan
[52]), but may decrease in other regions of Southeast Asia due to
more rapid growth ({25)]. Late maturing varieties needing high
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temperatures for cutlivation would be more suited to exploit these
new conditions. It has been estimated that the adoption of late
mauring rice might increase yields by 26% with the temperature
increase estimated for a doubling of C02 atmosphere [52]. Similar
yields benefits are also expected in India where about 42% rice is
irrigated and about 28% is grown under adequate rainfall conditions
[14]. Even shortening of maturity duration of rice with global
warming will be beneficial to maintain proper soil health by
adjusting an additional leguminous crop in rice-wheat rotation in
the states of Punjab, Haryana and Uttar Pradesh. Rao and Rajput
[29] analysed the influence of weather parameters between 1978-1983
on rice yield at the Water Management Research Centres located
throughout the country. The water surplus and water deficit regions
when super imposed on yield values suggested that low rice yields
were generally coincided with water surplus conditions and
vice—versa. Multiple regression analysis further revealed that
increasing vapour pressure deficit at the vegetatve phase showed a
decrease in yield, probably due to increased respiration losses,
where as more sunshine hours and increased vapour deficit (more drv
conditions) were more conducive for vproper grain filling and
maturity of grains in rice. However, the representation of clouds
and their radidtive properties is a source of major uncertainty in
modelling climatic changes [17]. In a warmer world the
intertropical convergence zone would be likely to advance further
northward into Africa and Asia [25]. If this occurs, then the total
rainfall in the Sahel and 1India could increase. Rainfall should
also be more intense in its occurrence and propogate flooding and
erosion. In areas where increases in the intensity of rainfall
occur, there may be more surface runoff, less percolation of water
through the soil and less available soil moisture to plants. This
will require changes in management to conserve more water in the
soil profile and prevent soil erosion. In addition, increases in
fertilizer use may be required in areas where greater rainfall is
likely. Thus, it appears that the productivity of rice will
increase significantly by adopting proper management strategies and
genotypes in CO2 enriched atmosphere in India.
Besides rice, the other important C3 species grown in
India, are groundnut and cotton. These are mostly grown under
moderate to adequate supply of water through rainfall and or
irrigation. These crops are 1likely to be benefitted with C02
enrichment. The reduction in the length of growing season of cotton
with rise in temperature will make this species even more suitable
to double cropping system in the states of Punjab, Haryana and
Uttar Pradesh. In these states, there is likelihood of some shift
in area under groundnut from monsoon season to spring season with
global warming. The other crops, which belong to C4 species such as
sorghum, pearl millet, maize and surgarcane will be benefitted to
some extent with CO2 enrichment ,and will be af fected least by 1-2
°C rise in air temperature. There may be some shift in the area from
monsoon season maize to winter maize in the northern States of
India in case there is rise in temperature. The crops of
pearl-millet and sorghum are mostly affected due to frequency,
intensity and distribution of rainfall during monsoon season and
they possess adequate drought escape and tolerance capacity. With
the occurrence of more rainfall during monsoon season, the adverse
ef fects of increased ET due to 1-2 °C rise in temperature will be
absorbed by these species. Moreover, the Indian agriculture has
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shown 1its capacity &o adjust such seasonal changes in the frequency
of climatic extremes. India had experienced one of the worst
drought of the century in 1987-88 in which about half of the area
of the country was under severe category of drought {l4]. It has
adverse effect on animal population and their productivity, but
resulted only 1little reduc¢tion in the production of food grains
over previous year of 1986~87., Moreover, there 1is adequate
development of technology, diversity in the cropping pattern and
genetic variability -between and within crop species to adapt the
gradual changes or short term extreme-seasonal changes in climate.
Also the shifts of crop potential with space and time because of
change in climate could be adjusted due to availability of
appropriate technology and inherent great diversity in Indian
agriculture. Currently at national level only less than 50% yield
of major crops 1is realized than what is obtained by progressive
farmers or by experienced managers at commercial/research farms.
Thus, there 1is a great scope to increase the productivity of major
crops, if the opresent level of technology is made available for
adoption to the farmers of thé country.

FUTURE ACTIONS

The potential impact on agriculture arise from the direct
ef fects of CO2 enrichment on plants and from the ef fects of ‘changes
in climate. Several models predict that in the future higher CO2
concentration and warm weather will be available to crop plants
(25,46]. The uncertainties are however large, particularly with
regard to changes in climate with space and time [17]. The results
of controlled enviromment generally show that the higher (02
concentration will hawe positive effect on photosynthesis and
productivity of major crop species. At present it 1s unclear
whether the net effects of CO2 and climate change on agricul ture,
particularly in 1low rain fall areas and coastal low lands, will be
deterimental or beneficial {17,47). Aspects which are important for
agriculture, but about which there are great uncertainties and
which need accurate assessment, include: regional and 1local
variations 1in weather parameters, long term field studies involving
the interactions of C02, temperature and water levels on allocation
of dry matter in different under ground and above ground plant
parts, soil water extraction pattern, ET, crop phenqlogy,
acclimation, nutrients requirement, and competition of crops with
weeds, pests and diseases. There is also need to study the
influence of interactions of rising CO2 and temperatures with toxic
air pollutants on plants. It seems desirable that for those regions
that may be adversely affected by climate change, research
priorities may be set on adapting species, varieties and production
techniques t6 1increased temperature, water demand and drought
stress. The effects of climatic change on sea level rise and damage
to natural ecosystems warrant accurate assessment and action plans
to reduce the magnitude of such damages. It is likely to be seweral
years before reliable predictions of global and particularly
regional and local climate changes are available [17)}., If, howewer,
we are to improve our understanding of the significance of climatic
change and its consequence for agriculture and mankind, it is
utmost important to strengthen the current research into how
agricul ture can best adapt to, avoid or even profit from such
changes.
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ABSTRACT:

The influences of higher than ambient levels of atmospheric
carbon dioxide, the principal greenhouse gas, on plant
photosynthesis are examined. The parameters of stomatal
conductance,; transpirational characteristics and of water
use efficiency are considered. Higher carbon dioxide con-
centrations in the atmosphere are 1llkely to alter the
patterns of the partitioning of photosynthetically fixed
carbon into different plant organs, starch/sucrose ratio
and even phloem transport. Carbon dioxide enrichment might
alec affect the carbon allocation to dark respiration and
other cellular metabolic processes. While looking into the
effects of elevated carbon dioxide concentration on photo-
synthetic performance the differential responses of C3, C4
and of naturally occurring 03/04 intermediate type plants
are assessed in predicting whether the climate change would
lead to modification of +the evolutionarily stabilized
pathways or to altered vegetational distribution.

INTRODUCTION:

Presently there is an increasing concern over the rising
levels of major greenhouse gas, carbon dioxide, in the
atmosphere.(Indiscriminate and extensive deforestation and
the burning of fossil fuels are the two major sources of
increasing €O, levelsn (1). Currently,'COZ concentration is
approximately 359 ppwm which ie said to be twenty five per
cent above the preindustrial level (2) and it is predicted
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that it will double itself by the year 2025 (3). There is,
therefore, considerable interest among scientists to assess
the impact of the increased level of 002 on various plant

processes.,

In as much as COp is the substrate for photosynthesis,
several researches naturally have bteen conducted to study
the effect of elevated CQ; levels on photosynthesis and
related prccesses. However, there are inherent limitations
with their experimentation and also with their extrapola-
tione and these aspects have been discussed subsequently in
thie article.

The present review ie aimed to incorporate the following

aspects:

1. The patterns of the influence of the elevated CO,y
levels on various aspecte of photoesynthesis procees per
se incliuding the CO, diffusion and the biochemistry of
carbon fixation and reduction.

2. To =esees the differential responses of the C3 and Cq
plants, woody plante, plants of determinate and inde-
terminate growth pattern and floricultural crops to en
hanced COp levels in terms of growth and yield.

3. The «changes in water use efficiency (WOE} due
to higher than ambient COg levels.

4. Possible alterations in the rates and mode of partiti-
oning of photoassimilates under elevated COZ levels
between the sources and sinks as also the biochemical
partitioning between starch and sucrose.

ELEVATED CO, LEVELS AND THE PHOTOSYNTHETIC PROCESS:

€0, Diffusion: .

The diffusion of CO, from atmosphere to carboxylation site

is under the regulation by stomata. Present evidences show

that stomata respond to intercellular CO, concentration

(Ci). They sare relatively insensitive to the CO, concentra-

tion at the surface of the leaf and in etomatal pore (4).
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The manner in which etomata respond to COp is etill not
clear. Nonetheless, 1t has been sugdested that stomatal
response to COp might depend on the response of photosyn-
thesis to COy in stomatal guard cells (5). Stomatal con-
ductance has been obeerved to be decreased at elevated COp
levels irrespective of the fact whether the plante are
exposed for short periocds (houre) or for rather longer
periods (daye to weeke). As & consequence of decremee in
stomatal conductance & lowering of intercellular CO; con-
centration would be noticed which in turn leade to lower
photosynthesis rate (6) and lower transpiration ratee. Such
effecte have been noticed irreepective of the type of
plants, whether C3, C,, woody, determinate or indeterminate
plants. Usually it takes several days for the stomata to
exhibit normal conductance rates when transferred back to
the lower COz'levels after longer exposure to elevated €Oy
levels (7) which indicates a fairly tight stomatal regula-
tion at various levels.

Carbon Reduction Process (Carbon fixation process):

There are conflicting reports on the effect of elevated COp
leveles on the rates of photosyntheeie. The photosynthesis
responee could be categorized into short term and long term
responses with respect to C3, C4 and woody plants.

C3 PLANTS

Short term responses:

A linear increase in the rate of photosynthesis with in-
creasing COZ concentration upto 35@@ ppm has been shown in
41fa alfa, sugar beet and tomato in full sunlight with
exposure to high C0, lasting for a few hours (8). Green &
Wright (9) have reported an average increase in photosyn-
thesis by 84% when branches of conifers were enclogsed in
cuvettes and subjected to concentration of 450 to 500 ppm
of COp. Similarly, with short term CO; enrichment (1209
ppm) during photosynthesis measurements 1in tomato, light
saturated rate of photosynthesis was more than double in
mature leaves whereas young leaves did not show any re-
sponse (10).

The mechanism of enhancement in the rates of photosynthesis
during short term exposure to raised COp in C3z plants is
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largely the result of increasing RuBP carboxylation (11).
Since Rubisco fixes CO, and O, competitively, increasing
ambient CO, resulte in a steeper gradient of CO, between
the atmosphere and the fixation site. This results in
increasing gross photosynthesis due to an obvious advantage
of C02 over U, in their competitive uptake (12). Oxygen
concentration below and above 21% results in increased or
decreased net assimilation rate, respectively. However,
enrichment of the ambient CO, from 308 to 1090 ppm was
found to increase the net assimilation rate of three tobac-
co cultivars at @, 21 and 100% O, by a similar increment
(13).

The quantitative relationship between the ambient CO,p
copncentration and intensity of photosynthesis have not vet
been fully understood because of limitations in the method-
ology for direct determination of photorespiratory flux
(12).

Long term response:

Measurements made during relatively short pericds of time
apparently do not provide reliable information concerning
what occurs when plants are grown at high concentrations of
C02 for several weeks (14). In a large number of plants
including cucumber, tobacco, Fharbitis nil showed a decline
in photosynthesis rate after acclimation to high levels of
002 (15, 16, 17). In all these cases the photosynthesis
rate at elevated 002 level was lower than the control
values. Two species of tomato grown at high CO, concentra-
tion (990 .ppm) for 1@ weeks exhibited carbon exchange rates
significantly higher in CO, enriched plants for the first
few weeks of treatment but thereafter decreased rates were
noticed as tomato plants acclimated to higher CQ, levels
(18). The minimum carbon' exchange rates at elevated CO,
levels were sti¥l higher than the control wvalue,

Chenopodium album, Solanum tuberosum and Phaseclus vulga-
ris grown at high COp, levels (900-1999 ppm) poseessed
little higher CO, assimilation rates while Beta cleracea
and Sclanum melongena showed a reduction in CO, assimila-
tion rate at the above elevated CO, levels (19).
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It 18 sugmgested that the decrease in rate of photosyntheeis
following prolonged exposures could be caused by accumula-
tion of etarch in leaves (20,21, 22, 23) which could func-
tion as a feedback inhibitor of photosyntheeie. An accumu-
lation of etarch within the chloroplast is believed to have
damaged the thylskoid & grana (24, 25).

In contrast, an snalysis of the fifth leaf of tomato plant
grown at elevated COp levele (992 ppm) after four weeks
showed starch accumulation but without visible modification
of the chloroplast ultrastructure. Even interspecific
differences are noticed in this response. Chleoroplast
unltrastructure was more affected for instance in Lycopersi-
con esculentumw than in Lycopersicon chwielewskii under high
002 (9 ppm) but L. chmielewskii showed much faster de-
cline in photosynthesis. Thus, it could be concluded that
starch accumulation is not the only cause for decline in
photosynthesis rate at high C0, level. It is also to be
noted that at high CO, the stomatal conductance is reduced
but the Ci value does not decrease tc the same extent to
explain the reduction of photosynthesis rate (18, 19).

It has been shown that there is a loss in rubisco activity
in a number of crops (26, 27, 28). Besford et al. (19) have
observed a loss of rubisco proteln to one-half in fully
expanded leaves of tomatoe plants grown at higher COZ lev-
els. It was further shown that rubisco activation. state,
which is8 believed to reflect the carbamylation state of the
enzyme was significantly lower in leaves of five Cq species
grown &t high COZ levele. Humber of activated rubiesco eites
decline under high CQOp, conditions (27, 29).

Therefore, the reduced ratee of photosynthesis on longer
exposure to elevated CO, levels could be the result of
effects at various 1levels of organization as discuesed
above including the nutrient limitations. However, there
are very few reports indicating that plants reduce the
allocation of nitrogen to rubisco Iin faver of light har-
vesting complexes and the enzymes of carbon reduction cycle
{5).
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C4 PLANTS

Rubisco is located in the bundle sheath cells of C4 plants
where the C0y concentration largely saturates carboxylation
and inhibits oxygenation (5). The COy enrichment above 350
to 402 ppm has a diminished effect on net COyp fixation in a
number of crops including maize and itchgrass (Rottboellia
exaltata) (3@, 31). In epite of very little effect of COy
enrichment in C4’plant6 several benefite could occur as
regards the dry matter production. Reasons for the same are

examined later.

WOODY PLANTS

Woody plants (trees) are regarded to constitute a very
strong sink for CO, since large fraction of their photosyn-
thates are partitioned in favor of wood production. There-
fore, the role of trees could be evaluated in effectively
removing the excess atmospheric COp (1).
Short term resvonge:

All woody plants with the exception of some species of
Euphorbia have the C3 photosynthetic pathway that responds
more to increased concentration of (0,5 when compared to the
Cq plants (32;. Most of the data available for woody
plants are only a short term measurements made on plants
exposed to high CO; concentration for only a few hours.
Such measurements are always not reliable indicators of the

effects of prolonged exposure to high concentration of COy.

Short term experiments with ponderosa pine, @Quercus cdécci-
nea, G. alba, Pinug radiata, Populus deltoides, FEncelia
farinosa and Ceanothus megacarpus have ghown a definite
increase in photosynthesie rate upto 49-8@% under high COp
levels (689 ppm) (9, 32).

Long term experiments (2 years) with Pinus radiata have
revealed higher photosynthesis rate at elevated COp levels
(663 ppm). The photosynthetic response to high COp in-
creased as the trees aged. the increased photosynthesis
response ccould possibly due to' higher size of the sink
relative to the sources. However, elevated photosynthetic
rates at high COy did not sustain fastef grouwth rates after
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week 38, presumably due to the limitation imposed by other
factors (33). In mangosteen (Garcinia mangostana L.) also
elevated COp levels (800 ppm) resulted in an increase in
COp fixation rate by 4@-60% (34).

These processes include capturing of 1light quanta and
production of reducing power for €0y fixation. 002 concen-
tration did not seem to affect the photochemical process in

the ranges of normal & CO0p enriched environment (35).

GROWTH, DRY MATTER PRODUCTION AND YIELD

Higher yield under greenhouse conditions is quite a common
observation. Growth and yield depends upon many factors in
addition to the rate of photosynthesie, such as the magni-
tude of dark respiration, nitrogen wmwetabolism, transloca-
tion and partitioning of photosynthates to various organs.
Environmental factors like, water, temperature, nutrition

and irradiance are very important (14).

A comprehensive analysis of 7780 observations on 38 agricul-
tural crops and 18 other species resulted in a generaliza-
tion that CO; enrichment could increase the economic yield
of mature agricultural crops by 26%. Excluding flower
cropg, the mean yield increment of C3 crope with COp
enrichment was 36% (35, 36). Cure and Acock (37) calculated
a 28% increase in biomass under twice the normal C0p con-
centration, but increase of 100% or more in biomass has
been reported for some Cg plants (7, 22, 2Z6). Results
obtained for rice (Cg plant) grown at elevated COy level
(68 ppm) were quite interesting. Net assimilation rate
(NAR)}) increased with increasing the C02 levels upto 500 ppm
in rice grown under controlled - Environment plant chambers
with natural sunlight. The increment in NAR was observed
only during earlier part of the growing season. NAR de-
creased during the growing season (38). Baker et al. (38)
also claimed & 32% incresse of grain yield in rice by
doubling the CO, concentration from 379 to 66@ ppm. The
concentration of carbohydrates in the grain was similar in
all CO,5; treatments. However, grain yield was higher at

higher COgy concentration because of increase in number of
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panicles per plant.

On the contrary C4 plants generally show very little in-
crease in dry weight with 002 enrichment (39, 39). -

Woody plants invariably show higher yields at elevated COp
levels. Stem dry welght, stem dimmeter, wood deneity, leaf
number, leaf area =and leaf dry velght have increased  in
most experiments. The increasse in dry weight was 30-90%
(33, 34, 41). ERogers et al. (42, 43) reported mn increase
in dry weight upto 157% in Pinus taeda grown in open top
chambers in the field for 3 monthe at 918 ppm'of CO; as
compared with that grown at 358 ppm of COp.

While the differential responees of Cg or C4 annuals and of
woody plants it is aleso neceesary to aesess if the determi-
nate or indeterminate growth patterns would differ in the
dry matter production under elevated CO, concentration. The
best examples are that of soybean & cotton (indeterminsate)
and for sorghum and sunflower (determinate). At elevated
CO5 levels (680 ppm) soybean and cotton showed an increase
in dry weight of 382% & 110% respectively. Sunflower and
sorghum on the contrary showed an increase of 6@ and 18%,
respectively (22). This fact showed very clearly that sink
strength is very important to control dry matter, produc-

\

tion. \
In flower crops, where yield 1is measured by number of
tlooms, CO; enrichment resulted in either positive or
negative results depending upon climate conditions and
irradiance available to the crop (44, 45). However, if
factors like temperature, irradiance and water status are
provided optimally CO, enrichment (1200-1200 ppm) could
result into enhanced flower yields by 99% of the control
values (46, 47).

Tisgue oultured Gerbera Jamesoniil and ~Rosa)/showed mach
greener leaves and lesser number of senesced or abscised
leaves when B% COZ was supplied (48).

POSSIBLE REASONS FOR HIGHER YIELD AT ELEVATED COs LEVELS;
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Higher yielde a% elevated CO, levels could be the result of
a favorable balance between carbon &esimilation snd respi-
ration. Fartitioning of photosssimilate would be important
in determining the crop yield. Better carbon assimilation
would be reflected in terme of better WOE. Unfortunately,
there is absolutely no data on harvest index in the litera-
ture. Therefore, it is difficult %o saseess the role of
partitioning in affecting the crop yvield.

at Use jcienc OE} st evate ("(‘z Levels:

In very simple terms WUE could be the ratio of COp uptake
to water lost by transpiraticn. Elevated CO, levele result
in a partinl closure of stomats which would reduce Ci as
well as transpiration rates. No quantitative data are
available to sghow the relative reduction in Ci and the
transpiration rates to make further general conclusions.
When WUE is expressed ae mg COp uptake/g water tranepired,
an almost linear relationship is obtained both for Cz and
C4 plants (5, 49). In case of woody plants also a doubling
of COZ has been shown to result in doubling of WUE (28, 49,
5. The increase in WUE was greater in water stressed
plants than in non-stressed plants (41). Such increments in
WUE would depend upon the duration and intensity of water
stress, a# increasing the CQ, concentration will have
little effect if the stomata are already closed.

The partiticoning of photosynthetic assimilates could be
congidered in two aspects:
a) Partiticning of photosynthates +to different organs

b)Y Blochemical partiticning between starch and sucrose

CO; enrichment has been ghown to increase root to shoot
ratic for barley, Kale, sugar beet, rice wheat & radish
under greater higher light flux and plant age. Un the other
hand chrysanthemum and maize did not show any response (39,
51, 52, B3). It is also to be noted that inconszistent data

were obtained for maize and soybean (00, 54, £5).
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During vegetative development in rice, increasing the €0y
concentration led to increasge in leaf and culm total non-
structural carbohydrate, 1leaf setarch and leaf sucrose

concentration.

At maturity the concentration of carbohydrates in the grain
wag similar in all 002 treatments. even the grain size,
number of filled grain per panicle were similar in all the
COy; treatment. However, there were more panicles per plant
which resulted into higher yield (38). Leaf carbon budgets
for the light period have revealed that plants grown under
subambient C0, conditions, and thus reduced photosynthesis,
gave priority to the storage of carbohydrates over the
export of sucrose early in the season. With increasing COq
concentrations the priority has shifted more towards export
than carbohydrate storage (38, 49).

The partitioning behavior is observed to be highly species
specific. It was reported that family 20818 of Pinus
radiata D. Don partitioned larger amounts of dry matter to
trunke than family 20062 which favored roote and branches.
Wood density hae also increased at elevated COp levele in
family 20919 because of the thickening of tracheid walls
(33). Mangosteen partitioned wmost of the photosynthate
towarde roote and trunk at elevated CO,p levels (34).
Chemica] Partitioning:
Analysis of leaf samples revealed that sucrose was the main
soluble sugars and starch was the main non-soluble carbohy-
drate in rice plant. Leaf starch and sucrose concentration
increased with increasing CO, at 19 days after planting
wherein starch showed the maximum response. There was
linear relationship between leaf starch/sucrose ratio and
COp enhancement. In soybean leaves nearly all of the extra
carbon fixed as a result of COp enrichment was partitioned
into leaf =tarch (56). Tomato plants grown at 900 ppm Cog
concentration contained more eugar and starch than the
control. However, no significant accumulation of etarch
and sugar was observed in young leaves. The chloroplast of
tomato plante exposed to higher COp levels exhibited
marked accumalation of starch (18).
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In general, when exposed to elevated CO; 1levele, plants
tend to export ite photosynthate 1o other organe so ze to
check the feed back inhibition imposed by starch accumula-
tion on photosynthesis.

GLOBAL CO, DOUBLING AND FUTURE SCENARIO

It is likely that, as predicted by Kimball (36, 57) and
Cure and Acock (37), a doubling of C0; concentration would
have beneficial effects on agricultural yield. However, all
the experiments suffer from the limitations of being con-
ducted under greenhouse conditions where only €O, concen-
tration is changed and all the other environmental varia-
bles including temperature, humidity, irradiance are main-
tained constant. 1f COZ level is doubled by 21825 A.D., it
would accompany changes in temperature and rainfall pattern
too (58). If temperature and humidity are changed along
with CO; concentration then the results of the experiments
on photosynthesis are to be re-examined. Under most natu-
ral environment plants do not receive water and nutriente
optimally for their growth which further complicates the

whole scenario.

Planting of perennial woody species would certainly be
useful in the context of global COy change since they are
regarded to function ee sirong sinke for atmospheric COg5.
Thus, acting as a buffer (1) to reduce the elevated atmos-

pheric COZ levels.

Species specific response to elevated 002 levels may alsc
lead to changes in vegetation patterns and the composition
of some ecosystem (14). The higher than ambient levels of
COQ in the atmosphere if maintained over long pericds might
lead to improved competitive ability for 03 plants in
relation to Cy plants. In the long range it might also
happen that the natural occurrence of the Cq/Cy intermedi-

ate is diminished.

Much greater work is required tc predict the effects of
superambient CO, concentrations on overall plant growth and
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development, in relation toe other environmental variables.
The observed e=ffects should alse be analysed to assers
whether they are the result of the influenrce of high COQ on
photosynthesis per se or indirect iafluence through invest-

ment in new growth or development.
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Impact of Global Climatic Changes on Photosynthesls and Plant Productivity

FUNCTIONAL MODELS OF WATER OXIDATION
COMPLEX IN PHOTOSYSTEM i

§.Padh§e1, R.Yerandel, U.Hegdel, A.Kumbharl,!.
Klimov#4, G.Ananyevz, S.AllakhverdievZ,and S.
Zharmukhamedov?; 1Department of Chemistry,
University of Poona, Poona -411007, INDIA;
Institute of Soil Science and Photosynthesis,
USSR Academy of Science,Puschino, 142292 USSR. '

A tetranuclear manganese cluster in Photosystem II

( PS II) in green plants has been shown to play an
important role in catalytic oxidation of water to
molecular oxygen. Based on known properties and
spectral profiles of this cluster attempts have

been made in the past towards synthesis and chara-
cterization of spectral and structural analogs of
the water oxidation complex (WOC).In no case the
synthesized compounds were able to evolve molecular
oxygen from water.A tetrameric manganese cluster in-
corporating carboxylate and catechol ligand bridges
is capable of reconstituting the photoinduced oOxygen
evolution and variable fluorescence indicating its
close similarity to structure and function of the
native manganese compound.The compound thus consti-
tutes one of the few examples of 'functional models'’
of the photosynthetic water oxidation complex.
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Introduction

Natural photosynthesis converts large quantities of
solar radiation into chemical energy which is used as fuel,
food and ‘fiber. The efficiency of natural system is
apparently low (seldom exceaeds 1%1) for most of the
cultivated plants. Attempts are underway presently to
improve this efficiency by genetic and agronomic
techniques. Another approach is to develop biomimetic
synthetic systems which can avoid the unwanteg
physiological and agronomic side effects of natural
photosynthesis which may have greater potential for solar
energy bioconversions. Such artificial systems can also
contribute to our understanding of the structure and
functions of the natural assemblies (11].

In the present communication we report the synthesis
and characterisation of a novel, tetrameric manganese
cluster containing carboxylate and catechol bridges which
is capable of photoreactivating variable fluorescence (AF)
as well as 0> e@volution in Mn—-depleted pea subchloroplast
particles upon reconstitution. This synthetic clusger is
model led after the water oxidation complex (WOC) containing
manganese ions present in photosystem II (PS5 1II) of
chloroplasts. There are a good number of reports available
on the probable structural organization and function of WOC
although none of them provide a complete picture. This has
infact led to many controversial interpretations. There is,
however, a general agreement on the view that the cluster
consists of four manganese ions [2] and that it is capable

af cycling between five discrete oxidation lavels
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{ So to S4 ) during catalytic water oxidation cycle [31].
The manganese ions of the cluster seem to be inequivalent
as they are released and reincorporated differently [2].
Speculations regarding the organization of manganese ions
have largely come from EPR [4,5],EXAFS and XNES studies [61.
Based an tha spectroscopic results several putative
manganese compounds have been synthesised as the structural
models of WOC [71 but none have actually been shown to
evolve oxygen except a dimer described by McAuliffe [81.

Against this background we have chosen to eamploy
"anchored catechol” ligands as close analogues of the
peptide raesidues around manganese ions in the natural
system and have prepared a tetrameric cluster which can be
substituted for the native WOC in the Mn-depleted pea
subchloropl ast particles.

It has recently been reported that such Mn-depleted
pea subchloroplast particles when re—-constituted with
monomeric Mn complexes with different oxidation levels are
able to restore variable fluorescence (AF) to some extent
but fail to reactivate 0z evolution [91. The work described
in the present communication reveals that reactivation of
0Oz evolution is  possible only with the tetrameric Mn
clusters which confirms earlier hypothesis that 4 Mn atoms
act in wunison during 0z evolution. Our results also
suggest that the present synthetic tetramer has a close
analogy with the native WOC which opens up the possibility
of achieving an important task in construction of

artificial photosynthetic systems.
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Experimental

The manganese tetramer used in the reactivation
exparinents was synthesized by the interaction of msanganese
({11) acetate with " anchored catechol " 1ligand {(L1) in
ethanol under Nz atmosphere as described in case of
quinonoidal complexes [10]). Calculated for Mne Csa Hsas Na
Oas3 Cal.: C,44.08;3 H,3.703 N,6.05;3 Mn,23.72%; Found 13
Cy44.72; H,3.463 N,6.133 and Mn,23.06%.

Pea subchloroplast particles enriched in PS 11 (DT-20)
were isolated by centrifugation of choloroplast
suspension at 20 000#g pre—treated with 0.4% digitonin and
0.1% Triton X-100 as described by Klimov et al.[11]. The
details of the complete extraction (mare than 98%1) of Mn
and water soluble proteins with molecular masses 17, 23 and
33 kDa fraom DT-20 particles and reconstitution of these
particles with synthetic model complexes alongwith the
mathod of measurements of restoration of variable
fluorescence (AF) and 0Oz evolution have been described
previously [12-15].

Results and Discussion \

1. Description of the tetrameric cluster:
The interaction of manganese acetatea with the

"anchored catechol” ligand in ethyl alcohol results in a
yellow green compound which on a mslow evaporation yields
crystals suitable for X-ray crystallography. The
crystalline compound gives satisfactory fit for the
formulation [Mn. (L)= (CHs CO0)4 J.Hz0 while cryoscopic
measurements in acetonitrile solvent provide a molecular

weight of 921.103 for it. /
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The structural features as revealed from our prelimin-
ary X-ray crystallographic studies indicate a linear
arrangement of the manganese atoms with anchored catechol
ligands providing the bridges for the inner manganese atoms
while two carboxylate moieties furnishing additional
bridges for the outer manganese atoms. With this kind of an
arrangement the internuclear distances between the inner
manganese pair turns cut to bhe 3.05 A® while it is found to
be 3.30 A® between the outermost manganese pair. These
values are resonably close to the values provided by EXAFS
measurements on chloroplast preparations which are found to
be 2.7 A® and 3.3 A® for the inner and outer manganese
pairs respectively [6].

The infrared spectra of the tetramer exhibits strong
absorptions characteristic of acetate and catecholimine
coordination. The splitted absorption for the acetate
groups at 1580 and 1420 cm™* probably originates from the
symmetric vibrations of the acetate chromophore [16] and
the span of these modes (A=160 cm— 1) is within the range
generally observed for the symmetrically bridged
carboxylate groups [17]. Other prominent IR spectral
features of the compound include the (C=N) imine vibration
which is shifted to lower wavenumbers upon coordination.Two
strong absorptions at 1430 and 1270 cm~? respectively are
abviously diagnostic of catechol coordination [18].

The electronic spectra of the tetramer shows
weak intensity spin forbidden d-d transitions
Characteristic of Mn(lIl) complexes flanked by intense

chhrge transfer bands at 24210 cm™! associated with the
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metal ~quinone complexes . The solid state magnetic moment
of the complex varies from 11.33 B.M. at 300 K to 3.24 B.M.

at 5 K per tetranuclear manganese (II) cluster. The plot

of the magnetic parameters with temparature (Fig. 1) shows

different slope characteristics giving support to the

observation that manganese pools in this tetramer are

hetrogeneous in the sense that one pair of the ions are

strongly coupled while in the other pair metal ions are

weakly coupled. A detailed analysis of the magnetic data

and EPR spectral features of this tetramer shall be

reported elsewhere.
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Fig.1. Temperature dependence of magnetic
susceptibilities and effective magnetic moments

(neff/Mna) of the Manganese Tetramer.
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2. Reconstitution Experiments:

Complete removal of Mn and water soluble protains
with moleculer weights 17, 23 and 33 kDa from pea
subchloroplast particles ( DT-20 ) shows a compl ete -
inhibition of oxygen evolution and photoinduced slectron
transfer [12,13]. Only a joint addition of MnClz and CaCla
results in a gradual restoration of the 0z evolution under
continous illumination conditionas [131. Ca*= is highly
specific in the reactivation and the restoration requires a

vary high concentration of Ca*= ( Fig.2 ).
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Fig.2. Depsndence of the rate of oxygen evolution in

DT-20 particles (lacking Mn & water soluble proteins)
on concentration of CaCl= before (1) and after (2)

readdition of the sum of the proteins with moleculer
weights 17,23 & 33 KD in ratio 131 with P&80. The
medium contains (mM) @ MNCla (0.003), ferricyanide
(0.25), MES-NaOH pH 6.5 (%0), sucraose (400), NaCl (3%)
Actinic light > 600 nm, 3535 W/cm.Chl.concentration 200

ag/ml.
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Since a funtionally active oxygen evolving complex can
be reconstituted after a complete removal of Mn from
subchloroplast particles in the absence of water soluble
proteins (17.23 and 33 kbDa ) it is clear that they are not
the binding sites for Mn involved in oxygen evolution. When
the sum of these proteins is added toc the depleted
particles, the reactivation is observed at a much lower
caoncentration of Ca*® although the maximal rate of oxygen
evolution is not increased (Fig.2).

Il1lumination of the untreated DT-20 particles by
actinic 1light induces an increase in AF by a factor of
2.5-3.0 and a ﬁomplete extraction of Mn ie accompanied by
15-20 fold decrease of the pthoinducndZ&F [11]1.Addition of
Mn** (as MnCl2) leads to an almost complete restoration of
the A Flupto B85% of the original A F value observed for the
untreated DT-20 particles) which on treatment with EDTA is
found to be dramatically quenched indicating that in such a
restoration manganese ions are essentially acting as free
ions donating electrons to ZI* or P680* species.

A very aeffective reactivation of the photoinduced AF
is observed when MnCl is replaced with the present
synthetic tetrameric Mn complex and that also at a very laow
concentration i.e. 2 molecules (B8 Mn atoms) per reaction
center. Further, the restored AF is not inhibited by an
addition of EDTA which indicates that the intact complex
and not the free Mn ions (which could be released due to

decomposition) are responsible for the reactivation (Fig.3).
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soluble proteins) by synthesized Mn complexes. (1) No
addition (2) After additions of monomeric Mn complex
(0.4 uM, 8 molecules/RC), (3) MnCl> (0.4 uM, 8 Mn/RC)Y,
(4)tetrameric Mn complex (0.1 uM, 2 molecules , 8 Mn
atoms/RC). Dashed line of (3) & (4) are same as (3) &
(4) in presence of S0 uM EDTA. Chl. concentration 10

ng/ml.

Monomeric Mn complexes of quinone ligands had earlier been
shown by us to restore A F to some extent but at very high
concentrations [?]. It ie , therefore, significant that the
pPresent manganese tetramer is able to reactivate AF at such

& low concentration. Finally it is interesting to observe
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that the reactivation of oxygen evolution can be very
effectively achieved by this tetramer (Fig.4). The rate of
oxygen evolution in presence of 2 molecules of tetramar
( 8 Mn atoms/RC ) is found to be S5-4& times higher than that

observed in case of activation by MnCl.. What is most
peculiar about this photoreactivation is the fact that
monomeric Mn complexes do not show any reactivation of

oxygen evolution [9]. The reactivation of axygen evolution

— 0, evolution (arb. units) —=

on

Fig.4. Resactivation of oxygen evolution in DT-20
(lacking Mn & water soluble proteins) by synthesized
Mn complexes.

1. DT-20 (lacking Mn & water woluble proteins),

2. After additions of monomeric Mn complex,

3. MnCl=,

4, Tetramarié Mn complex.

Concentrations same as in Fig.3. and conditions same

as in Fig.2.

328



by the present tetramer requires an addition of high

concentration of Ca*= ions ( 20-30 M ) as well as

photoreactivation procedures indicating that some

additional interactions between the tetramer and PS II

components are present which are being investigated

further. However, the restoration of oxygen evolution and
reactivation of photoinduced AF suggest that the structural
conformation of our synthetic tetramer after incorporation
into the subchloroplast particles must be very similar to

that of the native Mn-cluster of PS II.
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INTRODUCTION

A tetranuclear manganese cluster is essential for
oxygen evolving activity of photosystem II (PS II) along
with Ca’ and Cl1~ ions (1). 0Og evolution from water 1is
- carried out by the transiently oxidized manganese
cluster in a cycle of 4 flashes commonly referred as the
S5-Cycle (2). Ca* ions have been shown to be necessary
. for the maintenance of structural integrity of the
polypeptides around manganese (3-5). On the other hand,
chloride ions are required for the steady gtate
0, evolution (6,7) as well as for the advancement of a
particular S-state (8). Inspite of the rapid advances
made in the past decade on the structural organization
of water oxidation complex of PS 1II, our understanding
of the molecular mechanism of water oxidation is far
from complete. Several mechanistic models have been
suggested to account for spectral and magnetic
properties of the native manganese cluster. Amongst
these the “cubane - adamentane” model of Brudvig (9),

the “butterfly” model of Vincent and Christou (10) and
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the “trimer-monomer” combination of Dismukes (11) figure
prominently. ©Some of these models have suggested that
chloride 1ion <c¢an be ligated to Mn (6,12), or may be
required to stabilize a positive charge on the Mn-
containing oxygen evolving enzyme (13,14), Kinetic
studies suggest that the depletion of Cl1™ ions inhibits
the advancement of the Mn-oxygen evolving complex beyond
the So-state (15,16), while other studies have
implicated a role for Cl™ in the S3 to S, transition
(17). Although the requirement for Cl™ ion on the donor
side of P3 II and its 1involvement with the oxygen
evolving complex have been established, a selective
structural probe to unravel ite site and mode of action

ie very much needed.

Crown ethers are well suited for probing the role
of C1™ ions in the photosynthetic electron transport in
the isolated thylakoid membranes due to their excellent
complexing abilities towards alkali and alkaline earth
cations as well as for the anions and neutral low
molecular weight species (18,19). The crown ethers havek
been shown to discriminate between and within the group -
of alkali and alkaline earth cations, and also they
exhibit preferential binding with the associated anionic
species (20,21). We are thus interested in examining
the effect of various crown ethers and their derivatives
on the photosynthetic electron transport processes in

the isolated thylakoid membranes. The work is thus a
/
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continuation of our recent studies on the use of
developing chemical probes for the higher oxidation
states of Mn ions in the transient S5-states (22) and for
revealing the amino acid residues involved 1in the

binding of Mn ions (23).

In the present communication, we have extended our
earlier studies on the picrate derivative of K (18-
Crown-6) compound, (I), which is a versatile

discriminating macrocyclic compound for examining the

Fig.l 1, K(Picrate)(18-Crown-6)

reversibility of the <chloride ion inhibition and
corresponding effects on the photosynthetic electron

traneport in thylakoids of beet spinach (Beta palange)
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(24). The results suggest that the site of the action of
crown compound is on the Cl1™ ion pool in the thylakoid
membranes. The reversibility and selectivity of C1- ion
depletion by (I), (see Fig.l), lead ue to assume that C1l~
ione are probably involved not in the direct bonding
with the Mn-ions but as stabllizing anions towarde +the

posltively charged manganese clusters (25).

Experimental Methods and Materlals

Thylakolid preparation

Broken chloroplasts (thylakoid membranes) were
isolated from freshly harvested spinach (Beta palanga)
leaves. Hell washed, deribbed leaves were homogenized
in ice cold isclation medium containing 300 mM NaCl, 5
mM MaCl, and 50 mM Hepes - KOH (pH 7.5). The homogenate
was filtered through 4 layers of Mira-cloth and the
filtrate was initially centrifuged at 300xg for 3 min to
Tremove the cell debris. Supernatant from this
centrifugation was recentrifuged at 6000xg for 5 min to
pellet the thylakoid membranes. The pellet was once
washed with the isoclation buffer and finally suspended
in the same medium, so as to obtain chlorophyll (Chl)}

.concentration of 1 mg 11,
Electron Transport Assay

Photosystem II (PS II) dependent (Hp0 -->pBQ)

photo-electron transport rates of 1isolated thylakolds
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were measured polarographically using a Clark - type Oy
electrode (24). Unless otherwise mentioned, the
reaction mixture for the measurement of PS II catalyzed
electron transport in a total volume of 1 ml contained
100 mM esucrose, 10 mM NaCl, 5 mM MgCl, and thylakoid
equivalent to 15 ug Chl. pBQ at a concentration of 0.5
mM was used. The Op evolution rates were measured at
rate saturating light intensity ( 470 Wm™2) at 25+1°C.
Chloride dependent stimulation of PS II activity in
chloride depleted and crown compound, (I), +treated
thylakoids (see below) were alsc measured
polarographically by addition of varying concentrations
of NaCl. Other anions like Br~ (ae NaBr) and 504' (as
Nay504) or catione like ca*? (as CaCl, or CaS04) or Hg+2

(a8 MgClz) were also used when required.
Preparation of chloride depleted thylakoids

Thylakoids depleted of chloride ions were prepared
following the methods of Hind, Nakatani and Izawa (1868)
and by Izawa, Heath and Hind (19689). In brief,
thylakoide were isclated in a medium containing 0.1 M
Nap,50,, 0.03 M TES-NaOH (pH 7.4). The thylakoids were
pelleted at 6000xg for 5 min.  Sedimented thylakoids
were washed three times with a medium containing 0.1 M
sucrose, 2 mM Tricine - NaOH (pH 7.8) and 0.5 mM Naop-
EDTA. The thylakolds were finally taken up in a medium
of 0,1 M sucrose, 0.6 mM TES - NaOH (pH 7.4) and 5.0 mM

MgSO4. A brief exposure of thylakold suspension to room
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temperature (25°C) during washing promoted the release

of chloride from the lamellae.
Crown compound treatment of thylakoids

Isolated thylakoids, suspended in the isolation
buffer containing 1 mg Chl ml™! was incubated with 5, 20
and 50 uM crown compound (K-Pic-18-Crown-6) for 20 min
at 4°C in dark. The crown compound (I), incubated
thylakoids were finally spun down at 6000xg for 5 min
and suspended in chloride free medium containing 100 mM
sucrose, 5 mM MgS0; and 0.6 mM Hepes buffer adjusted to
the pH 7.5 with KOH. Similarly crown untreated
thylakoids were spun, washed down and suspended in the

chloride free medium which served as the control.
Chemicals

Aqueous solution of K-(Picrate)-(18-Crown-6) was
used in the experiment (see reference 24). PBRQ wae
recrystalized through sublimation and used for assay as

aqueous solution.
Results and Discussion

It had been shown earlier that K (Picrate) (18-
Crown-6) compound, (I), inhibits the electron transport
in the beet spinach (Beta palarga) thylakoid membranes
to the extent of 75% at an optimum concentration of 10

uM (24). It wae also obeerved that PSI catalyzed
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electron transport activity remained insensitive to the
treatment with this crown compound even at higher
concentrations (20 uM). The experiments with external
electron donors like diphenyl carbazide (DPC) and NH,OH
had indicated that the site of inhibition of electron
transport 1s probably close to the donation site of
these exogenous electron donors. In view of the Kknown
discriminating properties of a charge-separated crown
compound such as K (Picrate)(18-Crown-6) towards cations
and anione (28) the most likely species to be affected
by thie compound is Cl1~ ions and this hypothesis can be
examined by reactivation of the crown-treated samples by

the additione of exogenous Cl~ ions.

Treatment with the crown compound, (I), (see
Fig.1l) results in & substantial lowering of the O,
evolving ability of the thylakoids which is very similar
to the effect produced by Cl™ ion depletion (see Fig.3)
following the procedures described by Izawa et al, (27).
Additione of different concentrations of Cl1~ ions (as
NaCl) restored the electron transport activity
(Fig.2(B), (C) and (D) nearly tc¢ the same extent as in
case of the untreated samples (Fig.2A4). The maximal
restoration of electron transport was obtained at about
20uM and the restoration remained unaffected thereafter.
The Cl1~ ions depletion by repeated washings protocols
developed by us (Fig.2(A) and by the method of Izawa's

{Fig.2(D) yielded similar results on the restoration of
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0, evolution indicating that both the procedures are
effective 1in Cl1™ ion removal and are compatible. Our
present resulte thus lend support to the earlier
suggestion of Cl1l~ 1ione being the target site of K-
(Picrate) (18-Crown-6) treatment. Considering that C1~
ions have been implicated as the stabilizing counter
anione for higher GS-states of the oxygen evolving
complex (8,25) it is reasonable to suggest that they may
be affected most by the present crown compound, (I),
treatment. The ease with which the inhibitory effects
of crown compound, (I), treatment are reversed by the
addition of exogenous Cl~ ions make us also suggest that
Cl™ ions are essentially acting as the stabllizing

counter anions in the Mn-oxygen evolving complex (25).

The capabilities of various alkali and alkaline
earthse salt 1in restoring oxygen evolution in the
chloride depleted beet spinach thylakoids is shown in
the histograms in Fig.3. It can be seen that the most
effective restoration of 0y evolution is
obtained with Cl1~ ions followed by Br™ and S04 ions.
The much lesser activation obeerved in case of CaCl, may
probably be due to the formation of charge-separated and
vet picrate-chelated compounds described in case of Cs -

(Picrate)(Benzo-18-Crown-6) crown compound (28).
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Figure Legends

Fig.2

Fig.3

Effect of addition of varying concentratione
of NaCl on the photosystem II catalyzed
electron transport activity in crown compound
treated and control thylakoide (A], control-
washed thylakoide to free Cl1- ions (Crown
compound untreated), [B], (C] and [D] &, 20
and 50 uM crown compound treated and then
washed thylakoids respectively (E], electron
transport activity of chloride depleted
thylakoids prepared according to Izawa et al,
(27). The insets (in Fig. A and E) show the
effect of addition of NaCl on untreated
thylakoids. All other detalls as in
experimental methods. The data represent the
mean value of three independent batches of
thylakoid preparations. The variations in

rates are shown as standard deviations.

Histogram showing the effect of addition of
different anions and cations (indicated 1in
the figure) on the photoelectron transport
activity of [A], Chloride depleted and [B],
Crown washed thylakoide. The added
concentrations are #&e indicated in the
figure. Chloride depletion was done a&as in

Fig.2 {E].
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

A UNIQUE ROLE OF CARBON DIOXIDE IN PHOTO-
SYSTEM |

Govindjee

Departments of Physiology & Biophysics, and Plant Biology,
University of Illinois at Urbana-Champaign, 505 South

Goodwin Avenue~-289 Morrill Hall, Urbana, IL 61801-3793, USA

1. ABSTRACT

An evaluation of the effect of predicted global increases in CO, on
photosynthesis should include not only an exmination of the effects on
CO, fixation, but also on the so-called bicarbonate effect in photosystem
II. This bicarbonate effect involves a unique stimulatory role of CO,
(or HCO;) in the conversion of plastoquinone to plastoguinol at the
reaction center of photosystem II. After providing an introduction to
the reaction centers of photosynthetic bacteria and photosystem II and
to the bicarbonate effect, we will review here recent results that
establish the following: (1) the bicarbonate effect is absent from the
reaction centers of the green photosynthetic bacterium Chloroflexus
aurantiacus and mutants of purple photosynthetic bacterium Rhodobacter
sphaeroides; (2) inhibitors, such as formate, indeed release, and, thus,
deplete CO, from thylakoid membranes; and (3) both the reaction center
proteins D1 and D2 are involved in the bicarbonate effect since certain
D1 and D2 mutants, altered in single amino acids, show differential
sensitivity to bicarbonate-reversible formate effects. We will then
discuss a current hypothesis, based on an iron-(bi)carbonate containing
protein; it envisions CO,/HCO; binding on the Fe and certain specific
amino acids, including arginines, in the PSII reaction center proteins
D1 and D2. This binding is suggested to provide stability to the
reaction center and stimulate electron flow and protonation required for
plastoquinol formation. Finally, a possible relation of low affinity
HCO; binding sites to the phenomenon of photoinhibition will also be

discussed.

2. INTRODUCTION

All life on earth has been divided into three domains: archea;
bacteria; and eucarya [1l}. True photosynthesis involving redox
components occurs only in the latter two. Photosynthetic bacteria, such
as the well-known purple bacteria Rhodobacter sphaeroides and
Rhodopesudomonas viridis, the green bacteria Chlorobium thiosulfatophilum
and Chloroflexus aurantiacus, and the bacteriochlorophyll~g-containing
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bacterium Helibacterium chlorum, are all anoxygenic, i.e., they do not
evolve 0,. On the other hand, all cyanobacteria (example, Synechocystis
8p.). algae (example, Chlamydomonas reinhardtii) and other
photosynthesizing plants are all oxygenic, i.e., they evolve O,.

Cyanobacteria and plants contain two types of reaction centers (I
and II), that operate in series, to transfer electrons from H,0 to NADP*
[2-4]). Purple photosynthetic bacteria and Chloroflexus type green
bacteria contain reaction centers that are similar to reaction center II
[5] although a major difference is that they do not oxidize H,0 and do
not contain Mn (cf. ([6]). A cyclic reaction produces high-energy
intermediate that is used to reduce NAD' by reversed electron flow using
external hydrogen donors. On the other hand, Chlorobium type green
bacteria and Heliobacterium chlorum contain reaction centers that appear
to be similar to reaction center I: NAD is reduced by externally added
hydrogen donors. A possible scenario for the evolution of photosynthetic
reaction centers has been discussed by Olson and Pierson [7]}.

2A. Reaction Centers

A major breakthrough in photosynthesis research has been the
crystallization and X-ray structure of reaction centers of photosynthetic
bacteria Rhodopseudomonas viridis and Rhodobacter sphaeroides [8-10].
The reaction center proteins L and M, that are similar in many respects
to the reaction center proteins D1 and D2 of photosystem II of plante and
cyanobacteria, harbor 4 bacteriochlorophyll, a or b, 2 bacteriopheophytin
a or b, two bound ubi- or mena-quinones Q, and Qz and an iron atom. These
reaction centers transfer electrons from their primary electron donor
special pair bacteriocholorophyll P870 (R. sphaeroides) or P960 (R.
viridis) to their, respective, electron acceptor bacteriopheophytin a or
b within about 3 ps [11}. Recently, Holzapfel et al. ([12] have
established that a bacteriochlorophyll monomer is an intermediate between
the primary electron donor and the bacteriopheophytin. However, the
other bacteriochlorophyll monomer and the other bacteriopheophytin
molecule, situated on the "M" side of the reaction center, do not
participate in this photochemistry. The photosystem II reaction center
has been shown to contain 6 chlorophyll a molecules and 2
bacteriopheophytin molecules [13]; the Q, and Q; are bound plastoquinone
molecules. Wasielewski et al. [14] have shown that, 1like in
photosynthetic bacteria, the charge separation, i.e., creation of
oxidized reaction center chlorophyll a molecule, P680*, and the reduced
pheophytin molecule, Pheo’, occurs in 3 ps. Furthermore, this charge
separation, like that in photosynthetic bacteria {15}, becomes faster
{1.4 ps) at low temperatures (such as 15K) as compared to that at the
ambient temperature (16). As in photosynthetic bacteria, the primary
electron donor, P680, also appears to be a dimer [17]}. Whether
chlorophyll a monomer is an intermediate between P680 and pheophytin is
not yet known. By analogy to photosynthetic bacteria, we speculate that
photosystem II primary photochemistry may occur as follows:
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P680 chl Pheo +hy 2_{; - P680° chl Pheo (1)

P680°Chl Pheo 385 P680* ChlPheo (2)
P680* Chl Pheo <% P680* Chl Pheo  (3)

The primary reactants return to their original state after Pheo’
transfers its electron to the primary quinone Q, within 200 ps [18,19],
and P680* transfere its positive charge (hole) to the electron donor 2
within 20-200 ns {20,21] depending upon the flash number that determines
the state(s) of the charge accumulator (M) on the water oxidation side.
Recently, it has been shown that Z is a tyrosine residue (Tyrosine-161)
in the D1 protein [22]. (Since chlorophyll -a flourescence yeild is
extensively used to monitor photosystem II chemistry, we remind the
readers that, in addition to the well-known quencher Q, (23], P680* and
Pheo” also act as quenchers of antenna chlorophyll a fluorescence.)

The major difference between photosynthetic bacteria and
photosystem II lies in the inability of the former to oxidize water to
0,. P680/P680* has a very high (Em,, = +1.1V) redox potential [24] and
is, thus, capable of water oxidation (Em,, for H,0/0, = + 0.9V) whereas
P870/P870* has too low a redox potential (Em,, = +0.4V). In addition,
the amino acid sequences of D1 and D2 on the lumen side of photosystem
II are such that they can easily bind Mn atoms (6,25,26] needed for O,
evolution, whereas L and M bind, instead, cytochrome of the ¢ type [10].

In addition to the similarity in the arrangement and the chemistry
of the primary reactants of photochemistry, discussed earlier, the
reduction of the secondary quinone (Qz) to quinol (QgH, also appears quite

similar [27,28}. A possible common scheme is:

0xQ; +'hy - NN (%)
Qa0s Dilg QaQe (5)
QuQy + H* - QaQ (H*) (6)
Q@ (H*) +2hy, > QuQs (H*) (7)
QaQs (H*) o Qe (HY) (8)
QM7 (H') + H* €7 Q.07 (2H')  (9)
0427 (2H") e Q,Q:H, (10)
QaQeH, -~ Qa + QH,  (11)
Qs + Quinone e Q,Qa (12)

The above scheme includes the concept of (a) the "two electron gate”
(i.e., Q; has to be doubly reduced before the quinol, QiH,, will be
released from the reaction center) (29,30); and (b) protonation involves
initial binding of H* to an amino acid, rather than directly to Qu (31}.
The involvement of aspartic acid-213 on the L-subunit of R. sphaeroides
in protonation steps has been elegantly shown by site-directed
mutagenesis studies of Takahashi and Wraight [32]. Inspite of the
suggested similarity of photosystem II and photosynthetic bacteria in
reducing quinone to quinol, a remarkable difference has been observed.
Neither the reaction centers of the purple photosynthetic bacteria
[33,34,35]), nor that of the green bacterium Chloroflexus aurantiacus [36]
show inhibition of electron flow by formate ([33-35]) or nitric oxide
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{35,36]. In contrast, both formate and nitric oxide cause remarkable
bicarbonate-reversible inhibitory effects in plants (37,38} and
cyanobacteria (39,40). We refer the readers to reviews of Govindjee and
Wasielewski [41] and of Hansson and Wydrzynski [42) for further details
on photosystem II.

2B. The Bicarbonate Effect

Warburg and Krippahl [43) discovered that removal of CO, from
photosynthetic samples inhibits Hill reaction. Readdition of CO,/HCO,
restores the Hill reaction. This is called the bicarbonate effect.
Warburg (44} argued that CO, muat be the source of O, in photosynthesis
contrary to the generally accepted idea that H,0 is the source of O, (see
review [37]). Heavy oxygen-18 studies of Guy et al.[45) (J. Berry,
personal communication, 1990) clearly show that H,0 is the source of 0O,.
Although a bicarbonate effect can be observed by removing CO, without the
use of molecules that replace/displace CO, [46-49]), a large reproducible
effect is observed when formate (50,51) or nitric oxide [35,52) is used
to replace/displace CO, or HCO;. Addition of formate to thylakoids at pH
9.5 indeed releases CO, {53) although Stemler (54) did not observe any CO,
release upon formate addition to osmotically shocked maize thylakoids at
pH 6.0.

The bicarbonate effect has been monitored, over the years, by
measuring saturating rates of electron flow (O, evolution or reduction of
electron acceptors); 0, evolution, proton release or thermoluminescence
per flash in a sequence of bright, brief light flashes; chlorophyll a
fluorescence transients; decays of chlorophyll a fluorescence yield,
delayed light emission, and absorbance changes due to the formation of
Q. or Qg after light flashes; Mossbauer and ESR signals due to the non-
haem iron; changes in photosystem II herbicide binding characteristics,
etc. The phenomenon of the bicarbonate effect has been reviewed at
regular intervals since 1978 (37,38,55-60].

No bicarbonate effect is observed in photosystem I (51,61]). No
significant effect has been observed in O, evolution kinetics per se
after a flash {58,62]), electron flow between the intermediate "M" and "z"
(631 and between "zZ™ and P680 (63,64] on the electron donor side of PSII.
A major site of the bicarbonate effect has been located between Q, and
the plastoquinone pool through measurements on partial electron flow
segments of the Hill reaction (51,61,65,66} and through kinetic
meaurements of Q, decay in repetitive (63,67) and after single flashes
of light (35,68-73). A much larger slowing down of electron flow occurs
after second (or third) and subsequent flashes than after the first flash
upon depletion of CO,; this effect is fully restored upon the readdition
of bicarbonate. A thorough depletion of CO, can easily lead to a 10-20 -
fold inhibition of electron flow that can be fully restored to control
values upon bicarbonate addition. 1In control membranes, the bottleneck
reaction is the (transport and) reoxidation of plastoquinol:
approximately 4 ms/e at room temperature. In coz-dépleted thylakoids,
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the decay of [Q,] after the 3rd and subsequent flashes is of the order
of 150 ms [68); a similar value was observed when the rereduction
kinetics of P700* was measured [67). In the first approximation, these
slowed reactions, interpreted to be either in the production of quinol
(QsH,;) and/or its release, seem sufficient to explain the inhibition of
the Hill reaction. However, quantitation and precise explanation
requires parallel measurements on the decay of various intermediates and
the overall electron flow in a sequence of flashes with appropriate dark
times between flashes in identically treated samples.

The location of the major effect between Q, and the plastoquinone
pool is supported by the following observations:

(1) Photosystem II herbicides, that are known to inhibit
electron flow by displacing Qg [74,75), affect the binding of herbicides
[65,76]) and vice versa [66,77].

(2) Nitric oxide, that binds to non-haem Fe[52] between
Q. and Qg, shows bicarbonate-reversible effect in electron flow from Q,
to the plastoquinone pool [35). Disulfiram, an iron chelator, is shown
to cause effects similar to that of CO,-depletion {78) although this
effect cannot be reversed by bicarbonate addition. Furthermore formate,
used to deplete CO,, was shown to affect Q,Fe ESR signal [40,79] and the
Fe signal, as measured by Mossbauer spectroscopy [80,81].

(3) Herbicide-resistant D1 mutants, altered in single amino
acides in the Qz-binding region [82], show differential sensitivity to
bicarbonate-reversible formate effects, both in Synechocystis sp. PCC
6803 [83] and in Chlamydomonas reinhardtii [84]}. Furthermore, D2
mutants, that had been constructed in which arginine 233 was changed to
glutamine (R233Q) or argine 251 was changed to serine (R251S), were found
to be ten times more sensitive to formate than the wild type
Synechocystis sp. PCC 6803 [85].

Consistent with the effect on D1 and D2, but on a reaction prior
to Q., Mende and Wiessner (87} have observed a parallel decrease in
variable chlorophyll a fluorescence and O, evolution when CO, was removed
from Chlamydobotrys stellata cella. This phenomenon was confirmed in our
laboratory in spinach leaf discs [49) and in Chlamydomonas reinhardtii
cells ([88]). We have however established that the same phenomenon
persists in mildly heated (that lose water oxidation activity) and
hydroxylamine treated samples. Thus, this effect appears to be located
somewhere between Z and Q,. C. Xu (personal communication, 1990) has
observed that in spinach thylakoids, at pH 6.7, an effect prior to Q, is
observed at short times after mixing of thylakoids with formate; at later
mixing times the effect beyond Q, predominates. It is necessary to test
if this effect is between Z and P680, and/or between pheophytin and Q,.

We shall now summarize our recent results on the absence of formate
and NO effects on the reaction centers of the green bacterium
Chloroflexus aurantiacus [36); CO, release from thylakoid membranes upon
formate addition [53}; differential sensitivity of formate in D1 mutants
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of Chlamydomonas reinhardtii [84], and D1 [83] and D2 [85] mutants of
Synechocystis PCC 6803. Finally, we will discuss a current hypothesis
for the function of bicarbonate in Photosystem II.

3. ABSENCE OF FORMATE AND NITRIC OXIDE EFFECTS IN THE REACTION CENTERS
FROM THE GREEN BACTERIUM CHLOROFLEXUS AURANTIACUS (COLLABORATION WITH
J. TROST AND R. BLANKENSHIP) [36]

In spite of the known similarity of the D1 and D2 proteins of
photosystem II and the L and M subunites of the purple photosynthetic
bacteria (5], the latter do not show the (bicarbonate-reversible) formate
effect (see e.g. (34)), as mentioned earlier. Nitric oxide, which binds
to Fe ([52] between Q, and Qz, produces effects similar to formate in
photosystem II, but not in purple photosynthetic bacteria [35]. These
differences must be due to differences in the amino acid sequence and
subsequently the architecture of the D1/D2 proteins versus L/M subunits.
The photosynthetic reaction center from the green bacterium Chloroflexus
aurantiacus has several differences with the purple photosynthetic
bacteria: one of the monomer bacteriochlorophyll molecule is replaced
by bacteriopheophytin; Fe between Q, and Q; is replaced by Mn (see e.g.
[(89]); and there are several significant differences in their amino acid
sequences (90,91). Chloroflexus reaction centers also appear to lack an
H~subunit (89,92]. Thus, we used formate and NO to test if these
differences are of any importance in producing the "bicarbonate effect".
We concluded, from our observations presented below, that Chloroflexus
aurantiacus reaction centers do not possess formate and NO binding sites
that are responsible for the bicarbonate effect.

Using reaction centers containing Qg, prepared as described
elsewhere (89), we monitored (93,94]) the decay of the oxidized reaction
center (P865*), either after the first flash or after the fifth flash
(dark time between flashes, 38), by back reactions with Q. (t 1/2 = 60
m8) and with Qy (t 1/2 = 0.5 - 3 8; 2 components). If formate and NO
were to inhibit electron flow between Q, and Q", as observed in plants
(35,71,72) and cyanobacteria (35, 39], the amplitude of the fast
component would increase and that of the slow component(s) would
decrease. This is similar to what occurs (89] when the inhibitor O-
phenanthroline is added; this inhibitor blocks electron flow between Q,
and Q; by displacing Q. In contrast to PSII, but as observed in other
photosynthetic bacteria ([34], our results (see abstract ([36]) showed no
significant change between the control reaction centers and those treated
with 100 mM formate. 1In addition, no difference was observed between the
300 M NO treated (anaerobic) reaction centers and those treated with
both NO and 10 mM bicarbonate. At pH 6.5, the lifetimes and (amplitudes)
were 60 ms (50 + 5%) and 0.5 - 2 s (2 components; sum = 50 + 5%) for P'Q,
and P*'Q, recombinations, respectively. It thus appears that the
differences in the amino acid sequence [90,91] in the L and M subunits

of Cchloroflexus aurantiacus from those of purple photosynthetic bacteria
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are not a sufficient condition to bring about the binding of formate or
NO.

4. ABSENCE OF FORMATE EFFECTS IN GLUM? MUTANTS OF RHODOBACTER
SPHAEROIDES (COLLABORATION WITH X. WANG, J. CAO, P. MAROTI,
H.V. STILZ, D. OESTERHELT AND C. WRAIGHT) (95)

Michel and Deisenhofer [5] suggested a possible reason for
differences in the T"bicarbonate effect" in photosystem II and
photosynthetic bacteria: the iron atom in photosystem II lacks the fifth
and sixth ligands provided by glutamate (M234) in reaction centers of
Rhodobacter sphaeroides. Wang et al. [95]) have, by site~directed
mutagenesis, altered GLUM?* with valine (M234EV), glutamine (M234EQ), and
glycine (M234EG). These mutants grew well under photoautotrophic
conditions and showed no detectable effects of bicarbonate depletion
(formate addition) on: (1) cytochrome by, or cytochrome C, reduction; (2)
the recombination of P*'Q, or P*Q,; (3) kinetics of electron transfer from
Q,to Qy; and (4) flash dependent oscillation of semiquinone formation in
the presence of exogenous donor to P* (Qg turnover). Furthermore,
addition of nitric oxide, instead of formate, also showed no effect on
the electron acceptor complex of M234EV mutant (X. Wang and J. Cao,
unpublished observations, 1990). The absence of a formate-bicarbonate
effect in M234 mutants suggests that this amino acid may not be
responsible for the absence of the phenomenon. These results are,
however, interesting as they suggest that M234 may not be important for
electron flow in the electron acceptor complex of Rhodobacter
sphaeroides.

In conclusion, the existence of formate and NO effects in
photosystem II lies strictly in the unique amino acid sequence of D1 and
D2 proteins (see later sections). Now, I present data that show that
formate indeed releases CO, from thylakoid membranes, and thus, depletes
them of CO, when bound.

5. FORMATE RELEASES CARBON DIOXIDE/BICARBONATE FROM THYLAKOID MEMBRANES
(COLLABORATION WITH H.G. WEGER, D.H. TURPIN, J.J.S. VAN RENSEN, O.J.
DE VOS AND J.F.H. SNEL) [53]

There are two hypothesis for the action of formate: (1) Formate is
an inhibitor of electron flow: it binds to empty sites, and bicarbonate
displaces it and removes the inhibition. (2) Formate displaces the native
bound bicarbonate and, thus, causes inhibition by the removal of the ion
required for electron flow; readdition of bicarbonate displaces formate
and restores electron flow. A third hypothesis may, however, invoke
bicarbonate to be necessary for the most efficient electron flow, but in
its absence a marginal or less efficient electron flow may proceed.
Supportive evidence for hypothesis #2 was discussed earlier [37, 50].
However, absence of CO, release by formate addition to maize thylakoids

at pH 6.0 [54]) supported hypothesis #1. Using a sensitive membrane inlet
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mass spectrometer and a differential infra-red gas analyzer, we showed
[53]) that 100mM formate treatment released about 1 CO, per reaction
center II at pH 6.5 from spinach and pea thylakoids within minutes of
formate treatment; at pH 6.0, CO, release was reduced to a value of 0.4
CO, per reaction center (Fig. 1). Since pH of the stroma matrix is
alkaline, it is reasonable to assume that bicarbonate is bound in native
thylakoid membranes and functions to provide efficient electron flow
[37). However, it is possible that some inefficient electron flow may
take place in the absence of bicarbonate in thylakoid membranes.
2 min
e
Iprm coz

pH 6.0

A “S0DIUM FORMATE

BICARBONATE

Pigure 1: Formate-induced release of CO, from pea thylakoids as measured
by a differential infra-red gas analyzer. Trace A is an illustration of
CO, release at pH 6.0 upon addition of 100 mM formate to a thylakoid
suspension containing 4 mg Chl/ml, recorded as the difference with the
simultaneous addition of the same amount of formate to the second vessel
containing the same medium without thylakoids. Trace B: Same as A, but
pH 6.5. Trace C: recording of the difference of CO, in the gas phase
upon addition of 10mM HCOj;to one of the vessels and water to the other,
while both vessels contained 4 ml reaction medium without thylakoids at
pH 6.5. At pH 6.5, 100 mM formate injection led to an estimated release
of 1.2 HCO;/CO, per PS 1l reaction center and about 0.4 HCO; at pH 6.0
(After ref. [S3]}).

6. DIFFERENTIAL SENSITIVITY OF FORMATE IN D1 MUTANTS OF CHLAMYDOMONAS
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REINHARDTII (COLLABORATION WITH R. STRASSER, B. SCHWARZ AND J-D.
ROCHAIX) [84)

The secondary plastoguinone,Qg, is in a pocket between the helices
IV and V of the D1 protein; this pocket is also lined by the amino acids
that are found to be altered in the herbicide-resistant mutants [96-98].
If bicarbonate is bound to Fe and/or any of the amino acids in the Q,
region, we expect to see differential sensitivity of the bicarbonate-
reversible formate effects in the different mutants. The nature of the
differences may ultimately provide clues as to the nature of the
bicarbonate binding. Chlorophyll a fluorescence transients indeed
revealed differential sensitivity to 25 mM formate treatment; these
effects were fully reversed by 10 mM bicarbonate [84]. The most
sensitive mutant was S264A (DCMU-4) and the most resistant mutant was
L275F (Br-202). The order of resistance (highest to lowest) was L27SF
(Br-202) > A251V (Mz-2) >> wild type = F255Y (Ar-207) = V219I (Dr-18) >>
S264A (DCMU-4) (Figure 2). These results clearly show the involvement
of D1 protein in bicarbonate-reversible formate effects in vivo.
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Figure 2: Chlorophyll & fluorescence transients of some Clamydomonas
reinhardtii cells grown photoautotrophically and suspended in tris-
phosphate medium at pH 6.5. C: control, +F for 25mM formate treated
cells, and +F+B for 25mM formate followed by 10mM bicarbonate treated
cells. Dark adaptation was 4 minutes. The ratio of variable
fluorescence (F, . -Fo) after illumination with and without formate was
2.0 (for S264A [DCMU-4]), 1.48 (V2911 (Dr-18]), 1.47 (for F255Y
[Ar-207)), 1.4 (WT), 1.10 (A251v [Mz-2)) and 1.00 (L275F(Br-202]).
Formate had no effect on PSII' (Fud-~7) cells (data not shown) (After ref.
(84}).
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7. DIFFERENTIAL SENSITIVITY OF FORMATE IN D1 MUTANTS OF SYNECHOCYSTIS
PCC 6714 (COLLABORATION WITH A-L. ETIENNE, C. VERNOTTE, B. PETERI AND C.
ASTIER) (83]

The concept that bicarbonate binding may involve the region of
helices IV and V and the loop connecting the two was supported further
by measurements of formate sensitivity in D1 mutants of Synechocystis PCC
6714. Measurements, not only on chlorophyll a fluorescence transients,
but on oxygen yield in a sequence of flashes and chlorophyll a
fluorescence yield decay after a flash revealed differential sensivity
of herbicide resistant mutant cells to formate treatment [83]. The order
of resistance (highest to lowest) was : A251V/F211S (Az-V) > F211S (Az-1I)
= wild type > S264A (DCMU-IIA) (Figure 3). The extreme sensitivity of
S264A mutant was confirmed. Bicarbonate addition restored all formate
effects.

An interesting observation is that Az-V mutant, that was most
resistant to formate, is the one most sensitive to exposure to excessive
light [99). Excess light, like formate treatment, not only produces
photosystem II centers in which electron transfer is inhibited between
Q, and Qg, but also centers in which Q, formation is also inhibited [99]}.
We consider it a likely hypothesis that this mutant is resistant to
formate because bicarbonate is poorly bound in it, and, the decreased
bicarbonate binding makes it more suseptible to inactivation by excess
light. Sundby et al. [100] and Sundby [101] have recently shown that
bicarbonate protects against photoinhibition.
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Figurs 3. Chlorophyll a fluourescence as a function of formate

concentration in cells of Synechocystis 6714 (wild type and mutants S264A
(DCMUII-A) & F211S (AZ-I) and a double mutant F211S/A251V (AZ-V).
Fifteen minutes darkness was given after the addition of formate, but

before the measurements began. 100 indicates the value obtained with the
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herbicide 10 uM diuron or 200 uM ioxynil (for DCMU II-A). (After ref.
(8331.)

8. DIFFERENTIAL SENSITIVITY OF FORMATE IN D2 MUTANTS OF SYNECHOCYSTIS
PCC 6803 (COLLABORATION WITH J. CAO AND W. F. J. VERMAAS) [85]

Blubaugh and Govindjee ({37} had discussed a role of specific
arginine residues in the binding of bicarbonate on the D1 protein.
Recently crystal structure of human serum lactoferrin at 2.8 A resolution
has revealed that in this protein (bi)carbonate is bound to Fe" as a
bidentate ligand and the oxygens of (bi)carbonate form H-bonds with
several amino acids including arginine. Thus, we considered it likely
that one or more arginine residues in D2 may form H-bonds with
(bi)carbonate. Cao et al. [102] constructed two arginine mutants in the
D2 polypeptide of Synechocystis PCC 6803: R233Q and R251S. Measurements
of steady-state rate of oxygen Hill reaction (H,0 to parabenzoguinone),
as a function of increasing formate concentration showed that half
maximal inhibition was at 50mM for the wild type, 4mM for R233Q and 3.5mM
for R251Ss {85, 103] (Figure 4). Thus, the arginine mutants were several
fold more sensitive to formate than the wild type.

Measurements of chlorophyll a fluorescence yield decay kinetics
indicated that formate inhibited Q. to Qg reaction (flash 2) more than
Q. to Qg reaction in the mutants as well as in the wild type as had been
observed earlier in higher plant thylakoids {71, 72]. These results
support the interpretation that CO, removal may interfere with the
protonation at the reaction center II, that may not necessarily occur on
D2. However, the halftime of the Q, oxidation was increased by a factor
of 2, 4 and 6 in the wild type, R251S and R233Q, respectively, confirming
that the mutants were more sensitive to formate. Cao et al. {85} have
suggested that arginine 233 and arginine 251 in the D2 polypeptide
function to stabilize HCO; binding in photosystem II of Synechocystis PCC
6803.
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Figure 4. Steady-state oxygen evolution rate of Synechocystis 6803 cells
of the wild type, and R233Q and R251S mutants. A combination of DMQ
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(0.5 mM) and K,;Fe(CN), (1 mM) was used as electron acceptor; measurements
at pH 6.8. The samples were preincubated for one hour in the treatment
medium (at pH 5.8) to which the indicated amount of sodium formate was
added (open symbols). To restore the Hill reaction, 10 mM bicarbonate
was added (solid symbols). (After [85}).

9. HYPOTHESIS

A working hypothesis for unique role(s) of HCO;/CO, in photosystem
I1 of plants and cyanobacteria is now emerging. It appears that, at
physiological pH, HCO,/CO, may H~-bond to several amino acids on both D1
and D2, the reaction center proteins of photosystem II, and may form a
ligand to iron that lies between Q, (bound to D2) and Q, (bound to D1).
For a possible model, see binding of (bi)carbonate to Fe" and to 4 amino
acids including arginine in human serum lactoferrin [86] (Fig.5). HCOy
/CO, plays discrete and unique role(s) in photosystem II: its function
may involve stabilization, by conformational means, of the reaction
center protein that allows efficient electron flow and protonation of
certain amino acids near Qg [37). Data on differential sensitivity of
formate on the D1 mutants of Chlamydomonas reinhardtii (see section 6)
and of Synechocystis 6714 (see section 7) clearly support binding domains
of bicarbonate between helices IV and V and in the connecting loop of Dl.
Data on the extremely high sensitivity of R233Q and R251S mutants to
formate sugggest that arginines may stabilize bicarbonate on the reaction
center II. Absence of the "bicarbonate effect” in purple photosynthetic
bacteria [34, 95) (see section 4) and in the green bacteria (see section
3) shows that we should concentrate on the unique differences between the
D1 and D2 and the L and M proteins to unravel the binding niche of
bicarbonate and, thus, its function.

Unpublished results of C. Xu (personal communication, 1990) suggest
that the inhibitory species in formate solutions added to remove CO, may
be the formic acid, not formate ions. If this is confirmed, we can begin
to look for domains that would bind formic acid, not formate ions. Diner
et al. (38] suggest the importance of Lysine-264 on D2 in the bicarbonate
effect. It appears that we have to explore several possibilities before
a final picture will emerge.



121-136

Pigure 5. Schematic representation of the iron and anion-binding sites
in lactoferrin. Numbering is for the N-lobe, but the same arrangement
is found in the C-lobe. (After Anderson et al. (86].)

10. CONCLUDING REMARKS

It seems that binding of bicarbonate to both D1 and D2 affects the
stability of the reaction center II and, thus, electron flow and
protonation of the electron acceptor in a somewhat complicated manner,
the nature of which still needs to be discovered. However, I suspect
that specific roles of CO,/HCOy will emerge that may even include
protection against photoinhibition. Further site-directed mutagenesis
of the electron acceptor side of both D1 and D2 proteins is expected to
unravel the molecular bases of the "bicarbonate effect".

No evidence has been found to support Warburg’s concept that the
Co, effect is related to O, evolution per se. We have, however, been able
to explore, over the years, the original conclusion of Wydrzynski and
Govindjee [104) that the CO, effect is on the electron acceptor side of
photosystem II. Although tremendous amount of research is still needed,
we feel that the end of the tunnel is in sight.
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

LIGHT-RESPONSIVE REGULATION OF PHOTOSYSTEM Ii
GENES IN THE CYANOBACTERIUM SYNECHOCOCCUS
SP. PCC 7942

S.S. Golden, S.A. Bustos, M.R. Schaefer, U.W. Mueller, and R.D.
Kulkarni; Dept. of Biology, Texas A&M University, College Station, TX
77843 USA

The D1 and D2 proteins of the photosystem II reaction center are
encoded by two small gene families in the cyanobacterium
Synechococcus sp. strain PCC 7942. Each of these families contains
members that are expressed at low levels under typical laboratory
growth light intensities equal to or below 125 pE-m-2.s-1, but whose
expression increases markedly upon transfer to higher light. The
psbAII, psbAIII, and psbDII genes exhibit this mode of expression,
which is regulated primarily at the transcriptional level. The psbAI and
psbDI genes are expressed at higher constitutive levels than the other
genes, and show little evidence of transcriptional regulation. However,
the psbAI message appears to have a shorter half-life at high light than
under low light conditions. Proteins from Synechococcus soluble extracts
bind specifically to the upstream regions of members of both gene
families, and may play a role in regulation of the genes. Current
experiments are aimed at determining the primary sensor for light
intensity, such as a photoreceptor or a change in redox state, and the
signal transduction pathway that results in altered gene expression. A
major goal is to understand whether the observed gene responses to
changing conditions represent an adaptation to better utilize available
light or to protect the photosynthetic apparatus from environmental
stresses.

INTRODUCTION

Two polypeptides designated D1 and D2 are integral thylakoid
proteins that constitute the reaction center of photosystem II, the site at
which chlorophyll gives up an electron in response to excitation by light
[1]. The genes psbA and psbD, which encode D1 and D2, respectively, are
unique genes in the chloroplast genomes of most plants, but in
cyanobacteria both genes are present as small multigene families [2,3].
The genome of the cyanobacterium Synechococcus sp. strain PCC 7942
(hereafter referred to as Synechococcus) contains a family of three
distinct psbA genes which encode two different forms of D1 [2]. The three
genes predict that the product of psbAI (D1 form I) differs from the
product of psbAII and psbAIII (form II) at 25 out of 360 amino acids [2].
This organism also has two psbD genes, designated psbDI and psbDII.
The psbD genes predict an identical D2 polypeptide [3], but differ in their
organization in the chromosome. The psbDI gene, like chloroplast psbD
genes, overlaps the open reading frame of psbC, the gene encoding a
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photosystem II protein called CP43 [3]; the psbDII gene does not overlap
another photosystem II gene, and produces a monocistronic RNA.

We are studying the regulation of the psbA and psbD gene families
and expression of their protein products to identify the regulatory signals
that modulate transcription and translation in response to changes in
the growth environment. We have shown previously that the three
Synechococcus psbA genes are differentially regulated and respond to
changes in light intensity [4]. Translational gene fusions between each of
the psbA genes and the Escherichia coli lacZ gene have been recombined
into the chromosome of Synechococcus cells to serve as reporters of psbA
expression [4]. These experiments show that expression from the psbAI-
lacZ gene fusion is highest at low light intensity, whereas expression
from both the psbAlIl-lacZ and psbAlIll-lacZ reporters is highest at high
light intensity [4]. Western blot analysis of thylakoid membrane proteins
using D1 form-specific antisera showed that in wild-type cells harvested
at different light intensities, the ratio of the forms changed as predicted
by the activities of the reporter genes [5]. Changes in RNA levels of each
of the psbA genes are evident within minutes of transferring medium
light-adapted Synechococcus cells to high or low light [6]. Northern blot
analysis with gene-specific probes has revealed three different response
patterns of the psbA transcripts: transfer to high light significantly
increases the levels of the 1.2 kb psbAII and psbAIIl transcripts and
brings about a rapid loss of psbAI transcript. A longer transcript from
psbAII that contains a second open reading frame of unknown function
is unaltered by the light shift [6].

Recent experiments have focused on understanding the molecular
events that mediate the light-responsive expression. Here we report that
the -increase in psbAII and psbAIII expression following a shift to
higher light intensity is a transcriptional response, whereas psbAI may
be regulated post-transcriptionally. One member of the psbD family,
psbDII, also exhibits increased expression following a shift to higher
light, whereas psbDI does not. All three members of the psbA gene
family and one member of the psbD gene family bind proteins upstream
of their open reading frames which may be involved in regulation of gene
expression.

MATERIALS AND METHODS ‘\

Wild-type Synechococcus sp. strain PCC 7942 (previously referred to
as Anacystis nidulans R2, Pasteur Culture Collection # 7942) was grown
in liquid BG-11 medium [7] at 30°C. For controlled light studies, wild-type
Synechococcus was grown in continuous culture using a turbidostat
apparatus to maintain constant cell density (manuscript in preparation).
An ethanol-sterilized immersible probe (Biospherical Instruments) was
used to measure the photosynthetic photon flux density (PPFD, measured
in pE-m-2-s-1) at the center of the cultures. In light-shift experiments for
psbA and psbD transcripts, cultures were grown turbidostatically at
PPFD of 125 puE-m-2.g-1, and a portion of the culture was harvested for
RNA isolation. The light intensity was then adjusted to PPFD values
indicated in the text for each experiment. Times of exposure to different
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light intensities prior to harvesting cells for RNA isolation are given in
the text for each experiment.

DNA and RNA Methods

Most restriction and modifying enzymes were purchased from
Bethesda Research Laboratories (Gaithersburg, Md.) or Boehringer
Mannheim Biochemicals (Indianapolis, IN) and used as directed by the
manufacturers. Isolation of restriction fragments from gels was by
electroelution as described by Ausubel et al. [8].

Total RNA was isolated from Synechococcus as described by Reddy et
al. [9]. During time-course experiments, samples at each time point were
pelleted and frozen at -90°C until all samples were available for RNA
extraction. For Northern blot analysis, RNA was denatured with
formaldehyde, separated by electrophoresis on 1.2% agarose gels, and
transferred to a charged nylon membrane as described by Ausubel et al.
[8]. Radioactive anti-sense RNA probes for transcripts from each of the
psbA and psbD genes were synthesized from restriction fragments
subcloned into either pT3T7 (BRL) or pBluescript (Stratagene) vectors

using T3 or T7 RNA polymerase and o-[32P] UTP as recommended by the
enzyme supplier.

Northern blots were hybridized to RNA probes at 500C in a mixture of
50% (v/v) formamide, 5X SSPE [10], 1% (w/v) sodium dodecyl sulfate
(SDS), and denatured salmon sperm DNA (100 pg/ml). Unhybridized
probe was removed from the filters by washing in a mixture of 0.5 X SSPE
and 0.1 % SDS at 659C. To quantitate the relative transcript levels,
Northern blots from duplicate RNA isolations were performed, and the
autoradiographic bands were read in a BIO-RAD Video Densitometer
(Model 620).

Fractionation of Synechococcus soluble protein extracts by heparin-
sepharose chromatography and DNA gel mobility shift assays were
carried out as described by Chastain et al. [11]. DNA footprinting by the
copper ion method was performed according to Kuwabara and Sigman
[121.

RESULTS
on. i L lati A

Transfer of Synechococcus cells from medium light intensity (125
HE-m-2:5-1) to a higher light intensity (500 pE-m-2.s-1) results in a rapid
change in the levels of messages from the three psbA genes [6). After 15
minutes of exposure to the new light intensity, transcripts from psbAIl
and psbAIIl increase 4- to 6-fold [6]. However, the psbAl message level
drops in response to the increase in light [6].

The increase in psbAIl and psbAIII messages at high light was
blocked by addition of the transcription inhibitor rifampicin, indicating
that the increase in message level is a result of increased transcription of
these genes (Fig. 1).
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Fig. 1. Inhibition of the psbAII and psbAIII high light response by the
transcription inhibitor rifampicin. Synechococcus cells were grown at 125
uE-m-2-s1 and shifted to 500 pE-m2-sL in the presence or absence of 50 pg/ml
rifampicin (curves marked "+ rifampicin” or "control,” respectively).
Samples were harvested for RNA isolation before the light shift (time=0) and at
the times indicated after the shift. Northern blots were probed with antisense
RNA specific for the transcript indicated, and densitometry was used to compare
RNA signal levels from different time points. The level of a given message at
each time point was compared to the level in the unshifted control, which was
designated as 100%. Results are graphed for two independent experiments.

Rifampicin had a surprising effect on the level of psbAI message,
which was stabilized by the inhibitor (Fig. 2). This finding complicates
determination of a native half-life for the psbAI message at high light,
and suggests that de novo synthesis of a factor is required for rapid
degradation of the psbAI transcript at high light. Addition of
chloramphenicol prior to a light shift also blocked rapid degradation of
the message (data not shown), although transcription is unaffected
under these conditions.
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Fig. 2. Stabilization of the psbAI message at high light by the addition of
rifampicin. Experimental design and quantitation of relative amounts of psbAl
message was as described in the legend for Fig. 1. Data are shown from a single
experiment,
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The two psbD genes of Synechococcus encode an identical protein, but
are arranged differently [3]. Northern analysis suggests that the
monocistronic psbDII gene is expressed at a much lower level under
normal laboratory growth conditions than the psbDI/psbC operon [3].
The response of each of these messages was analyzed following a shift in
light intensity from 125 pE-m-2-s1 to 360 pE-m-2.s-1 (Fig. 3). The
dicistronic psbDI transcript was unaffected by the shift, but the level of
psbDII transcript increased, reaching a peak increase of 5-fold over the
starting level after 30 minutes. Experiments using gene fusions between
regulatory regions of the psbD genes and the E. coli lacZ gene yielded
similar results: the psbDI-lacZ fusion and a psbC-lacZ fusion did not
respond to an increase in light intensity, whereas p-galactosidase
production from a psbDII-lacZ fusion increased 80%-100% within 120
minutes after the light shift (data not shown).
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Fig. 3. Induction of the psbAII transcript by shifting cells to high light. Graphic
representation of changes in abundance of transcripts from the psbD genes after
cells were transferred from 125 pE-m-2-s-1 (time=0) to 360 pE'm-2-5-1 and
sampled at the times indicated for each point. Northern blots of RNA from each
time point were probed with antisense RNAs specific for the psbDI/C or psbDII
transcript and autoradiographs were scanned to quantitate changes in RNA
levels. Results from two experiments were averaged and the range of values is
shown at each point. Relative amounts indicate the signal at a given time point
divided by the time=0 value for that transcript.

Binding of Proteins from Synechococcus Cells to Upstream Regions of the
A DII

Regulation of many genes in both prokaryotic and eukaryotic
organisms has been shown to be mediated by the binding of protein
factors to regulatory regions upstream of the genes. The psbA and psbD
genes were tested for protein binding sites by DNA mobility shift assays
[11]. A soluble protein extract from cells adapted to 125 pE-m-2-s-1 and
shifted to 320 pE-m-2.s-! for 30 minutes was enriched for DNA binding
proteins by heparin-sepharose column chromatography [11]. Probes
spanning the promoter regions of each of the five genes in this study
were mixed with individual column fractions and subjected to
polyacrylamide gel electrophoresis. The psbAlI, psbAII, and psbDII
probes showed peak binding with fractions 6 and 7, whereas psbAIll
showed no binding with those fractions, and reacted with proteins in
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fractions 9-15. The psbDI probe showed no binding with any of the
column fractions (data not shown).
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Fig. 4. Schematic representation of psbA gene upstream regions used in DNA-
protein binding experiments. Each gene fragment is represented by a line, and
sites for restriction enzymes are indicated. The letters "ATG" mark the start
codon of each open reading frame. Sequences that have characteristics of E. coli
promoter elements are indicated by "-35" and "-10". The transcription start site
is shown as a rightward arrow. A dark bar under each gene diagram indicates
the restriction fragment used in most DNA mobility shift assays. Two ovals are
placed on the psbAII diagram to indicate the binding regions of proteins that
protect the DNA in footprinting experiments.

The binding sites linked to psbAIIl and psbDII have been further
delineated by using smaller fragments of each of the upstream regions
and by DNA footprinting methods [12]. These results indicated that both
genes bind polypeptides between the start site for transcription and the
start codon of each gene. In the case of psbDII, DNA mobility shift assays
suggest that there may be three binding sites in this region. The psbAIl
gene may also bind a factor that spans the start codon for D1. DNA
mobility shift assays have localized protein binding to a 210 bp fragment
containing the upstream region of the psbAIII gene. Deletion mutations
upstream of a psbDII-lacZ reporter gene support the conclusion that
light-responsive regulatory elements lie downstream from the promoter,
since light regulation is retained until deletions reach the position which
should correspond to a "-35" element (data not shown).
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Fig. 5. Schematic representation of psbD gene upstream regions used in DNA-
protein binding experiments. Symbols are as described in the legend to Fig. 4.
The psbDII gene lacks a distinguishable "-35" element. An oval is placed on the
psbDII diagram to indicate the binding region of a protein(s) that protects the
DNA in footprinting experiments.

DNA mobility shift assays of the psbdDII probe incubated with extract
fraction 7 have been competed with unlabeled probe fragments. A psbDII
probe effectively competed its own binding, whereas psbDI showed very
little competition. The upstream fragment from psbAIl effectively
competed binding to two of the three psbDII complexes (data not shown),
suggesting a shared binding factor.

DISCUSSION

The cyanobacterium Synechococcus has a complex mechanism for
altering the expression of individual members of the gene families that
encode the reaction center proteins of photosystem II in response to
environmental changes. Current evidence indicates that transcriptional
and post-transcriptional components are involved, and that at least two
polypeptides interact with the members of the two gene families.
Additional regulation at the level of D1 and D2 protein turnover has not
yet been addressed. We presume that the existence of the regulatory
mechanism is indicative of a physiological adaptation to new
~ environmental conditions. This may be a protective mechanism to avoid
photodamage or a modulation to improve photosynthetic capacity. At this
. time we have no direct evidence to indicate a change in photosynthetic
" function. Current efforts are aimed at uncovering such an adaptation
and better defining the components of the regulatory network at the
molecular level, including identification of the initial sensor that signals
a change in light intensity, and the proteins that are involved in the
sensory transduction pathway.
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Abstract

Photosystem 2 plays an important role in the response of
photosynthesis in higher plants to environmental
perturbations and stresses. The relationship between
photosystem 2 and photosynthetic CO, assimilation in leaves
operating under physiological conditions is examined. It is
demonstrated that 1light-dependent, non-photochemical
guenching of excitation energy is an important factor
determining the photochemical activity of photosystem 2,
and consequently CO, assimilation, in leaves.

When light is limiting for leaf photosynthesis a linear
relationship is observed between carbon assimilation and
absorbed light, the slope of which estimates the maximum
quantum efficiency of carbon assimilation (maximum ¢cg,).
This parameter can be influenced by factors determining the
conversion of absorbed light to ATP and reductants by the
thylakoids (1). As the light intensity incident upon the
leaf is increased the relationship between absorbed light
and ¢cg,; becomes non-linear, ¢cg, decreases progressively
with increasing light absorption and the factors that
determine the maximum ¢.g, will have a diminishing effect
on leaf photosynthesis. In the field it would appear that
the majority of leaves rarely receive light levels that are
saturating for photosynthesis, thus a very considerable
proportion of canopy photosynthesis is not light-saturated

(2-5) and can potentially be influenced by changes in the
3719



quantum efficiency of thylakoid photochemistry (1).

The quantum efficiency of photosystem 2 (PS2) electron
transport will be determined by (i) the efficiency with
which an absorbed photon can reach a reaction centre and
(ii) the proportion of reaction centres that are capable of
transferring an electron to an acceptor at that point in
time, i.e. which are 'open' (6). Since the efficiency of
excitation energy capture by 'open' PS2 reaction centres is
defined by the ratio of variable to maximal fluorescence,
Fv/Fm (7,8), and the photochemical quenching coefficient,
gP, is a measure of the proportion of oxidised or 'open’
PS2 reaction centres, it has been argued (6) that the
quantum efficiency of PS2 photochemistry (¢pg;) in a leaf
is defined by:

¢pgy = FV/Fm . gP (1)

In practice determination of ¢pg; for leaves under any
given environmental condition can be made simply by
monitoring the fluorescence in the given state (Fs),
exposing the leaves to a saturating flash and measuring the
maximal fluorescence level attained (Fm); the parameter (Fm
- Fs)/Fm equates to (Fv/Fm).qP for the leaf under the given
conditions and thus is a measure of ¢pg, (6). In maize
leaves, which have minimal photorespiratory activity,
modificaton of ¢rg; in response to changes in light
intensity and atmospheric CO, concentration or during the
induction of photosynthesis in a dark adapted leaf resulted
in a direct proportionality between ¢~5, and ¢pg, being
observed (6). Linear relationships between ¢co2 and ¢pgo
were also observed in barley and ivy leaves exposed to a
range of light intensities and in which photorespiration
had been minimised by reducing the atmospheric 0,
concentration to 1% (6,9), although it should be noted that
some deviation from linearity was found at very low light
intensities. Clearly, under a wide range of physiological
conditions, provided that the allocation of ATP and
reductants produced by photosynthetic electron transport to

processes other than CO, assimilation is minimal, a direct
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proportionality existe between ¢-n, and ¢pg,; which has been
defined as:

$co2 = Pps2 - la/Ij - 1/k (2)

where I, and I; sre the photon flux densities absorbed by
PS2 antennae and the leaf respectively, and k is the number
of electron equivalents required to reduce 1 mol of CO,
(6). As would be expected for leaves of C3 plants under
conditions favourable for photorespiratory activity where
the products of electron transport are apportioned between
carboxylation and oxygenation reactions, the strict linear
relationship between ¢rq, and ¢pg, breaks down (9).

Recently non-invasive absorbance spectroscopic techniques
have beer developed to estimate the relative quantum
efficiency of PSl1 photochemistry (¢pg;) in leaves (10-12).
Simultaneous measurements of ¢pgq; and ¢pg, made over a wide
range of light intensities on leaves under both
photorespiratory and non-photorespiratory conditions have
shown that a good correlation exists between these
parameters (9,13). This observation, together with the
linear relationship found between ¢pg, and ¢cq,, suggests
that ¢pgy is a good measure of the quantum efficiency of
non-cyclic electron transport. The conserved linearity
between ¢pgy and ¢pgo under a wide range of physiological
conditions implies that the rate of PSl-mediated cyclic
electron transport, if it occurs in vivo, is always
proportional to the rate of non-cyclic electron transport.
Consequently it would not appear that modulation of PS1-
mediated cyclic electron transport is occurring to meet any
changing metabolic demands under these experimental
conditions.

If the allocation of the products of electron transport to
sinks other than CO, assimilation is negligible or
constant, it is apparent that ¢pg, provides a good relative
measure of ¢prg,. Although it cannot be stated unequivocally
from such studies whether ¢pg, determines ¢pgy Or vice

versa, it is unlikely that large changes in ¢pg, will not
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be reflected in parallel changes in ¢pg;.

Analyses of the fluorescence characteristics of leaves have
shown that photochemical quenching of fluorescence (gP),
which results from electron transfer from P680 to Q. is
not necessarily related proportionally to PS2
photochemistry (6,9,11,13). This phenomenon has been
attributed to non-photochemical quenching processes which
compete with PS2 photochemistry for excitation energy (14-
16). It has been suggested that increases in the degree of
energisation of the thylakoids will increase the rate of
dissipation of excitation energy by non-radiative processes
and consequently decrease ¢pg, (14,15). Although increasing
the proton electrochemical gradient across thylakoid
membranes will increase non-photochemical quenching and
decrease the rate of PS2 photochemistry (17-19), there has
been no evidence from leaf tissue at steady state
photosynthesis to implicate changes in thylakoid
energisation as a determinant of non-photochemical
quenching processes and the rate of P32 photochemistry in
vivo. Thylakoid energisation may well be a prerequisite
for such non-photochemical quenching to occur but other
factors, possibly carotenoid changes (20), are almost
certainly involved.

Light-induced increases in non-photochemical gquenching of
excitation energy in a leaf and the consequences for ¢pgs
and ¢pgy can be seen from Table 1. Fv/Fm, gP, ¢pgy and ¢cg2
were determined for dark- and light-adapted (30 min at a
PPFD of 1500 umol m~2 s‘l) leaves when the leaves were
exposed to a low PPFD of 34 pumol m2 g1, Pretreatment of
the leaves in high light induced a 26 % decrease in Fv/Fm,
indicative of a large increase in non-photochemical
quenching, with concomitant decreases of 12 and 14 % in
¢pgy and ¢cn, respectively. The decrease in ¢pg, must be
attributed to an increase in non-photochemical quenching,
since high light pretreatment results in an increase in gP,
thus demonstrating that in high light-treated leaves a
larger proportion of PS2 reaction centres are oxidised than

in the dark-adapted leaves. Such an increase in qP would
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Table 1. The relationships between the guantum yield of CO,
assimilation (¢-np). the relative guantum yield of PS2
photochemistry (¢pg;) and fluorescence quenching parameters
in leaveg of Silene dioica pretreated in the dark and in
high 1light.

Leaves were kept in the dark or in a PPFD of 1500 umol m~2
s”1 prior to exposure to a PPFD of 34 umol m~2 571 to
measure ¢cgys ¢Ppgys FV/Fm and the photochemical quenching
coefficient, gP. The leaves were exposed to 400 ppm CO, and
1 & O, in nitrogen to minimise photorespiration. The
decreases in ¢cqgys ¢pgy; and Fv/Fm after the high light
pretreatment were fully reversible within 1 h of the leaves
being placed in the dark. Data from Genty et al.,1989 (6).

Parameter Dark High Light % Change
¢co2 0.051 0.044 - 13.8
$¢pg2 0.492 0.432 - 12.2
Fv/Fm 0.712 0.526 - 26.1
gP 0.690 0.824 + 19.4

increase ¢pg, (see equation 1). Clearly the greater
decrease in Fv/Fm, rather than the increase in gP, is the
dominating factor in determining the change in ¢pg,, and
consequently ¢-n,. Such light-induced non-photochemical
quenching is reversible within 1 h of the leaves being
placed in the dark and thus is unlikely to be associated
with photoinhibitory damage to PS2 reaction centre proteins

which recover considerably more slowly.
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Increases in non-photochemical quenching of excitation
energy with increasing light intensity is commonly referred
to as a down regulation of photosynthesis with the
implication that the increase in the dissipation of
excitation energy by non-radiative decay processes is a
regulatory mechanism that minimises damage to the D1
protein of the PS2 reaction centre as light levels
increase. However, it may be more appropriate to consider
the phenomenon as a protective adjustment rather than a
regulation. It is evident that the phenomenon occurs in
algae, lower and higher vascular plants and would appear to
be a ubiquitous feature of the photosynthetic apparatus of
thylakoids. However, it is not clear whether the?
quantitative relationship between the rates of dissipation
of excitation energy by PS2 photochemistry and non-
photochemical quenching processes is the same in all
plants. It is possible that this relationship is highly
conserved within the plant kingdom, thus suggesting that
the phenomenon is an essential mechanism to reduce
photodamage to PS2 and optimise the transduction of light
energy by the thylakoid membranes, without which the
observed photosynthetic efficiencies of photosynthetic

organisms could not be achieved.

The molecular mechanism and the site of the light-induced
non-photochemical quenching of PS2 excitation energy have
not been definitively resolved. The effects of this non-
photochemical quenching on the rate of PS2 photochemistry
are attributable to a direct effect on the efficiency of
photon capture by PS2 reaction centres (21). Determination
of single turnover flash energy saturation curves for Qp
reduction in leaves exposed to low and high actinic light
levels have demonstrated that the effective absorption
cross section for PS2 photochemistry, which is the product
of the effective antenna size and $pg2 (22), is reduced
under conditions producing light-induced, non-photochemical
quenching (21). This would be consistent with observed
decreases in Fv/Fm and Fo associated with increases in non-
photochemical quenching (Table 1) and suggest that non-

photochemical quenching decreases the rate of PS2
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photochemistry by producing a decrease in the rate of
excitation energy transfer from the antennae pigment
matrices to PS2 reaction centres (21). Presumably this is
indicative of a non-radiative energy dissipation process
located in the antennae of PS2 which competes effectively
with excitation energy transfer to PS2 reaction centres. It
has also been suggested that such non-photochemical
quenching may be associated with the creation of 1low
photochemically efficient, highly quenching PS2 reaction
centres (15) or electron cycling around PS2 reaction
centres (19). However, there is no unequivocal
demonstration that either of these mechanisms operate in
leaves.

Light-induced, non-photochemical quenching does appear to
occur in leaves in the field (23-25). Fv/Fm in leaves of a
winter wheat crop, which were dark adapted for 15 min prior
tv measurement, decreased throughout the morning in
parallel with the increasing light intensity received by
the plants and then increased during the afternoon as
light intensity decreased. This close antiparallel
relationship between Fv/Fm and light intensity for leaves
in the field during the day has also been observed in
willow (24).

In conclusion, it is evident that ¢pg, reflects the quantum
efficiency of non-cyclic electron transport, and under
conditions where the distribution of the products of
electron transport to sinks other than CO, assimilation is
negligible, or constant, it can be used as an accurate,
relative measure of ¢-gp. Since ¢pg, can be rapidly
determined from two simple fluorescence parameters, it can
be used as an effective and practical probe of
photosynthetic performance of leaves operating under
natural light conditions in the field. Consequently it is
expected that measurements of ¢pg, will play an important
role in studies upon which predictions of how climate
change will affect the photosynthetic productivity of crops

and natural vegetation.
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ABSTRACT

Biochemical and biophysical analysis have helped in identifying the redox
components involved in the electron transfer reactions in the
photosystem I (PS I) complex. Isolation of PS I particles through detergent
solubilization of thylakoid membranes and subsequent SDS-
polyacrylamide gel electrophoresis followed by N-terminal amino acid
sequencing of the component polypeptides have resulted in the
identification of number and nature of the polypeptides associated with P5
1. Molecular cloning and sequencing of the genes for PS I polypeptides
paved the way for deducing their amino acid sequence and in turn their
primary structure. Further details regarding the potential function of
individual polypeptides and the amino acid residues in the component
polypeptides in PS I could be achieved through molecular genetic analysis.
Here we discuss the present status of such an analysis and its scope in
elucidating the structure, function and assembly of PS I. We have also
made an attempt to describe the potential of using Anabaena variabilis
ATCC 29413 as an organism of choice for the molecular genetic analysis of
PSI

INTRODUCTION

In oxygenic photosynthetic organisms, the transfer of electrons from
water to NADP+ is mediated by two different photosystems, namely
Photosystem II (PS II) and Photosystem I (PS I). Each of these photosystems
occurs as a supra-molecular membrane protein complex. Associated with
these complexes are photosynthetic pigments and a variety of redox

components directly involved in the process of electron transfer. PS 11
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oxidizes water, leading to the liberation of molecular oxygen on one hand
and the reduction of plastoquinone pool on the other hand. PS I mediates
electron transfer from plastocyanin to NADP. The cytochrome bg/f complex
is responsible for the electron transfer from reduced plastoquinone pool to
plastocyanin.

PS II reaction center shows many functional and structural similarities
with the photosynthetic reaction center of purple photosynthetic bacterium.
The determination of the structure of the reaction center in the
photosynthetic purple bacterium from crystallographic analysis (1) and
derived amino acid sequence of the component polypeptides have greatly
stimulated work on PS II in oxygenic photosynthetic organisms. Moreover,
during the last six years, the availability of an easily transformable
unicellular cyanobacterium, Synechocystis sp. PCC 6803, capable of
photoheterotrophic growth, has opened up the possibility of molecular
genetic analysis of PS IT associated polypeptides. This has been of great help
in elucidating the contribution of each of the component polypeptides as
well as the contribution of distinct domains or particular amino acid
residues in the individual polypeptides of PS II reaction center towards the
functional organization of PS II (2).

When compared to the development of our understanding of the PS 1i,
the progress in our knowledge about PS I has occurred at a slower pace. PS I
reaction center appears as a rather unique system without any well known
bacterial counterpart. Its equivalent can perhaps be found in rather poorly-
studied green sulfur bacteria (3). There is much to be learned about the
structure and function of PS I and definitely there is vast scope for applying
the techniques of molecular genetics in elucidating the structural and
functional organization of this complex.

As we have learned from our experience with PS 11, the application of
molecular genetics comes into effective use only after adequate
understanding of the structural and functional organization of the protein
complex at the biochemical and biophysical levels. Therefore the question
one is tempted to ask before venturing into any molecular genetic analysis
of PS I is whether our current understanding about PS I is strong enough to
allow us to do any molecular genetic analysis of this complex. The answer
to this question is that our present knowledge about the primary structural
organization of polypeptides in the PS I core and the natute of the redox
components involved in PS I electron transfer is fairly complete (4-8) and
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the time is ripe for beginning the molecular genetic analysis of PS 1. Here we
have made an attempt to give an account of the current status of research in
molecular genetics of PS 1. We begin with a brief account of our current
understanding about the structure and functional organization of PS 1.

FUNCTIONAL ORGANIZATION OF PSI

The PS I reaction center in plants and cyanobacteria has a primary
electron donor, P700 and a series of five electron acceptors: Ag, a chlorophyll
monomer; Aj, probably a quinone, and F, ,Fa and Fg, all [4Fe-4S] clusters.
The function of these acceptors is to prevent rapid charge recombination by
delocalizing the electron from the initial site of charge separation between
P700+ and Ag~.

2ps 200 ps 200 ns ?
P700 —>A0—> A1 — Fy—>Fa/ Fy

30 ns

<:!ps

- 250 us

»>30ms

-

Fig. 1. Room temperature kinetics of electron flow in PS I. Estimates of
forward electron transfer rates and back reaction rates are given.

The primary electron donor P700 is a chlorophyll a2 dimer and it
derives its name from the wavelength maximum in the oxidized-minus-
reduced difference spectrum. The optical difference spectrum of P700,
obtained by photoxidation or chemical oxidation, shows an absorbtion
decrease with peaks at 430 and 700 nm and an absorption increase with
broad bands at 450 and 820 nm (9). Characterization of Ao, the primary
electron acceptor by a variety of physical techniques indicates that it is a
monomeric chlorophyll 2 and the strength of the EPR signal which
characterizes it suggests that P700 and Ag exists in an 1:1 ratio (10). Electron
transfer from P700 to Ag occurs in about 20 ps and the oxidation of Ay
occurs in about 200 ps whereas the reduction of Fx, the next electron transfer
intermediate occurs in 20-200 ns (Fig. 1). This observation suggests that
there may be an electron transfer intermediate between Ag and Fy and this
electron transfer intermediate is designated as Aj. Under illuminated
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condition, this speéies shows as anisotropic ESR signal 10.3 G wide, centered
at g=2.0040(11). A, does not have any characterstic optical difference signal
in the 350-750 nm range. However, an optical absorption change could be
detected with a maximum at 287 nm, a minimum at 250 nm and an
isobestic point at 269 nm, the appearence of which correlated with the
amplitude of 10.3 G wide g= 2.0040 signal attributable to A (12). This optical
difference spectrum has similarities to the optical difference spectrum of
certain quinone species that undergo redox changes between the quinone
and semiquinone forms. The rates of appearence of the ESR and optical
signal were also identical, which further suggests that the same chemical
species is responsible for both signals. Thus A; appears to be a quinone in
its chemical identity. However, a series of experiments involving organic
extraction (13) or destruction of phylloquinone (14) as well as chemical
modification of phylloguinone through deuteration during growth of the
organism (15) have produced contradictory conclusions. Moreover, there
seers to be a low temperature bypass around this acceptor (16).The
possibility of an amino acid residue in the reaction center polypeptide
functioning as Aj has also been suggested (4). Todate, the chemical identity
of electron acceptor Aj and its function in the forward electron flow present
an especially challenging problem in PS I research..

The electron acceptor acting next to A is termed Fy, an iron-sulfur
[4Fe-45] center (17). Fp and Fp, the final electron aceptors in the PS 1
complex were the first to be discovered as two redox components acting on
the reducing side of PS L. In the early 70's, optical spectroscopy and ESR
spectroscopy helped in discovering these two iron-sulfur centers Fa and Fp
with redox potentials -530 and -580 mv, respectively (18,19). Although the
midpoint potentials suggest that Fg will precede Fa in electron transfer
from Fy to ferredoxin, direct evidence for this view has not been obtained.
Alternatively, it has been suggested that these centers could function in
parallel.

STRUCTURAL ORGANIZATION OF PS1

In higher plants, PS I consists of a peripheral light-harvesting pigment-
protein complex (LHC I) and a core complex carrying the electron transfer
components and additional antenna pigments. LHC I is found to have 4-5
different polypeptides (20,21). The redox components involved in the PS I
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electron transfer are located in the core complex. In cyanobacteria, PS 1
contains only the core complex and LHC I is absent.

During the last 3-4 years, mild solubilization procedures
accompanied by highly resolving electrophoretic procedures and N-
terminal sequencing of the polypeptides have helped in identifying
different polypeptides in the PS I core complex of higher plants and
cyanobacteria (22-24). The genes for most of the PS I polypeptides have been
cloned and sequenced and they have been denoted psaA, psaB, psaC etc.
with the alphabetic order referring to the sequential order of their
identification from a number of different species. The corresponding
polypeptides are denoted PSI-A, PSI-B, PSI-C etc. (25). Figure 2 depicts a
current model on the structural organization of PS I.
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Fig. 2. Schematic model of the structural organization of photosystem I

The PS I electron transfer components, P700, Ag, A1 and Fx are located
in the heterodimer of PSI-A and PSI-B polypeptides, the products of psaA
and psaB genes located in the chloroplast genome. From a number of
species, these two genes have been cloned and sequenced and the deduced
amino acid sequence of these gene products has helped in modeling the
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transmembrane organization of these two polypeptides as well as _
identifying the amino acid residues which act as the potential ligands for
the iron-sulfur center F, and the chlorophyll molecules (26). Hydropathy
plots of these polypeptides predict that each of these polypeptides contain
eleven membrane spanning helices. In all the species examined, both psaA
and psaB genes specify a completely conserved stretch of 12 amino acid
residues: Phe-Pro-Cys-Asp-Gly-Pro-Gly—Arg—Gly—Gly-‘Ihr-Cys. The cysteine
residues in these conserved regions are almost certainly the ligands of the
center F, since the PSI-B polypeptide contains no additional conserved
cysteine residues and only one addtional cysteine residue is conserved in
the PSI-A polypeptide. Iron-sulfur center Fy is therefore, concluded to be a
[4Fe-4S] cluster bridged between the PSI-A and PSI-B heterodimer.

The PSI-A and PSI-B polypeptides contain 38 and 36 conserved
histidine residues, respectively. A heterodimer of the two polypeptides thus
contains 74 conserved histidine residues of which 52 are predicted to be
positioned in the membrane spanning regions. Histidine residues have
been implicated in the coordination of chlorophyll and heme groups in
various polypeptides of photosynthetic apparatus. Thus the conserved
histidine residues may provide binding sites for the majority of the 90
chlorophyll molecules associated with the PS I core complex. Very few
histidine residues are found in the remaining PS I polypeptides.

The iron-sulfur centers Fa and Fp are located on a single 9 kDa
polypeptide (PSI-C), the product of psaC gene located in the chloroplast
genome. The psaC gene has been cloned and sequenced from a number of
organisms and there are nine conserved cysteine residues, eight of which
act as the ligands for the two iron-sulfur centers (27).

The nuclear-encoded psaD gene of several higher plants and several
cyanobacteria have been isolated and completly sequenced (28-30). This gene
codes for a polypeptide with an apparent molecular weight of 18-22 kDa and
a deduced molecular weight of 17.5-18 kDa. PSI-D polypeptide is stromal-
exposed (31) and is suggested to be involved in the docking of ferredoxin
(32). This polypeptide carries a net positive charge which would greatly
assist the binding of negatively charged ferredoxin. Cross linking studies
have indicated that PSI-C and PSI-D polypeptides are situated close to one
another (33). ‘

/
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psaE gene, located in the nudear genome codes for a polypeptide with
the apparent molecular weight of about 16 kDa. However, its deduced
molecular weight is 9-10 kDa (29). This polypeptide is located on the stormal

exposed portion of PS L.

PSI-F protein is a nuclear encoded hydrophilic protein-and is located
on the lumenal side of the thylakoid membrane. PSI-F protein appears to
play a role in the transfer of electrons from plastocyanin to P700 and is
considered to be the plastocyanin docking protein (34).

PSI-G polypeptide has a molecular weight of 10 kDa and it is coded by
the nuclear gene psaG. The transit sequence of the precursor form of this
gene product is typical of those directing proteins to the stroma (34). The
functional significance of this polypeptide is not yet known.

psaH gene is nuclear-encoded and has been isolated as complete
¢DNAs which have been sequenced for barley (36), spinach (35), and
Chlamydomonas reinhardtii (37). Although the higher plant sequences are
highly conserved, the C. reinhardtii protein is only 40% identical in its
primary sequence to the higher plant homologs. PSI-H polypeptide is rather
polar overall and is probably located on the stromal side of the membrane.
It is absent in cyanobacteria. In higher plants, it is believed to be involved in
the docking of LHC I complex to the PSI core.

PSLI polypeptide is chloroplast encoded and is very hydrophobic (38).
This polypeptide is predicted to form a single transmembrane helix. The
PSI-I polypeptide is weakly homologous to helix E of the D2 protein of PS II
(psbD gene product). It has been speculated that the psal gene product could
be involved in cofactor (probably quinone) binding.

psa] gene is located in the chloroplast genome and it encodes a
hydrophobic polypeptide expected to form a single transmembrane helix
and believed to be involved in some cofactor binding (23).

psaK is located in the nuclear genome. The PSI-K polypeptide is highly
hydrophobic and is expected to form a single transmembane helix (23). This
polypeptide is found to be tightly bound to the reaction center polypeptides,
PSI-A and PSI-B, and could be released from those two polypeptides by thiol
treatment (39).
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MOLECULAR GENETICS OF PSI

As described above, from the deduced amino acid sequence
information, the primary structure of most of the PS I associated
polypeptides has been determined (Fig. 2). The future challange will be to
elucidate the organization of the various subunits within the PS I complex.
Creation of well diffracting crystals of PS I would facilitate this analysis.
Cross linking studies would also help to a certain extent in this connection.
However, to elucidate the mechanism of PSI function, structure and
assembly, molecular genetic techniques should be followed to introduce
specific mutations in PS I. Analysis of the PS I complex from such mutants
can be conveniently used to examine the role of the selected protein and the
residues thererof in PS I.

Mutations in PS I may be created either through random mutagenesis
or site-directed mutagenesis. In the random mutagenesis approach, the
organism is treated with chemical mutagens, X-ray, or UV radiation and a
certain phenotype is selected for. This type of classical mutagenesis in
higher plants and C. reinhardtii has yielded a variety of PS I deficient
strains. The genetic loci of these mutations are in both the nuclear and
chloroplast genomes. In C. reinhardtii, 25 nuclear mutations have been
mapped into 13 complementation groups. None of these mutations has
been mapped to any of the known structural genes (40). The higher plant PS
I mutations are generally seedling lethal (41). Even though a significant
number of important contributions could be made in the study of PS I
utilizing these mutants, this approach has its limitation because the
determination of the site of the mutation is complicated by pleiotropic
effects observed in the mutant.

During the last few years, with the development of molecular genetic
techniques, the creation of mutations at any specific site in any particular
gene has become feasible. Two different species of cyanobacteria can now be
used to create specific mutations in PS II polypeptides: Synechocystis 6803
and Synechococcus sp. PCC 7002 (Agmenellum quadruplicatum). Both these
organisms are photoheterotrophic and therefore they can be propagated in
the absence of PS II activity when the appropriate carbon source is provided.
These two organisms are naturally transformable with foreign DNA which
can be incorporated into cyanobacterial genome by homologous
recombination (2). '
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Three different specific mutagenic techniques are now available and all
of them have been successfully applied in the analysis of PS II (2). In the first
step of molecular genetic analysis, gene insertion/deletion method is
followed. In this technique, a particular gene is selectively inactivated either
by substituting the gene of interest with a DNA fragment containing a
specific antibiotic resistance marker or inserting such a DNA fragment
within the coding region. Both procedures allow for simple selection of the
mutant due to acquisition of a gene coding for a protein that metabolizes a
certain antibiotic that the organism is normally sensitive to. In the second
stage of genetic manipulation, the homologous gene from another
organism is substituted for the native gene in the organism of study. In the
third level of mutagenesis, a single base in the gene could be mutated
leading to a change in a particular amino acid. All of these three different
mutagenic techniques have been effectively utilized in the molecular
genetic analysis of PS II polypeptides (2).

As mentioned at the beginning, the molecular genetic analysis of PS I
is at its early stages and currently the efforts are directed towards the
creation of insertion/deletion mutations in PS I polypeptides. Chitnis et al .,
have recently reported the insertional inactivation of psaD (42) and psaE
(43) genes in Synechocystis 6803. The psaE mutant grows
photoautotrophically at rates which are virtually identical to those of the
wild type cells indicating that the organism can do away with the PSI-E
polypeptide. psaD mutant grows very slowly under photoautotrophic
conditions, but grows at rates equivalent to that of wildtype cells under
photoheterotrophic condition in the presence of 5mM glucose. This mutant
contains a PS I complex consisting of the PSI-A, PSI-B, PSI-C and PSI-F
polypeptides. The abnormal PSI complex is unable to photoreduce
ferredoxin but is, however, still be able to carry out electron transport from
plastocyanin to methylviologen. These results are consistent with the
conclusion that the PSI-D polypeptide functions as a docking protein for
ferredoxin.

So far there is no information about the creation of mutant in
Synechocystis 6803 which is totally devoid of PS I activity. In other words,
there is no mutant yet available for the psaA, psaB and psa C genes in
Synechocystis 6803. It is generally believed that during photoheterotrophic
growth of Synechocystis 6803, PS I may be required to generate ATP through
cyclic electron transport and therefore it may be difficult to obtain mutants
in this organism for the psaA, psaB and psaC genes . Keeping this in mind,
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we have started developing another system for the molecular genetic
analysis of PS I. Qur system is based on the filamentous cyanobacterium
Anabaena variabilis ATCC 29413. This organism is capable of chemotrophic
growth and it grows well in complete darkness in the presence of 5 mM
fructose (44). DNA can be introduced into this organism through conjugal
transfer of plasmid DNA from E. cali (45). Once inside the organism, the
introduced DNA get integrated into the chromosome either by single or
double recombination (46). Double recombination leads to the replacement
of wild type gene in the chromosome by the mutated copy on the plasmid.
Elhai and Wolk (47) have developed a plasmid vector (pRL 277) for the
introduction of DNA into Anabaena by conjugation and subsequent
selection for double recombinants. In our laboratory, we are making use of
this plasmid vector for the specific inactivation of psaA, psaB and psaC
genes in the chromosomal DNA of Anabaena 29413 with the goal of
creating mutations in these genes. As a way of describing our system, we
will now provide an account of our experimental approach in the creation
of a psaC mutant through the insertional inactivation of this gene .

Bsml ,
Sspl Dnal | EcoRI Sspl
a || -l |
Bsml
Sspl Dral . . EcoRI Sspl
b l I -kanunycmcamdz I J

Fig. 3. (a) Restriction map of chromosomal DNA of Anabaena 29413 in the
region flanking the psaC gene. (b)Insertion of a kanamycin resistance
conferring cassette in the middle of the psaC gene at a Bsm I site.

In the first step, a 3.5 kbp Sspl fragment containing the complete psaC
and its flanking regions was cloned from a lambda EMBL23 library of
Anabaena 29413 genomic library (48). In the second step, a kanamycin
resistance cartridge was introduced in the middle of the gene at the Bsm I
site (Fig. 3). This kanamycin cartridge is composed of the kanamycin
resistence coding sequence from transposon Tn5 behind the promoter
sequence of the psbA gene from the chloroplast genome of Amaranthus
hybridus (49). In the third step, the construction made in the second step is
cloned in the polylinker region of the transfer plasmid pRL277(47), resulting
in the creation of pSL398 (Fig.4 ). pRL277 contains the streptomycin/
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spectinomycin resistance coding sequence and a stretch of DNA that
functions as the origin of conjugal transfer (Bom or OriT). In the fourth
step, pSL398 created in the third step is transferred to a E. coli strain
harboring another helper plasmid pRL528. pRL528 encodes two methylases
that modify the recognition site of the restriction endonucleases Ava I and
Ava II in Anabaena cells (45). It also carries the mob gene that encodes a
DNA-nicking protein that recognizes the bom site on the conjugation
vector (pSL398). In other words, the DN A-nicking protein essential for the
mobilization of pSL398 into Anabaena cells during conjugation is provided
in trans by pRL528.

Fig. 4. Structure of the conjugal vector pRL277 and the transfer plasmid
pSL398

The conjugation involves triparental mating between two E. coli
strains and Anabaena cells. The first E. coli strain contains the two different
plasmids, pRL528 and pSL398. The second strain of E.coli contains the
plasmid pRL443. In the first stage of conjugation, pRL443 transfers itself into
the first E. coli strain and then promotes the transfer of pSL398 into
Anabaena cells (Fig. 5). After mating, the cells are plated on medium
without selective antibiotics for 48 hours to allow recombination and gene
expression. Then the cells are transferred to plates with antibiotics for
selection of exconjugants and with fructose for the maintenance of
photosynthetically deficient cells. Approximately one week is required
before single antibiotic resistant colonies are visible. The colonies are then
grown on liquid medium supplemented with kanamycin and fructose,
sonicated to fragment the filament into single cells and replated. Several
rounds of this purification are required because multiple copies of the
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chromosome are present in cyanobacterial cells. If there is a single
recombination, the entire pSL398 would have got incorporated into the
chromosome and the resulting exconjugant would be resistant to both
streptomycin / spectinomycin and kanamycin. On the other hand, if there is
a double recombination event , the Anabaena sequence present in pSL398
along with the interposed kanamycin cartridge would replace the
homologous sequence in the chromosome. This double recombinants
would be resistant to only kanamycin but sensitive to streptomycin /
spectinomycin. In the double recombinants, the wild type psaC gene would
have been replaced by the mutated copy of the psaC gene. In the same way
efforts are being made to create psaA and psaB mutants.

E.coll E.coll
pRL443
pRL528 an:m pRL443
pRL398
Anabaena c:::::l"":
heterocyst cell

Fig. 5. Triparental mating for the transfer of DNA from E. coli to Anabaena
29413.

In the next step of our investigation we would like to make use of a
shuttle vector which could replicate both in E. coli and Anabaena to
complement the mutations created as described above. This would allow us
to carry out all the manipulations in the gene of our interest in E.coli and
introduce the manipulated copy of this gene into Anabaena 29413 to study
the specific functions of the gene product.
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The intent of this brief discussion is to consider how photosynthetic electron
transfer is regulated and, in turn, how it may be expected to impact on the rate and
efficiency of net photosynthesis under agricultural or natural habitats as atmospheric
CO3 levels increase. My focus will be on outlining the concepts and general
mechanisms that govern photosynthetic electron transfer and this will unavoidably be
at the expense of tracing the origin of ideas and development of the crucial supporting
data. Traditionally, consideration of the control of photosynthetic electron transfer in
higher plant chloroplasts has been dominated by discussions concerning the oxidation
of plastoquinol by the cytochrome bgf complex. This quinol-metalloprotein
oxidoreductase is structurally and functionally analogous to complexes found in the
photosynthetic and respiratory membranes from both prokaryotes and eukaryotes that
oxidize a low potential quinol and reduce a high potential. metalloprotein (1). In higher
plants this complex oxidizes plastoquinol generated by photosystem II and reduces
plastocyanin oxidized by photosystem I. The mechanism of both plastoquinone
reduction and plastoquinol oxidation, in which intermediate reductive states are
maintained bound to specific catalytic sites, ensures absolute asymmetry in proton
uptake in keeping with the role of transmembrane proton asymmetries in energy
coupling (2). This role that plastoquinol oxidation plays in energy coupling is
especially important in considering the special role that it also plays in controlling the
rate and efficiency of electron transfer.

The basis for underlying mechanism for this control is that plastoquinol
oxidation by the cytochrome bgf complex is the only appreciably reversible step in the
sequence of photosynthetic electron transfer reactions.

PQH; < PQ + 2H* + 2e-
Thus, as hydrogen ions are accumulated within the thylakoid vesicle as a result of light-
driven electron transfer, the equilibrium increasingly favors the reverse reaction, that is,
the formation of plastoquino! (PQH3?) by the reduction of plastoquinone (PQ) on the
cytochrome bgf complex. Thus, as the electrochemical potential of accumulated
protons becomes large, the rate of pet oxidation of plastoquinol by the cytochrome bef
complex and therefore the rate of electron transfer becomes slower and, on an absorbed
photon basis, less efficient. On thermodynamic grounds, the rate of the net reaction
would be zero should the electrochemical potential of accumulated protons become
equivalent to the redox free energy available in the electron transport couple involved
with the proton uptake. In this case the net reaction would be zero if the
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electrochemical potential was equal to the free energy difference between PQ/PQH; and
the one electron redox components of the cytochrome bgf complex.

Up to this point only the role of the chemical potential of the accumulated
protons has been considered in the thermodynamic control of photosynthetic electron
transfer. However, in order to be complete, mention should be made of the control that
can be exerted by the transmembrane electric field on the net rate of plastoquinol
oxidation. Above, the reaction resulting in the oxidation of plastoquinol was viewed as
an electrically neutral process in which no separation of charge across the thylakoid
membrane took place. If this were actually the case, a transmembrane electrical field
would not be expected to influence the rate of plastoquinol oxidation. However, the ‘
existence of an electrogenic reaction associated with the oxidation of plastoquinol by the
cytochrome bgf complex is now experimentally well established (1). A variety of
models have been proposed to account for this electrogenic event and, while the
alternative models differ in fundamental aspects of their mechanism, they share both
the general name Q-cycle and the feature that one of the electrons released from
plastoquinol during its oxidation is shuttled back across the membrane establishing a
separation of charges. As predicted by the existence of an electrogenic reaction in the
rate-limiting step of the chloroplast electron transfer sequence, control of the rate of
electron transfer by the electrical component of the accumulated protons has been
clearly demonstrated (3).

My purpose in reviewing what might be termed the thermodynamic control of
photosynthetic electron transfer is to illustrate that this occurs as an inevitable energetic
consequence of plastoquinol oxidation by the cytochrome bgf complex. As we have
seen the extent of this control is proportional to size of the transmembrane
electrochemical potential. During continuous illumination the ApH component
dominates the thermodynamic control. Recent evidence suggests that in siru the size of
the ApH is invariant over a wide range of net photosynthesis rates (4). As such it is
unlikely that control of electron transfer at the level of plastoquinol oxidation will play
any significant role in determining how net photosynthesis responds to elevated CO3
levels.

Only a few years ago this discussion would now be ended, however, as a result

of the increasingly more sophisticated investigations that have been done in recent years
on intact plants and on plants in natural habitats, evidence for a previously
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unrecognized regulation of light energy utilization has emerged. Recent data from
several laboratories provide strong experimental evidence for the existence of an
intricate mechanism(s) able to 'down regulate’ photosynthetic efficiency as illumination
levels exceed photosynthetic capacity (e.g. 5,6,7). While we were by no means the
first to begin thinking along these lines, I would like to illustrate the phenomenon of
‘down regulation’' of photosynthetic efficiency with recent results that we obtained
studying the response of photosynthesis to the daily cycling of leaf water potential in
field-grown sunflower (Helianthus annuus ).

On clear days mid-afternoon decreases in leaf water potential of about 15 bars
and in net photosynthesis of up to 50% were typical for irrigated sunflower during seed
filling. For instance, Figure 1 shows the typical diurnal pattern of photosynthesis that
we observed. The highest rate of photosynthesis for the day was reached in the mid-
morning before irradiance had reached half the maximal level for the day. Thereafter
the rate of net photosynthesis declined even though irradiance increased during mid-
morning and into the early afternoon. At 9 h the irradiance was near 900 mmol quanta-
m2s-1 (Fig 1) and the leaf water potential was about -6 bars. By late afternoon (17 h),
irradiance was once again near 900 mmol quanta -m-2-s-! but the leaf water potential
had declined to -15 bars and the rate of photosynthesis was less than 70% of the 9 h
value. During the decline of net photosynthesis over the course of a cloudless day (Fig
1), a nearly linear relationship was maintained between stomatal conductance and
photosynthesis (8). This relationship between stomatal conductance and the rate of net
photosynthesis might seem consistent with strong stomatal control exerted on
photosynthesis thereby accounting for declining assimilation rates as leaf water
potential dropped throughout the day. Since direct control by stomatal aperture over the
rate of photosynthesis is exerted through the control that stomata have on intercellular
CO, concentration (C;), lower C; values are anticipated in the afternoon when ' the
stomatal conductance was lowest. However, Figure 2 shows that the relationship
between photosynthesis and C; over the course of the day showed an unexpected
inverse behavior. At 9 h when leaf conductance and photosynthesis were at their
highest level of the day, the concentration of CO» within the leaf was at its lowest
value. As the leaf water potential declined and the stomata began to close, C; increased
indicating that CO3 utilization by the chloroplast, rather than the availability of COg,
was limiting the rate of net photosynthesis .

412



1500

ty
]

ro)
o
s)

wm

o

o

(®)(1-Sz-w jowr)
9/04 UOHDJIWISS Y

Quontum flux densi
(umol més™) (

0 i 1 1 1 0
8 0 12 14 16 18

Time of Day

Figure 1. Profile of irradiance and net photosynthesis of attached sunflower
leaves as a function of the time of day. These data are typical of those observed
for irrigated sunflower on sunny days during the seed-filling stage. This figure
is modified from Wise et al. (8).

To begin to understand the basis for the association between declining rates of
photosynthesis and increasing C; values observed over the course of the day in field-
grown sunflower, we looked at what was happening to the intrinsic efficiency of
photosynthesis by measuring the light-limited quantum yield of CO; assimilation.
Figure 3 shows a declining quantum efficiency that qualitatively mimics the decline in
the rate of net photosynthesis over the course of the day. In this case we cannot say
that these are typical data as several replicates of this experiment gave somewhat
different results. It is likely these differences reflect procedural aspects of the
measurement because, as others have reported (e.g. 4), this depression of the quantum
yield induced by high light reverses quite rapidly at the low light intensities used to
make quantum yield determinations. Furthermore the half time of this reversal, which
may be as short as several minutes, is influenced to an unknown degree by factors
such as the intensity and duration of light (including therefore time of day) and
possibly by leaf water status and conductance. In fact the rapidly reversing character of
this effect of high light intensity on the quantum efficiency of CO; assimilation is a very
pertinent point to this discussion. Seemingly comparable experiments in which growth
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chamber-grown plants are exposed to higher than growth chamber light intensities are
often observed to respond with marked depression in quantum yield that can be traced
to a light-dependent damage to photosystem II. Indeed, light-dependent damage to the
photosynthetic apparatus is the best understood mechanism of photoinhibition. While
the light-dependent decline in photosynthetic efficiency seen in Figure 3 might also be
termed photoinhibition, its rapid reversal suggests, and a broad range of experiments
done in other laboratories demonstrates (4), that this inhibition does not involve damage
but is instead regulatory in nature.

50t
L)
S~ 40}
5
N
S's 3o}
93
>0
S8§ 20
ad
<
10+
0 i g 1
250 300 350

Ci{pmol mol™")

Figure 2. The relationship between photosynthesis and the intercellular CO3
concentration. These data were obtained by measuring the rate of net
photosynthesis and Cj at various times between 9 and 18 h on cloudless day%.
This figure is modified from Wise et al. (8).

Currently there is a good deal of activity and a similar level of controversy
concerning the mechanism of this 'down regulatory’ effect on photosynthetic
efficiency. Most of the ideas presently under discussion involve radiationless
deexcitation of antennae chlorophyll as a central feature of the mechanism. That is,
fewer of the photons that are absorbed into the antennae chlorophyll arrays are
transferred to the reaction centers where the photochemistry that leads to electron
transfer occurs. It is postulated that large transmembrane pH differences that are
associated with high irradiance levels (which would be particularly large if the rate of
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ATP utilization in carbon dioxide assimilation were less than the capacity of the
thylakoid membranes to generate ATP) induces a special, but wholly undefined, state in
the antennae complexes with an enhanced probability of radiationless deactivation
competing with excitation energy transfer to the reaction center.
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Figure 3. The light-limited quantum yield of photosynthesis measured on leaf discs
punched from field-grown sunflower at different times of day. These are
unpublished data of Dr. Robert Wise and Denise Sparrow.

Although at this time vanishing little is known about the mechanistic basis, it
seems quite clear that chloroplasts the have capability to ‘down-regulate' the rate and
efficiency of net photosynthesis. It seems equally clear that significantly lower rates
and efficiencies associated with 'down regulation’ are commonplace under agricultural
conditions (8 and references therein). More difficult is the question of how this ‘down
regulatory' mechanism would effect the response of net photosynthesis to elevated
atmospheric CO9. At the present state of knowledge we are convinced by our intuition
that 'down regulation’ is an important protective mechanism when the photon flux
exceeds photosynthetic capacity as it may have in our field sunflowers in the afternoon
when irradiances were high and stomata were partially closed to avoid further water
loss. If this general line of thinking is correct then it may be that fewer photons will be
diverted under away from photochemistry at elevated CO; under otherwise comparable
conditions because of an improved water use efficiency. Nevertheless, my
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predilection is that sustaining the higher net rates of photosynthesis that are often
transiently seen when CO3 is increased will, in agricultural and natural habitats, be
more profoundly influenced by mineral and water resources and by the influence that a
high CO7 environment has chloroplast development than by small gains in electron
transport capacity that may be possible within known regulatory mechanisms.
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ABSTRACT

Because Rubisco activity determines the rate of co, fixation by the
Gy reductive photosynthetic carbon cycle and the amount of €0, and 0,
exchange by the G, oxidative photosynthetic carbon cycle, photosynthetic
carbon me-tabolism regulates €0, and 0, compensation points. These levels
are directly involved in establishing the atmospheric CO, and O,
equilibrium levels. Tﬁe G, cycle wastes excess photosynthetic energy.
co, equilibria can fluctuate between the CO, compensation point (60 ppm
C0,) and 1000 ppm CO, with present environmental conditions and plants.
Concentrating mechanism utilizes part of the excess energy wasted by
photorespiration to concentrate CO, in the chloroplasts by the C, cycle
or by algal mechanisms for concentrating dissolved inorganic carbon (DIC -
pumps). Algal DIC pump activity is accompanied by accumulation of
hydroxide ions in the medium, which in turn can be used for lowering
atmospheric Co, and forming carbonate deposits. More C, plants is not an
apparent solution to lower the atmospheric C€O,, because their
photosynthetic CO, efficiency decreases rapidly above 350 ppm Co,. More
research is needed on photosynthesis by algae which form long-life

deposits of reduced carbon and carbonates.

PHOTOSYNTHETIC CARBON METABOLISM

There are two large subject areas about the atmospheric CO, which
need to be discussed with the same biochemical data on photosynthetic
carbon metabolism. One is how the increasing 002 will effect the growth
of plants and alter their distribution and composition (1). The other
problem is how plants in turn regulate the atmospheric €O, and 0,. I
shall only discuss the latter in this paper. From anmalyses of past

atmospheric gases in ice cores going back 150,000 years, we know that the
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atmospheric Co, level had equilibrated between 180 ppm co, in glacial
periods to 280 ppm CO, during interglacial periods (2). How were these
low €O, levels maintained? Now in a geological and ecological very brief
period of only 100 years the atmospheric €O, has increased to 360 ppm.
The photosynthetic CO2 balance has been overwhelmed by conversion of much
fossil photosynthate to Co,.

In plants and algae the bifunctional ribuloses bisphosphate
carboxylase/oxygenase (Rubisco) initiates the C3 reductive photosynthetic
carbon cycle for €O, fixation and the C, oxidative photosynthetic carbon
cycle for photorespiration (Figure 1) (3-8). The two cycles co-exist as
competitive reactions for the two substrates CO, and O,. Together they
are photosynthetic carbon metabolism and together they determine the rate
of net photosynthesis. Based on the rate of €0, exchange, the G cycle
fixes 2 or 3 times as much CO, as the C, cycle releases. Increasing CO,

or lowering 0, increases net photosynthesis, and lowering Co, or raising
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Figure 1. The C, Reductive And G, Oxidative Photosynthetic Carbon Cycles
Initiated By Ribulose Bisphosphate Carboxylase/0Oxygenase.
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0, decreases net photosynthesis. The CO, compensation point is when net
o, exchange from both cycles is equal. Then net photosynthesis is zero
and no growth occurs. For many Cy crop plants in sun light the CO,_
compensation point is between 45 and 65 ppm CO2 in 21% 02 at 20°C, rising
to over 100 ppm Co, at 30°C and to near atmospheric co, levels around
37°C. One reason for this is that 02 is relatively more soluble in water
with increasing temperature than CO,_. The photosynthetic carbon system
sets lower limits on CO2 removal from air, and acts as a governing and

limiting component of the global co, equilibrium.

Reactions of the Cy reductive cycle for fixing GO, are well known,
and reactions of the ¢, oxidative cycle consists of the glycolate pathway
for Co, evolution plus the reactions of the C3 cycle for regeneration of
ribulose bisphosphate (3-8). Reduction of 6 C0, to one hexose-P by the
Cy cycle uses 12 NADPH and 18 ATP of photosynthetic assimilatory
capacity. Adding up all the energy utilizing steps during the release
and refixation of 6 CO2 by the C, cycle shows a burn up 36 NADPH and 60
ATP (5). This is approximately 3 times as much photosynthetic energy
consumption per 6 Co, exchange as used to reduce 6 CO2 to a carbohydrate.
However CO2 fixation rates exceeds photorespiratory CO2 release by about
3 fold. Consequently energy waste by photorespiration has been about the
same as energy used for CO2 fixation during past environmental

conditions.

When photorespiration wastes excess NADPH and ATP it is serving as
a "Hill" process, an alternate photosynthetic electron acceptor rather
than CO2 reduction. Thus the C2 cycle consumes excess photosynthetic
energy when the GO, level is low. A consequence of photorespiration is
to severely limit the rate and amount of CO2 which plants can remove from
the air. An increase in atmospheric €0, up to 1000 ppm Cco, is necessary
to decrease photorespiration by about 90% (9, more 'data is needed). The
combination of the G, and C, cycle explains how plants can flourish over
a wide range of CO2 levels and 1light intensities without other
alterations in photosynthesis. Above 1000 ppm CO2 light intensity
becomes limiting for Cy plants. With increasing atmospheric COZ from the
compensation point to 1000 ppm, the energy wasted by photorespiration at
low Co, is used to reduce Co, at a faster rate. Thus photosynthesis is

self regulated by its carbon metabolism.
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DISSOLVED INORGANIC CARBON CONCENTRATING PROCESSES

Investigators of Rubisco seek to alter its specificity factor or
the ratio of its carboxylase to oxygenase activity. Because Rubisco does
not have a catalytic binding site for €o, or 0, with a co-factor,
alteration for a higher specificity factor has so far not been done by
molecular methods. The Km(coz) for Rubisco is over 26 uM in air. 1In
fact the lowest Rubisco specificity nature developed is in G plants.
Beyond that nature has used additional reactions to concentrate Co, in
the chloroplast, in order to increase the carboxylase rate and decrease

photorespiration.

There are two CO2 concentrating processes: the C, cycle (10) and
the algal dissolved inorganic carbon (DIC) concentrating mechnanisms
(pumps) (11,12). Both are driven by extra photosynthetic energy, which
would otherwise be lost by photorespiration. The phosphoenolpyruvate
carboxylase of the C, cycle has a Km(Hcol') of a few uM, and HCOJ' is the
main DIC substrate in the chloroplast., With a HCOJ' binding site the
enzyme has a rapid Vmax and it is not inhibited by 0,. Increasing
atmospheric €O, around a plant is a better way to increase net
photosynthesis as there is no energy drain for a €O, pump, but higher CO2

levels will induce environmental changes.
LIMITATION TO C‘ PLANTS

Increasing atmospheric co, has already reached an limiting
ecological threshold for C, plants. In the past with only an average of
250 ppm Co, , growth of C, plants was photosynthetically favored over Gy
plants, because the c, plant used some of its excess energy to
concentrate the limiting supply of co,. Today the atmospheric CO, level
at 360 ppm has reached a point above which the growth of c, plants
becomes limited by light intensity and not by o, concentration. At 350
to 400 ppm CO2 the net rate of photosynthesis by the Gy and C, plants are
about equal. With further increase in CO2 concentration up to 1000 ppm
net photosynthesis by the C3 plant continues to increase, but the C,
plant, because it must continue to use energy on its C, cycle in the
mesophyll cells, becomes less photosynthetically efficient' than the Gy
plant. The C, plant ecologically was favored by low CO,, but from now on

with over 350 ppm CO2 the C, plant is at a photosynthetic disadvantage.

’
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Now we may need to look for Cy varieties of C, plants, such as corn and

sugar cane.

CHLOROPLAST CYTOPLASM PERg;LAt(\:SMIC MEDIUM
E
_ ATPase ATPase
HCO3 HCO'3 HCO;(———P HCO;
CA CA jea OH'T
CO, ¢—T CO, ¢=———1—$C0, ¢—1+—»CO,
+
RUBP OH™
Carboxylase
PGA atmosphere
ENVELOPE
PLASMALEMMA
CELL WALL

Figure 2. A working model for inorganic carbon accumulation by
unicellular green algae. DIC may enter and accumulate in an algal cell
by (a) passive C0, diffusion and coaversion to HCO, by pH gradieats, -(b)
an active CO, pump involving at least an ATP driven transporter (adapted
from 3) at the chloroplast envelope, and (c) an active HCO, pump
involving an additional ATPase exchange process at the plasmalemms.

COMPARISON OF THE CO, AND BICARBONATE CONCENTRATING PROCESSES IN
UNICELLULAR GREEN ALGAE.

By the algal €O, pump, CO, is the DIC component which enters the
cell and an external carbonic anhydrase (CA) 1is often present to
facilitate rapid bicarbonate conversion to €0, (11,12). Most if not all
algae from cyanobacteria to multicellular green algae form a €O, pump
vhen grown on low CO,. Some algae, which have a €O, pump, such as
cyanobacteria or Chlorella 1lh and Chlamydomonas moeusii, do not have
measurable external CA, and it is not clear how the exterior nco,' is uysed
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or converted to Co,. The Ky 5(C0,) for 02 evolution and DIC accumulation
may be less than 1 uM, where as the Km(CO,) for Rubisco in these algae is
from 26 to 60 uM Co,. Scenedesmus cells have been used to study the HCO;'
pump because when adapted to air levels of Co, for 4 to 6 hours in the

light, the cells form two concentrating processes for dissolved inorganic
carbon: one for utilizing co, from medium of pE 5 to 8 and one for
bicarbonate uptake and accumulation from medium of pH 7 to 11 (Figure 2)
(13). The two processes can be differentiated by testing at different
pH, by inhibitors and by differences in adaptation conditions to low Co, .
The GO, pump always seems to be present in air-adapted or air-grown green
micro algae, where as a HCO;' pump in addition, as in Scenedesmus, is
generally not present in fresh water unicellular algae that do not grow
at a-pH of over 8.5. Insufficient work has been done to date to know how
prevalent is the HCO{ pump in marine algae. Salt tolerant Dunaliella
(14) and the symbiotic Zoxanthellae (15, more data is needed) have Co,
pumps, but HCOJ' pumps for these marine algae have not been investigated

extensively.

Isolated intact chloroplasts from air-adapted (but not high co,
grown) Chlamydomonas (16) or Dunaliella (14) can concentrate DIC in the
light and this uptake is inhibited by vanadate or by inhibitors of
photophosphorylation, so that during active CO2 uptake, an ATPaSe, which
uses photosynthetic energy, may be involved at the chloroplast envelope
to concentrate DIC. External vanadate does not inhibit the CO, pump at
the plasmalemma. It is doubtful that the chloroplast envelope ATPase is
the only point of energy input for the GO, pump. Biochemical
characterization of the steps and enzymes of the DIC pumps is an urgent

research area.

For air-adapted Scenedesmus, the HCO,' concentrating process between
pH 7 to 11 lowered the K; ¢ for 0, evolution from 7300 uM HCO,' in high cO,
grown Scenedesmus to 10 uM in air-adapted cells (13). To illustrate the
efficiency of the ‘HC03' pump, a Kn(oz) for photosynthesis with 10 uM BGO,’
at pH 8.3 would be in the neighborhood of 0.1 uM CO,. The HCO,' pump was
inhibited by 150 uM vanadate in the medium, as if a perplasmic membrane
ATPase linked HCO;' transporter were involved. Wwhereas, the €O, pump was
formed on low co, by high—COz grown cells in growth medium within 4 to 6
hours in the light, the alkaline HCO;' pump was partially activated on low
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€O, within 1 to 2 hours in the light or after 2-8 hours in the dark. A
working hypothesis is that the HCO3' pump had one step (i.e. the

plasmalemma HCO;' exchanger) that was activated in the dark on low COZ‘
but that the maximum rate of HCO3' uptake was dependent on other steps,
such as a chloroplast envelope ATPase that required light activation and

low CO2 .
ALKALIZATION OF THE MEDIUM

During DIC accumulation, alkalization of the Chara cell surface has
been extensively studied (17) and alkalization of the medium by micro
blue-green and green algae has been recognized (12). Investigators of
the DIC pump neutralize this phenomenon when they add mM amounts of
buffer to their experimental algal medium. Because hydroxide production
in the medium is in pmolar amounts during upmolar DIC removal, it is
relatively low compared to mM buffer or even mM amounts of added NaHCO3
which buffers the medium. Current investigations (Shiraiwa, Y., Goyal,
A., and Tolbert, N.E., submitted) have been done with algae in water, and
control pH titration curves were run for each experiment to convert the
observed pH change in the buffered medium of the cells and HCOJ' to
equivalents of OH ions. Twelve different algae including Chlorophyceae
strains of Chlorella, Scenedesmus, Dunaliella, and Chlamydomonas, and
Charaphyceae and Ulvaphyceae were used and over the short experimental
times of sec to 2 hrs the rates of 0, evolution were not damaged by the
unbuffered systems (in manuscript). Rates of alkalization, measured as
pH increase and calculated as OH equivalents, were dependent on the
presence of the CO, concentrating process in air-adapted cells, light,
pH, and the external DIC concentration. Alkalization by high-002 grown
cells was very low. All the micro algae with a DIC pump rapidly (within
2 to 5 min) raised the pH from 7 to 9 or 10, until alkaline production
and photosynthetic 02 evolution abruptly stopped. Rates of OH formation
were linear with time up to pH 9.5. If the pH were lowered to 6 or 7
with HCl, 0, evolution and alkalization resumed, and this could be
repeated numerous times over hours with the same algal suspension (in

manuscript).

Alkalization of the medium was dependent upon external conversion

of HCO;' to CO, + OH (Figure 2). Thus, alkalization did not occur if
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cells were using internal DIC or dissolved external Co,. Alkali
production was inhibited by CA inhibitors, AZ, EZ and COS, if external
CA were present as part of the DIC pump. Our working hypothesis is that
alkalization of the medium was due to conversion of extracellular HCO,'
to CO, plus OH, as the €O, was actively and rapidly concentrated in the
cells by the CO, pump. Thus OH" was left outside the cell, and there has
been no evidence that the process involved OH excretion or a plasmalemma
ATPase for H' production to neutralize the base. Alkalization of the
medium is a result of the green micro algal COZ pump. One role for the
external base would be to titrated carbonic acid from newly dissolved
co,. Thus alkali production could be neutralized by absorption of more
atmospheric co, in a global carbon cycle (equations 1 and 2).

Air-adapted, but not CO, grown, Scenedesmus alkalized the medium
with DIC to pH 10 more rapidly than other green algae in the light. Even
in the dark or without external DIC in the light or with DCMU,
Scenedesmus cells alkalized the medium at a rate of about 50 to 90% of
the rate*in the light by other algae. This light and Co, independent
alkalization of the medium by Scenmedesmus would continue if the pH were
lowered every few minutes with HCl. Presumably the dark alkalization was
based on respiration, but low co, adaptation was necessary to activate

this dark alkalization process.
CALCIUM CARBONATE DEPOSITATION

Calcium carbonate deposition and biotic reef formation in antiquity
and today occur because of the photosynthetic activity of calcareous
algae. Although calcification has long been described by wmarine
biologists and geologists, its association with photosynthesis has not
been sufficiently investigated nor has its role as a 002 sink today been
considered for the increasing atmospheric coz. CaCoy deposition by algae
varies widely from amorphous or crystalline deposits outside the cell,
in or on the cell surface, or inside the cell. Reviews (18) cite a
photosynthetic carbon balance of two bicarbonates taken from the medium
with one C()2 reduced to organic carbon by the algae (equation 3 and 4)
and one carbonate by-product (equation 5) that is deposited as a calcium
or magnesium salt. When many algae, both marine and fresh water,
accumulate DIC, they may alkalize the media (equation 3) and the hydroxy
ion may be neutralized by the conversion of a second HCOJ' o C0]=
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(equation 5), which in turn is deposited as a salt (equation 6).

1. €O, + H0 ~===-mm -+ B,CO,
2. HC0 ~--=» HCO; + H'
3. HCO," (outside) ----+ CO, (inside) + OH (outside)
(photosynthetic DIC pumps)
'R COy === (CHO)ll (inside) (photosynthetic fixation)
HCOy” + OH --~-o co; + H0 (outside)
6. €O + Ca" ----» CaCO;l  (outside)

Thus investigators of the DIC concentrating processes by algae are also
investigating part of the process for calcium carbonate deposition by
algae. The two areas need to be examined as a whole when considering
global problems in marine biology and sequestering excess atmospheric
CO,. Every Hcoj‘ converted to organic carbon during photosynthesis hy
many algae is potentially accompanied 'by deposition of a second BCO,' as
CaC0y. As a consequence of marine photosynthesis reduced organic carbon
and carbonates may be deposited into pools with long half lives. Part
of the excess co, currently being put into the satmosphere is not
accounted for by photosynthetic refixation by plants and algae. These
unknown sinks may be in part algal organic and CaCo, deposits.,
Controlling or lowering atmospheric Co, by growing more plants for the
global carbon cycle is only temporary, because the photosynthate would
be continually recycled. To lower atmospheric €Oy, the excess carbon
needs to be reburied, like the coal, gas and oil from which it comes,
into a long life or inaccessible form or location. Increased formatiom
of CaOO, deposits in the oceans by algae is & possible coz depository
today, as it has been in the past. Many natural limitations to Caoo,
deposition and marine photosynthesis exist, ‘such as algal nutritionm,
temperature, pH, and light. If photosynthetic options are to be
investigated for controlling atmospheric COy, marine organic and
carbonate deposit:iog should receive highest consideration.

An additional speculation for future research would be to develop
transgenic plants with the algal DIC. pump. Because the DIC pump probably
consists of only a few (4 to 6) enzymic components, such as CA and
ATPases, its transfer into higher plants would be more feasible than
conversion of Gy plants into C, plants. However as a scientific community

we are not yet prepared or financed to make these changes. 1In the mean
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time a survey for parts of the algal DIC pump in high plents could be
undertaken.

EVOLUTIONARY CHANGES IN DIC CONCENTRATING PROCESSES

Peroxisomes evolved or became abundant and active with increasing
atmospheric 02 only in advanced algae of the Charaphyceae (19,20), which
is the only line of algae that evolved into higher plants (21). Some of
the biochemical and photosynthetic changes that occurred during evolution
of this line are cited in Table I. Ancestral, unicellular, green and

blue green algae all concentrate DIC for efficient photosynthesis.

Table 1
Unicellular Green Multicellular
Algae, Charaphyceae Macro Algae and
Plants
Peroxisomes None Present
Glycolate Metabolism Dehydrogenase in Oxidase in
mitochondria peroxisomes
Pyruvate Reductase and Present Absent
D-lactate Dehydrogenase
DIC Concentrating Co, or HCO{ pump None or C, Cycle
Mechanism
Glycolate Excretion Occurs None

|
The internal high co, competitively reduces the oxygenase activity of

Rubisco for P-glycolate synthesis and photorespiration. Such algae have
a low level of enzymatic activities for glycolate metabolism by a
glycolate or D-lactate dehydrogenase in their mitochondria; they do not
have leaf type peroxisomes. The developmental changes that occurred in
the more advanced or complex algal forms resulted in leaf type
peroxisomes with active photorespiration. Early forms of higher plants
do not contain the algal DIC pumps, as far as we know. Some macro algal
and plants may contain the C, cycle for concentrating C0,. To evaluate
these evolutionary changes we need much more data, of course, and we need
to know why the changes occurred. Any algae that lost their DIC pumps
would have become photosynthetically less co, efficient, and they would
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waste more photosynthetic assimilatory capacity (ATP and NADPH) on
photorespiration associated with leaf-type peroxisomes. As we currently
understand this evolutionary change, it appears to have been unfavorable
for the evolving algae. 1In fact in only one line of algae did this

unfavorable change presist, but that line of Charaphyaceae did develop
into higher plants. A global hypothesis may be that this change occurred
so that advanced algae and plants could not remove all of the atmospheric
co,, which is needed for the greenhouse regulation of the environment.
However, these algal changes probably occurred long before the
atmospheric co, decreased to current levels. Thus other causes for these
changes need to be probed. A review of the properties of Rubisco in
ancestral algae to plants indicate 1little changes. Perhaps the
development of more complex algal systems has been associated with an
increase in atmospheric 02. At present we have little evidence for the
presence of the algal DIC concentrating processes in macro algae or
plants or the accumulation of CaCo, deposits by higher plants. There are
examples of CaCOl deposition in some plants (22), but these plants have

not been investigated for GO, concentrating processes.
REGULATION OF ATMOSPHERIC 02

The oxygenase activity of Rubisco should not have been limiting
while algae and plants evolved, because atmospheric 0, was low, CO, was
high, and the algae had co, concentrating mechanisms. The Rubisco
oxygenase activity only became limiting on photosynthesis when oxygen
increased to 21%. It is unlikely that the excess CO, was all removed and
buried as fossil photosynthate at just the point when the atmospheric 0,
reached 21%. Rather an 0, compensation point for plants may regulate the
atmospheric 02 level, just as the COZ compensation point influences the
level of atmospheric Co,. With an atmosphere of 250 to 300 ppm C0,, net
photosynthesis approaches zero between 40 to 99% OZ due to increased
photorespiration at near an 0, compensation point. Such higher 0Z levels
would exist in the chloroplast, were it not for O, diffusion outwards to
given atmospheric 02 levels. Just as limited CO2 diffusion into the
chloroplast from a low exterior CO2 level sets up a co, compensation
point, the diffusion of 0, out of the chloroplast is dependent on the
atmospheric 02 level. These limiting atmospheric gaseous exchange rates
betwen chloroplasts and air for both 0, and CO, regulate the activity of

Rubisco, and in turn regulate the atmospheric compostion. At 21% 0, in
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air the 0, equilibrium between the chloroplast and air is sufficient to
allow enough 0, to escape so that photosynthetic co, fixation occurs. A
steady state lower 0, level would have resulted in a lower CO2
compensation point and a lower atmospheric co, level, while a higher O2
level would require a higher CO2 level to sustain the same net

photosynthesis. This is a difficult concept for which there is little
supporting whole plant data. Quantitative control of 0, and co, levels
is needed during growth of plants in chambers for measuring the effect

‘of photosynthesis on the O2 balance in the atmosphere.

1 am proposing that the co, and 0, levels of the atmosphere are
equilibrium levels controlled in part by photosynthesis, kinetics of
Rubisco, and the ratio of carbon flow between the C, and C,
photosynthetic carbon cycles. Both co, and 0, in the atmosphere are being
turned over by photosynthesis. Photosynthesis by plants can deal with
co, levels between 80 to 1000 ppm €O, without significantly perturbing the
0, level. Some present day plants may not do well in 1000 ppm co,,
because they have not had time to evolve processes for utilizing the
excess photosynthate. But photosynthesis itself will not be adversely
effected by higher €0,. More C, plants is not an apparent solution to
lower the atmospheric €O, level. 1Instead we need to further examine
photosynthesis by algae where the potential for removal of excess Co, as
CaCO, deposits has long been in effect. X
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

RESPONSE OF PLANTS TO ELEVATED CARBON
DIOXIDE: THE ROLE OF PHOTOSYNTHESIS, SINK
DEMAND AND ENVIRONMENTAL STRESSES

D.W. LAWLOR

Institute of Arable Crops Research
Rothamsted Experimental Station
Harpenden, Herts., AL5 2JQ, U.K.

ABSTRACT

Increasing atmospheric carbon dioxide concentration will affect global climate
and stimulate photosynthesis and dry matter production of plants, particularly
those with C3 photosynthetic metabolism. Doubling the CO, increases dry
matter by circa 30%, through increased carboxylation and a larger maximum
rate of photosynthesis. These effects are mediated by the characteristics of
ribulose bisphosphate carboxylase (RuBPc-0) and the competition between
oxygen and CO, for ribulose bisphosphate from the photosynthetic carbon
reduction cycle (PCRC). Accumulation of carbohydrates is characteristic of the
effects of elevated CO, and regulation of CO, assimilation by feed-back
control at the level of PCRC enzymes is considered. Decreased amount and
activity of RuBPc-0 may decreased assimilation as often observed with long-
term exposure to elevated CO,. The role of growth to provide sinks for
assimilates, both in formation of new cellular components, in respiration and
for storage, is emphasised as is the balance between the source and the
sinks. The effects of environmental stresses are discussed as determining the
capacity to form the CO, assimilation system and the sinks and thereby alter
the ability of the plant to respond to elevated CO,. Stresses of nutrition, water
and temperature will decrease growth and also the rate of photosynthesis but
the effect on the sinks may be larger, causing accumulation of carbohydrates.
The nitrogen carbon ratio generally decreases in plants grown with elevated
CO,; it is discussed in relation to uptake of nitrate or other forms of N, to
competition for products of the thylakoid reactions, to increased demand for
growth and to senescence. The ability of plants to respond to elevated CO,
is complex; better understanding of the mechanisms is required if models of
the responses of vegetation to elevated CO, and climate change are to be
produced.

INTRODUCTION

Carbon dioxide in the atmosphere has risen from a pre-industrial

concentration of ¢. 280 cm® m™ to over 350 cm® m® currently and the rate is

accelerating (1,2,3,4). The change is very rapid on geological time scale, and
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is due to the increase in world human population and its increasing economic
activity (4). This leads to consumption of fossil fuels with production of CO,
and also to destruction of forests and other natural vegetation, releasing
stored carbon by oxidative processes and reducing carbon storage in the
standing vegetation. Consumption of fossil fuels will continue to rise for the
foreseeable future (1) so that values of CO, double the current, i.e. 700 cm®
m or larger, must be expected early in the 21st century (1,5,6).

Carbon dioxide is the primary substrate for photosynthesis and
carbohydrate synthesis (7,8). Therefore, it will have a direct, stimulating effect
on the productivity of photosynthetic organisms, including terrestrial vegetation
(8,9,10,11,12,13) and therefore elevated CO, will greatly affect the total
amount of carbon stored (10,11,14). This may, to some extent, offset the rise
in CO, by sequestering carbon in the biosphere (15). However, the increase
in plant growth depends not only on the CO, supply; factors which regulate
the development and growth of plants such as nutrition, water supply and
temperature will influence the response of the vegetation to elevated CO,
(16,17). The discrepancy between the conditions such as temperature or
supply of energy or nutrients required for a plant to function effectively and
those occurring in the environment may constitute a ‘stress’. Stresses will
affect the response of plants to elevated CO, (18).

There are very large differences in the response of plants of different
species to CO, (7,8,19,20); the primary distinction is between C3 and C4
plants (8,9,13). Photosynthesis of those with the C3 mechanism is
substantially stimulated by an increased supply of substrate CO,, whereas that
of plants with C4 metabolism is much less so (21,22). The reasons for this are
considered in this review together with the likely effects of elevated CO, on
productivity and the way other environmental factors may modify the
responses (16,23,24,25).

The concerns about increasing CO, are not confined to the vegetation.
A major aspect is the potential effect that CO, (and other gases such as
methane and chiorofluorocarbons) will have on the global temperature
(3,26,27,28). Carbon dioxide, like water vapour, methane and the CFC's, is a
‘green house gas’ which absorbs radiation in the infrared wavelengths,
thereby warming the atmosphere (1,16,26) land and oceans. Indeed it may
have already done so by some 0.5 °C over the last 100 years (1,29). The
consequences for global climate patterns are potentially far-reaching. Global
climate models, based on the physics of the atmosphere, predict that the
global temperatures will increase, but the magnitude and rate of change are
much disputed (26,27,28, 29,30). Models suggest that changes will not be
uniform across the globe. Higher latitudes are expected to experience a larger
proportional temperature increase than those near the equator. Areas -of the
continents are predicted to become drier although the global precipitation may
increase by 15% (27,29,30). Many of these projected changes to climate are
subject to great uncertainty and the scale of the modelling precludes specific
predictions (30).

Clearly, modifications to climate on a large scale would substantially
affect natural and managed vegetation (31,32,33) and there may be
considerable interaction with the increase in CO,. In order to understand and
thereby to predict the effects of elevated CO, in combination with climate
change on the productivity of vegetation, the response of plants to conditions
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relevant to the future environment must be addressed (34, 35). There is a
large literature on aspects of plant response to CO,, examining the effects on
many species, although with a strong bias towards crops of temperate
latitudes (3,11,12,14), under very different conditions. Relatively less work has
been done on natural vegetation (9,36,37,38) or tropical species (39 40).
Following the expectation that the CO, in the atmosphere will double in the
near future many expenments contrast approxnmately 300 to 350 cm?® CO, m?
with 700 cm?® Co, m*>. Yet considerable uncertainty exists about the
mechanisms of processes in the photosynthetic system and those using the
assimilates it produces (40,41). Also the interactions between CO, and other
environmental factors are very uncertain despite many experimental studies
(42,43). Some work addresses the problem of modelling the responses to
enable quantitative assessment of the plant responses to environmental
change (34,43). However, uncertainty over the mechanisms hampers this
approach (44,45). Currently the problem is to identify the features of plants
which determine the responses, to understand the mechanisms and to
incorporate these features into models (33,34,43). Only then can it be said
that the problem is understood and the potential responses defined.
Quantitative analysis is important for it will allow the contribution of the
biosphere to amelioration of anthropomorphic CO, release to be assessed on
a global scale (5,16) and wilt permit more effective response to climate change
in terms of modifying human activities, for plant breeding and improving
agricultural practice (31,33,34). Poor models lead to speculation without a
solid foundation; many of the problems to be tackled in the arena of global
climate change need large scale and therefore governmental action which can
only be based on objective scientific evaluation.

In this paper | outline the evidence for the response of plants to
elevated CO,, how this is mediated through the effects on photosynthesis (the
‘source’) in different plant types and how demand for assimilates (the ‘sink’)
may affect the responses. Also, the effects of nutrition, water and temperature,
which may potentially affect the response either by direct influence on
photosynthesis or via ‘source-sink’ interactions are considered. The many
potential stresses that plants are exposed to and the quantitative nature both
of the stress and of the plants response (7,43, 46,47,48) complicate
understanding and assessment of the interactions with elevated CO, and will
be analysed.

PLANT RESPONSE TO ELEVATED CARBON DIOXIDE

Production of Dry Matter and Organ Growth

The experimental evidence for the effects of doubling CO, concentration
on C3 plants is overwhelmingly that dry matter production will increase by
between 20 % and 40 %, with a mean of 33% The resuits of many
experiments have been amply analyzed by Kimball (14) and by Cure (12) and
it is unnecessary to repeat the evaluations. Productivity of C4 plants will be
much less stimulated, rising by ca. 10 % to 20 %. Such increases have been
observed for determinate, annual plants, for perennial and indeterminate
plants, herbs and woody vegetation (40,49). The magnitude depends,
however, on species and environmental conditions. The increases have been
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observed for plants grown in controlled environments, often with low
irradiance (50) and under field conditions (51), where water supply and
temperatures may be less suited for high levels of production. In general dry
matter production is greatest, in absolute terms, for plants grown under
conditions of ample water, nutrition etc. but the largest increases as a
proportion to the growth rate are found in piants grown under less favourable
conditions (e.g. in dim light or under water stress) with elevated CO,
(18,24,52). The changes in plant parts are complex, as might be expected
given the great range of species, ages and conditions observed. Generalising,
the growth of shoots and roots is stimulated in approximately the same
proportion, although storage organs may be considerably enhanced
(23,53,54). In woody species wood production is increased (49).

There is much uncertainty about the effects of elevated CO, on the
morphological characteristics of plants. In many, the production of organs is
enhanced, e.g. grasses including cereals form more tillers (55, 56), although
the apical development of wheat, for example, may not be stimulated (57).
Woody species may branch more and produce more leaf area (17). Although
some species produce larger leaves this is not always the case; more
commonly leaves have greater mass per unit area (58). Changes in the
morphology include increased stomatal numbers per unit area of leaf (59) or
no change (58), although it has been suggested that a long-term effect of
elevated CO, has been to cause the selection of plants with decreased
stomatal frequency (60). The rates of production of leaves and other organs
are generally little affected by elevated CO, (52,61) but are very variable
depending on the species and conditions (52); it is possible that the
accelerated development is more closely related to temperature than to the
CO, as an effect of elevated CO, is to decrease the stomatal conductance
(50,51,62,63), thus reducing water loss which may increase plant temperature,
hence increasing the rate of development.

Productivity of the Photosynthetic System.

The C3 and C4 types of CO, assimilatory mechanism are well attested,
and their broad response to CO, is clear (8). In the C3 type, ribulose
bisphosphate (RuBP) produced by the photosynthetic carbon reduction
{Calvin) cycle in the chloroplast combines with CO, in a reaction catalyses by
the enzyme RuBP carboxylase-oxygenase (RuBPc-0). The products of the
reaction (3-phosphoglyceric acid and triosephosphates) are metabolized to
sugars, starch, cellulose and other carbohydrates. They also contribute to the
formation of amino acids and proteins. The RuBPc-o is a bifunctional enzyme
which also catalyses the reaction of RuBP with oxygen, producing
phosphoglycolate in additon to 3-phosphoglyceric acid (64).
Phosphoglycolate is metabolised to -glycine, which is decarboxylated in the
mitochondria, and the CO, is released as photorespiration. In the current
atmosphere the-CO, partial pressure is below that required for the saturation
of RuBPc-0 and there is competition between CO, and O, for RuBP resulting
in synthesis of phosphoglycollate and in photorespiration. The latter may
constitute 20 % to 30 % of net photosynthesis in C3 plants. In plants with the
C4 form of photosynthesis the CO, partial pressure at the active sites of
RuBPc-0 is maintained at a concentration above atmospheric by the action of
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a ‘pump’ mechanism driven by the enzyme phosphoenol pyruvic acid
carboxylase. This enzyme has a greater affinity for CO, than does RuBPc-o,
consequently C4 plant photosynthesis is saturated with CO, at partial
pressures substantially below those of the current atmosphere. Consequently
C4 plants exhibit little photorespiration and are relatively insensitive to ambient
CO..

The stomata of plants play an important role in regulating gas exchange
between the atmosphere and the internal spaces of the leaf. They restrict not
only the diffusion of water vapour out of the leaf but also the entry of CO, into
it. This limits the assimilation of C3 plants more than that of C4’s. In C3's a
balance between the stomatal conductance and rate of photosynthesis is
achieved, by as yet poorly understood mechanisms (45,62). Increasing the
ambient CO, partial pressure increases the rate of photosynthesis whilst
decreasing the stomatal conductance; thus increasing water use efficiency. In
C4 plants the stomatal conductance is generally substantially smalier than in
C3 species (8) yet faster rates of assimilation can be maintained at smaller
ambient CO,. Such physiological and biochemical distinctions determine the
response of the plants to elevated CO,; assimilation of C3 types may be
stimulated by up to 50 % if the CO, is increased from 350 to 700 cm® m’®,
both because of increased assimilation and decreased photorespiration,
despite the decrease in stomatal conductance. Thus CO, greatly increases the
water use efficiency and slows the loss of water from the plant (65,686).
However, there are complex interactions in the coupling of heat and energy
exchange between plants and the atmosphere. The slower evaporation rate
may increase leaf temperatures and also decrease the humidity of the air
around the leaf, both of which may offset the advantage of smaller stomatal
conductance (43). Such interactions must be addressed in a range of
environments.

Regulation of Photosynthesis

In many experiments the exposure of plants to elevated CO, has been
made shortly before measurements. The rates of photosynthesis of several
species are high for a period after the initial exposure to elevated CO, but
decrease substantially thereafter (67). This appears to happen in a range of
species and correlates with the accumulation of products (68). In some cases
the reduced rate of assimilation is larger than the rates in normal CO,, so that
a larger rate of accumulation of dry matter is still observed. The causes of the
changes in assimilation are still controversial. There is evidence that loss of
the enzyme proteins is responsible in addition to the loss of activity of the pre-
formed proteins (69). This may be related to the decrease in the ratio of
nitrogen to carbon which is frequently observed in plants grown in elevated
CO, (36,47). Possibly the high concentrations of carbohydrates or, more
probably, the decreased availability of nutrients (particularly nitrogenous
compounds) trigger a senescence response of older leaves, similar to that
observed in plants grown under normal atmospheric CO,. The crucial
difference in the effect of elevated CO, and the events causing normal
senescence is not clear but have not been adequately addressed for plants
in relation to any of the environmental factors interacting with CO,.

The analysis of the response of plants to elevated CO, has concentrated
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on the responses at the leaf level and in the relatively short-term, often on
plants grown at normal ambient concentrations, and the effects are rather well
characterized. The increased production of carbohydrates by the chioroplasts
leads in many experiments and for a range of different species to
accumulation of carbohydrates (17,41,68,70). Interaction of production with
demand for assimilates by growing and storage organs will be considered
later. However, the accumulation of products may lead to feed-back inhibition
of the photosynthetic cycle mechanisms. There are many potential sites of
regulation within the photosynthetic system. Thus accumulation of sucrose in
the cytosol of the cell slows the flux of triose phosphate out of the chloroplast,
decreasing the inorganic phosphate and increasing formation of starch in that
organelle (71). Accumulation of the intermediates of the cycle and the lack of
phosphate decrease the rate of CO, assimilation (72). Thus, sequestration of
phosphate in intermediates will inhibit reactions such as the conversion of
ribulose-5-phosphate to RuBP by ribulose-5-phosphate kinase. This will reduce
the rate of cycle turn-over despite the stimulation of other enzymes e.g.
fructose bisphosphatase, by low concentration of inorganic phosphate. Also,
accumulation of diphosphoglycerate inhibits phosphoglycerate kinase (8). The
complex regulation of the PCRC is discussed in several publications
(8,72,73,74). Increased carbohydrates (72,73,74,75) may result in synthesis
of inhibitors of the photosynthetic carbon reduction cycle; the formation of
carboxyarabinitol-1-phosphate (74) may be such a case. These regulatory
processes lead to reduction in the rate of assimilation, called acclimation or
*down regulation’ (19,69,72,75, 76,77). Acclimation may be related to loss of
RuBPc-o active sites (78,79) and to decreased amount of enzyme protein
(69,74,75,76,80) although the effect is not always as expected (79) if the
protein is partially redundant in elevated CO,. Other proteins of the PCRC do
not appear to decrease, e.g. 3-phosphoglycerate phosphokinase or NADP-
dependent glyceraldehyde 3-phosphate dehydrogenase (81); clearly more
detailed analysis of the regulation of the composition of leaves under elevated
CO, is needed.

Increased carbon assimilation will increase the use of ATP and NADPH,
both products of the thylakoid reactions (8) but as elevated CO, decreases
the fiux of carbon through the glycolate pathway the consumption of ATP and
NADPH diminishes, thus possibly decreasing competition for energy and
reductant between photosynthesis and photorespiration and with nitrogen
assimilation which requires reduced ferredoxin, NAD(P)H and ATP in the
conversion of nitrate ions into glutamate via the nitrite-nitrate reductases and
the GS/GOGAT cycle. Decreasing photorespiration by decreasing the oxygen
content of the atmosphere whilst holding photosynthesis constant, which
should increase growth if reductant etc were more freely available than in
normal air, adversely affected many aspects of the growth and development
of wheat (82). Although the comparison with elevated CO, is not precise, .the
changes do raise many questions about the role of photorespiration in the
normal functions of C3 plants. Amino acid content decreases under elevated
CO, and this may be caused by competition or it is possible that the demand
for amino acids increases as the growth of plants is stimulated by elevated
CO, hence decreasing the pools (83). The role of sink demand in this will be
considered later.

Other areas of metabolism potentially modified by ‘elevated CO, are the
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synthesis of pigments such as chiorophyils and of proteins. Decreased amino
acid supply might affect the production of aminolaevulinic acid, the precursor
for tetrapyrrole synthesis and would clearly decreased protein synthesis; this
may provide an explanation of the observed reductions in the nitrogen to
carbon ratios and decreased protein contents of plants exposed to elevated
CO, (84); understanding the details of metabolism is of central importance for
predicting whole plant responses to elevated CO,.

Gene Expression and Regulation

The changes observed in plants may be by direct influence of elevated
CO, on metabolism, e.g. altering rates of turn-over of components or by
stimulating the synthesis of particular enzymes or by inducing senescence
(which may require the production of proteolytic enzymes). It is unclear if
these effects involve gene expression and regulation at the level of gene
transcription and protein synthesis. There is littte known about the interaction
between nitrogen metabolism and tissue composition or of the role of
carbohydrates in reguiation. In the long-term there seems to be relatively little
effect of CO, on gene expression, but changes such as the decrease in
carbonic anhydrase and RuBPc-0 (77) may reflect changes in the underlying
regulation. There is inadequate information on the genetic control of the
response to elevated CO,. Comparison of the responses of cultivars show
substantial differences in many aspects(75,76,85) of physiology, the greatest
being in the harvest index rather than assimilation, with little evidence of
specific genetic changes linked to metabolic alterations. Uncertainty exists
about the ability of plants to undergo genetic selection and modification
sufficiently fast to permit adjustment of the composition and function of
photosynthetic systems or of organ and sink development in order to achieve
optimum productivity in elevated CO, and changed climate. The evolutionary
change is likely to be slow in comparison to the rapid environmental change.
Such conditions may favour species with short generation times compared to
slow growing species, e.g. ruderals compared to forest trees (49,86). If
adjustment is related to rapid recombination of the gene pool and selection
then such weed species may be favoured (86). The poor understanding of
gene regulation by metabolism does not permit any sound projections of
future plant responses to be made.

Sink Capacity and Control by Environmental Conditions

Sink capacity is the rate of demand for assimilates caused by the
requirements for growth of new organs (stems, roots, leaves and reproductive
structures), for storage (e.g. in stems and fruiting bodies) and for energy
generation by respiration. In addition there may be consumption by futile
cycles of metabolism (e.g. alternative pathways of respiration) and by loss of
materials to the environment (e.g root exudation). Growth of organs
constitutes a major sink which is very variable in magnitude over time, and in
response to conditions such as temperature, water supply and nutrition
(25,37). if source processes are to function at the maximum rate, sink capacity
of the system must be able to utilize the assimilates both in the short- (hours
to days) and long-term (days to weeks). Otherwise feed-back regulation may
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influence the source (72). The balance between sources and sinks may be
disturbed by long-term exposure to elevated CO,; increased content of
carbohydrates indicates when assimilate production exceeds source demand
although there is no evidence of the levels at which feed-back regulation is
triggered (72,79). It is uncertain if sink demand will be adequate as global CO,
concentrations increase. However, there is considerable unused capacity in
current genotypes as shown by their response. Evidence from plant breeding
suggests that sufficient genetic variation is available for selection in crops to
modify the source-sink relations rapidly. So, despite the uncertainty, there
seems little evidence that inadequate sink demand will greatly limit plant
response to elevated CO, (17). Much depends on the way that the complete
plant system responds, i.e. in long-term development and growth and
functions of the photosynthetic system.

The development and growth of organs is genetically determined, often
operating via environmental triggers such as day length and temperature. The
absolute growth rate of organs depends on temperature and differs with
species. For example the rate of leaf expansion in sunflower is much slower
than that of oil seed rape at low temperature but the photosynthetic rate of
sunflower is relatively less affected by cold so that soluble carbohydrates
increase at low temperature more in sunflower than in rape. Dry matter
accumulation is therefore very dependent on temperature. Root systems also
respond similarly to the shoots thus decreasing the sink demand. If the rate
of photosynthesis is increased by elevated CO,, even if only for a few hours,
soluble carbohydrates , starch and fructans accumulate; this is also observed
with long-term exposure of plants to elevated CO, particularly at low
temperature. However there is a limit to the storage capacity so that
photosynthesis decreases (Lawlor and Paul, unpublished). Possibly the
capacity of woody species to respond to additional assimilates is greater as
the ability to branch and produce more wood is considerable (49).

Growth of the sinks depends not only on temperture but on the
availability of nutrients,e.g. N to form proteins, P for intermediary metabolism
and K for ionic balance (36,47,48). Growth decreases when the supply of any
one falls below the level necessary for full expression of the genetically
determined growth potential. Thus a shortage of N limits protein synthesis and
slows growth of roots or leaves etc.and these form a smaller sink for CO,
assimilates; a frequently observed effect of decreased N is starch and sugar
accumulation (83). Each nutrient affects metabolic systems differently, deficient
P appears to decrease the response to CO, substantially more than deficient
N, but there is inadequate quantitation of complex and poorly described
processes. If the nutrient supply permits leaf growth, photosynthetic capacity
is generally less affected than the decrease in sink capacity, thus ensuring
high levels of tissue carbohydrates. Nutrient deficiency, a common stress in
natural conditions, decreases growth of organs, altering their composition, e.g.
N deficiency decreases leaf area and assimilation of CO,, thus decreasing
productivity. Elevated CO, increases the capacity to form carbohydrates but
the shortage of N as a substrate for protein synthesis still decreases growth,
thus decreasing storage capacity. Nutrient shortage may limit the response of
vegetation to elevated CO, depending on both the species and on the
environment; these questions must be considered in assessing the effect of
elevated CO,. ’
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Water stress is a recurrent limitation to the growth of plants in most parts
of the world (18,23,51). Mild deficits decreased cellular turgor, reducing
expansion of leaves and other organs and stomatal conductance for water
vapour and CO,. The effects of elevated CO, on the stomata have been
mentioned; plants will benefit from slower rates of water loss thus delaying the
onset of stress. This may permit greater growth of organs than in normal CO,
and enhance assimilation under stress; greater leaf area will tend, despite
smaller stomatal conductance, to increase the water loss (31,40). Despite
considerable understanding of the physics there is only limited analysis of the
effects of elevated CO, on plants. However, increased CO, alleviates the
effects of stress on dry matter production and on grain growth in wheat
(18,51). Stress decreases the expansion of organs more than it slows
photosynthesis, consequently carbohydrates accumulation may increase
although quality (N concentration) may suffer. With adequate water, CO,
increased grain number and size but under stress it had less effect on size;
the effect on yield is relatively much larger than without stress but total
production is still decreased (18,51) Quantitative analysis is essential to
establish how climate change will affect plant growth in elevated CO,.

Extreme stress which damages the photosynthetic system will generally
have severely affected sink development and thereby plant productivity. If
metabolic damage occurs e.g. to the synthesis of ATP in
photophosphorylation and the production of RuBP (74, 78), then the ability of
the photosynthesising system to respond to increased CO, may be much
impaired, as the short-term responses of stressed plants to elevated CO,
indicates. Thus, the stimulation of photosynthesis by CO, become smaller as
the degree of stress increases. However, the combined effect of improved
water balance and increased substrate will probably increase the productivity
of C3 plants under water stress by maintaining source and sink development
and function, thus partially offsetting the damage. It is now necessary to
quantify the relationships and to model the system for particular crops or
types of vegetation.

Respiration consumes a substantial part of the assimilates produced by
plants and the rate increases with temperature, suggesting that in the future
climate the losses due to respiration may increase, particularly if wasteful
respiration were stimulated by increased carbohydrates(72). This would offset
accumulation of carbon. However, this scenario is not supported by the
evidence (16,87): dark respiration of plants grown in elevated CO, is generally
depressed compared to those from normal conditions and the absolute
difference is bigger at high temperatures. The causes of depressed respiration
are not known, but are not related simply to accumulation of non-metabolic
dry matter which might alter the basis of expression. It may involve direct
effects of CO, on mitochondrial electron transport. The contribution of
respiration to dry matter accumulation and the effects of environment on the
process has yet to be fully assessed.

The analysis based on the source-sink concept provides a way of
relating the observations of the effects of high CO, and environment on the
plant. Some of the very variable effects of long-term exposure of plants to high
CO, may be explained by alterations to the source-sink balance. If growth is
not limited by the environment and photosynthetic processes are sufficient to
match the demands of growth, storage and respiration, then assimilates in the
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tissues will be maintained at a level governed by the characteristics of the
metabolic systems e.g. for energy metabolism, ion transport etc. Under
stress, the rate of growth falls and sink demand decreases. The balance
between assimilate production and utilization will alter, depending on the
relative effects on source and sink. Plants grown with the roots in very small
volume of soil may, for example, suffer shortage of nutrients or water even if
well supplied with both if transport is too slow to meet demand. Other factors
may also be important; restricted growth may lead to production of abscisic
acid which induces senescence. The effect will be to decrease the response
to CO, compared to that expected if rooting is not restricted. One feature of
plants which may play a large role in their response to elevated CO, is annual
versus perennial. Perennials generally have vegetative organs of indeterminate
growth which store assimilates, frequently carbohydrates. Woody plants also
accumulate much carbohydrate as cellulose (17,49), lignin etc. and often
respond greatly to elevated CO,. In contrast, determinate annual plants often
have specific growth periods and reduced vegetative growth. Their seeds may
be of relatively fixed size, and the total sink for carbon depends on the seed
number, often determined during early growth. The amount of carbon
sequestered may be small in oily or fatty seeds; the limits to production may
be more the energy supply rather than carbon.

In conclusion, it is established that C3 plants produce more dry matter
with elevated CO,, and that the decreased stomatal conductance will benefit
the water balance to a limited extent but there is much less certainty about the
longer-term adaptations. The ways that short-term photosynthetic metabolism
is affected are also not well established. The role of sink capacity is crucial to
the ability to respond to CO, and the effects of stresses of nutrition,
temperature and water on the response to elevated CO, may explain
variations in response observed in the literature. Quantitation of source-sink
processes is required to assess their importance in regulating the long-term
interactions between elevated CO, and environmental conditions for a range
of vegetation.
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Impact of Global Climatic Changes on Photosynthesis and Plant Productivity

WATER STRESS, STOMATA, AND ABSCISIC ACID

William H. Outlaw Jr. and Michael J. Harris
Department of Biological Science (B-157), Florida State University,
Tallahassee, FL 32306-3050, USA

INTRODUCTION

Agricultural productivity is expected to be sensitive to [CO2]
increases and accompanying climatic changes {1, 2}]. This and
ancillary problems, such as decrease in precipitation, are currently
a matter of broad public concern (e.g. [3, 4]), if not action. Many
uncertainties (g.g., the relationship between C0) assimilation and
stomatal conductance [5], gross morphological changes in response to
COy enrichment [6], change in stomatal density as a function of
growth—-CO9 concentration [7]) make predictions of plant responses to
higher [CO] problematical. Stated another way, our failure to
understand basic plant physiological responses to individual
environmental perturbations preclude a quantitative synthesis with
which most scientists will agree. However, during the past five
years, progress on several fronts has converged to answer, or at
least to redefine, the question of how water stress controls stomatal
aperture. We shall present this new understanding with an emphasis

on our own work after a basic review of stomatal mechanics.

IThis contribution is taken, in part, from a grant proposal submitted
to the U.S. Department of Energy by the first author in June 1990.
Part of the progress report of that proposal has been published [8].
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BASIC REVIEW OF STOMATAL MECHANICS

CO2 concentration in the leaf intercellular spaces is lower than
that of the atmosphere; CO2 diffuses into the leaf through stomata,
which are embedded in the leaf epidermis. In contrast, the water
vapor pressure in the leaf intercellular spaces is almost at satura-
tion and, thus, is much higher than that surrounding the leaf.
Consequently, water vapor is lost from the leaf through the nonselec-
tive stomata. The control of gas exchange is crucial to the plant's
survival and growth: although CO7 is required for photosynthesis,
water loss must be strictly limited to prevent desiccation. Here,
“control of gas exchange" will be simplified to "control of stomatal
aperture size," because stomata open and close, permitting more or
less gas exchange. Before 1983 [9-11), the basic outline of stomatal
aperture-éize regulation was understood (Fig. 1). Speaking broadly,
a stoma opens when the two guard cells flanking it accumulate K+
salts. These salts lower the guard-cell yg4; as a result, water flows
into guard cells, which increases their volume and vp. The guard-
cell walls distend asymmetrically as interpal volume and pressure
increase, the aperture between the cells widens, and diffusion of

gases through it is
enhanced. These and

other general aspects

of stomatal physiology

are introduced in
comprehensive books

[12-15]. Recent and

Y,

co, excellent reviews are
offered by Raschke et
al. [16], by MacRobbie
{17), and by Mansfield

Water TOves in rasponsa 10 a watat potiential gradient { Ay ). VTN : et al. [18]. Finally,
. et e
For kg cals, i H a special edition of
v o= ¥p (posive) + % (negatva) K ‘
hydrostatic presswe sojute patential ar )
!

Physiol. Biochem.

Starch

Pflanzen. (H. Goring,
H. Meidner, and T.
Mansfield, eds.),

Fig. 1. Simplified outline of stomatal aperture size regulation.
The biochemical basey for “Early Gbservations” are put forth in more which contains several

detail in Fig. 2.
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reviews of specific aspects of stomatal physiology, will be available

soon.

CURRENT IDEAS ON GUARD-CELL K% MOVEMENT AND CONTROL BY ABSCISIC ACID

Giant strides have been made

biochemical and biophysical bases

in our general understanding of the

for ion transport in plants

[19-21), although much remains to be learned and, as the reader will

note, there are cases of conflict.

We summarize conclusions and

conjectures from a large number of studies (Fig. 2), some

documentation for which is provided (Table 1).

For the present

purposes, we will speak broadly and include current ideas even if

they are disputed.

Increase in K*'Salts Couses Stomata to Open

Plasmalemma

blophysical bases of gtomatal opening.
this figure are conjectural.
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Fig. 2. A synthesis of the fundamental biochemical and

Some components of
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activation except whea X'd, when it meana inhibition.
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< indi-

Guard-cell plasma-
lemma contains a strongly
electrogenic ATP-powered
proton pump. For phy-
siologically required
activity, the pump is
stimulated by “cytoplasmic
factors" (# MgATP). This
gtatement Is based on
higher currents in the
slow-whole~cell con-
figuration [22] and

~especlally from micro-

electrode recordings {23},
compared with currents
measured with recording
configurations that wash
out cytoplasmic factors.
Although it is unproven
for guard-cell HY-ATPase,
other work indicates that
the H*-ATPase is rever-
sibly phosphorylated {24},
which is intriguing

because blue light causes



Table 1. Sxbmples of shservations specifically oa guard ceile for

comatruction of Tigera I.
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Scheut and Wileon [81]

Rarlssos and Schwarte (83]

BLatt aad Clier (84]

Nachobbts {83]

Schemres (86}

stomatal opening, acti-
vates the pump [25], and
inhibits specific protein
phosphorylation in another
plant system [26]. The
proton pump is reported to
be partially blocked by
ABA, (e.g. [27]), and it
is suggested that pM Ca2*
results in a decrease in

its activity too [28] (see

La-chenaal Schresder and Ragtvars [87]

Abi-ewhed Bobillsation of K¥ oot—chesmal Blact [88] next section).
Abesace of long-ters affact of Ab om

chamnel Fackobbte [29)
Ca?* eftects wa satwrd-reccitytag To borrow from
MacRobbie [29], the paper
by Schroeder et al. [30]

is a landmark in the study

£+ chaanels Rosof et af. [$0]
Cal* depeadence of AMA tahibditicm sf
stomstsl opeaiag DeStlvs et al. [91]
(dsoputad) Salth asd ¥iltamr [92)
Ca?t-cheasal Mechars® affect ou
ABA offlescy Destlve ot al. (93}

ABA slevation of cyteselic Cale MeAfesh et al. {#4]

of stomatal physiology.

These authors identified (for the first time in plants) K* channels
in membrane patches of Vicia faba guard cells. Hyperpolarization
caused by the H*ATPase opens a voltage-sensitive CaZ*-inhibited
"inward" K* channel? (which results in net K* influx). The inward

K* channel is blocked by A13+, as 1s stomatal opening (but not stoma=
tal closing); this correspondence--like that for TEA sensitivity--
implicates the pump-channel "pair" as a biochemical mechanism
underlying the accumulation of K* during stomatal opening. However,
this explanation may be insufficient, as could be inferred from data
published much earlier. E.g., even very negative membrane potentials
(as reported by Gunar et al. [31]) could not drive sufficient K*
uptake for stomatal opening from pM [K*],,¢ (as reported by Fischer
[32]).

at low [K*]our, K* would tend to diffuse outward, not inward, during

Blatt [33]) has elaborated in a single study by showing that,
opening. In addition, K* ionophore causes stomatal closure [34-36].
(It should be noted parenthetically that these objections to the suf-

ficiency of K* channels alone can possibly be explained away as

2Here and elsewhere, "inward" should be taken as an abbreviation for
experimental demonstration of inward currents (and not as an intrin-

’

sic property of the channel itself).
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physiologically irrelevant if the recently determined 3-70 mM values
[37-39] for apoplastic [K*] are accepted.)

Finally, ion channels are in the tonoplast too, where they may
transport malate and K¥ [40], and, for completeness, we note that
occasional papers [41-43] indicate that the concentrations of
materials other than K salts must fluctuate during stomatal

movements.
RELATIONSHIP OF (EXOGENOUS) ABA TO STOMATAL MOVEMENTS

ABA 18 the well-known endogenous antitranspirant that accumu- )
lates in water-deprived plants (review: [44-46]). Among many physio-
logical effects, ABA causes stomatal closure. In this paragraph, we
will only touch on ABA effects on guard cells in the context of
Figure 2 (Table 1). Apparently, exogenous ABA causes the transient
opening of Cal* channels, resulting in the elevation of cytosolic
[C32+]. Possibly, this elevation has two effects, viz., it blocks
inward X* channels (see, e.g., [47]) and it may decrease H* extrusion
by inhibiting the H*-ATPase (but see [48]). It is unclear whether
ABA itself directly affects the H*-ATPase [49-51], but a direct
effect of ABA on the outward K* channel has been demonstrated (Table
1). This effect (which alone would not require energy) is only a
partial explanation, as metabolic inhibitors block ABA-induced stoma-
tgl closure [52]. It has been long known that ABA affects protein
sy#bhesis [53]. It is likely that some long-term ABA effects on
guard-cells are due to an altered protein complement; in this regard,
it is interesting to note that yM ABA alters the calmodulin comple-

ment of embryonic axis of Cicer arietinum [54]. If so, it would be

interesting to learn whether this long-term effect in guard cells is
calcium depéndent (i.e., analogous to the effect observed by Napier
et al. [55]). In brief summary, ABA appears to influence the plant's
physiology through diverse mechanisms; the view that its effects on
guard cells are external is too simple an explanation to accommodate
such observations as differential effects of endogenous and exogenous

ABA [56].
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A ROLE FOR ABA IN THE WATER-STRESS EFFECTS ON STOMATA -

Environmental factors—--light, CO9 concentration, and, perhaps
most powerfully, water status--are integrated to achieve the
requisite balance in gas exchange. Water stress is accompanied by a
dramatic increase in leaf ABA concentration [57]. Spraying ABA onto
leaves [58], supplying it to leaves through the transpiration stream
[59], or floating detached epidermal peels on an ABA-containing solu-
tion [60] causes stomatal closure. Importantly, Hoglund and Klockare
[61] showed that norflurazon-treated plants (which do not accumulate
ABA) do not close stomata in response to rapidly imposed water
stress. As pointed out in the previous paragraph, others recently
have learned that ABA affects solute transport in guard cells and,
perhaps separately, elevates cytosolic Ca2*. Such correlative find-
ings, as well as the work on mutants, which began early [62], would
seem to imply that ABA mediates the water-stress effect on stomata,
except that two incongruous phenomena have long been raised as objec—
tions (see [63, 64]). First, following imposition of water stress,
stomatal closure occurs before leaf [ABA] increases detectibly (many
reports, e.g. [65]). Second, leaf [ABA] returns to prestress values
following relief of water stress before stomatal aperture size does
(again, many reports, e.g. [66]). To a lesser extent, the noncoin-
cidence of diurnal changes in [ABA] and stomatal conductance have
also been difficult to explain staightforwardly [67]. The simplest
wa& to reconcile these "hitherto unexplained discrepancies”™ [68] is
to invoke compartmentation (e.g. [69, 70]), but attempts to
demonstrate compartmentation have not yielded unequivocal results.
(E.g., Dérffling and Tietz [71} could not detect a rise in epidermal
[ABA] consistent with the increase in diffusive resistance following

water-stress imposition in Commelina communis.) In an attempt to

determine whether guard-cell ABA could be involved in the initial
stomatal response to water stress, Vicia faba leaflets were
dehydrated to 90% of fresh weight (~15 min). At various times,
leaflets were frozen and freeze-dried. Samples were also taken after
relief from water stress (relief by rehydration, 5 min in H30).

[ABA] was assayed in individually excised cells by means of an ultra-
sensitive assay (= 200 x 1018 mol [72, 73]). An important result
(Fig. 3, from Harris and Outlaw [8]) that emerged from these

analyses is that ABA accumulates very rapidly in guard cells (~9x
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increase after 15 min, before any other

1 whole Leat cell type had altered [ABA}). These
; findings close the 15-year argument
against the possibility of ABA's

involvement in initial responses and

substantiate the assertion of Zeevaart
and Creelman [45] that "knowledge of the
distribution of ABA within cells and

organs is essential to understand its

mode of action." As mentioned, we also
determined [ABA] in various cells after
relief from water stress. (Recall that
stomata do not open normally for up to

several days following water-stress

relief; for data on Vicia, our experi-

T 5 *| mental plant, see Stalfelt [74] and

Abscisic Acid Content (ﬂMOl'KQ( ary m")")

Fischer et al. [75] and subsequent

o . Y| literature.) The kinetics of [ABA)

of i ] decline in guard cells were different
: »{ from those in other cells, but the more
or o 1 important result is that [ABA] in guard

{ : cells had declined to near control

values within six hours after stress was
Time { hours)
relieved. Thus, it appears that con-

7ig. 3 ABA concentration kioetics in

watious cell types of Victa fabs L. tinued elevated guard-cell [ABA]
leaves folloviag stress

relief from stress. Coun
from well watered plante
the bars at the left of each panel.

itself is not the cause of the after-

During stress imposition (a 15-mfa

period during vhich detachad leaves were stress effect (one of the three hypothe-
dehydrated to 90X fresh weight) guard-
11 ABA $1 1 d 9%
wile fn :‘::::n::::-o:n:?r::;.nu ses presented by Raschke [AA 1 ).
change detectsdly. 5ix h after stress
ralief ( submersfon 1a ¥30, 5 min),
Fuard-cell {ABA] had declined like thet However, the stress~relief results do

12 ather samples.

not permit a clear-cut conclusion, as did the stress—imposition
studies. (For example, it is possible that guard-cell [ABA] would
remain high in attached leaves that could continuously receive an ABA
supply from the roots.) Many hypotheses are consistent with extant
data for aftereffects of water stress; finally, a resolution will
depend on further information about the [ABA] in guard cells and the
bathing apoplastic solution. At the moment, we would favor an
alteration in cellular protein as the first hypothesis to test.
(Reduction in turgor stimulates ABA accumulation [76, 77) and rapid

changes in leaf translatable RNA [78].
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ASSOCIATIONS OF PHOTOSYNTHESIS AND WATER
RELATIONS WITH PAR AND RH IN BLACK GRAM AND
CLUSTER BEAN UNDER RAINFED CONDITIONS
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and G.R.M. Sankar

Division of Crop Sciences
Central Research Institute for Dryland Agriculture
Hyderabad, India
ABSTRACT
During rainy season, crop growth is subjected to slow

or rapid changes 1in soil water availability, air

temperature, solar radiation intensity and atmospheric

humidity caused by variations in amount and freguency of
rainfall and cloud intensities and in duration of rainless
period. For better understanding of crop productivity
under such ,agroclimatic conditions, black gram and cluster
bean were raised in drylands during rainy season in 1986
and 87, and the correlations of leaf water potential,_
stomatal conductance, photosynthesis, transpiration, leaf
temperature and canopy temperature with photosynthetically
active radiation (PAR) and relative humidity (RH) during
reproductive phase were studied. PAR and RH were
inversely associated. The linear inverse associations of
leaf water potential and stomatal conductance with PAR
revealed that the two crops experienced water stress at
high PAR. Yet the transpiration rate increased with
increase in  PAR. The polynomial relationship of
photosynthesis rate with PAR and RH showed that the
productivity of both the crops was limited by low PAR,
when leaf water potential "and stomatal conductance were
high, and by low leaf water potential, when PAR was high.
However, wvhen leaf water potential, stomatal conductance
and transpiration rates were lower than their maximum,
photosynthesis rates were high at PAR of about 1400 p mol
m~2s~land RH of about 50 per cent.
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INTRODUCTION

In drylands of 1India, crops grow under continuous
variations in so0il moisture, atmospheric humidity, air
temperature and solar radiation intensity during rainy
season. The variations in the environmental components,
caused by variation in amount and frequency of rainfall
and cloudy weather, influence crop growth and
productivity. For example, the responses of crops to
rainfall in terms of dry matter production during the
first half of monsocon season in India and West Africa is
ascribed not only to soil moisture availability but also

to increase in atmospheric humidity (1).

Dry matter production is related to transpiration and
ratio of assimilation to transpiration (2}. Both
assimilation and transpiration are influenced by
environmental factors, which are more critical to crop
yield in drylands than in irrigated agriculture.
Information on influence of variations in environmental
components on crop physiological processes will enrich our
knowledge base and help in predicting effects of slow but
steady change in climate on crop productivity and in crop
modelling. This paper reports the results of a field
study on correlations of photosynthesis and water
relations with solar radiation and relative humidity (as a
measure of rainfall) during reproductive phase in two
legumes {black gram and cluster bean) for better
understanding of crop growth during rainy season in

drylands.

MATERIALS AND METHODS
Black gram (Vigna mungo (L.) Hepper) cv T-9 and
cluster bean (Cyamopsis tetragonoloba (L.) taub.) cv Pusa

Navbahar were raised under dryland conditions during rainy

season (June to mid-October) in 1986 and 1987 at the
Research Farm of the Institute as per agronomic recommen-
ddations on plant density, fertilizer dose and plant
protection for the crops. GSoil (Alfisol) was sandy loam

with a mean depth of about 30 cm and bulk density of 1.6
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g/cc. Soil moisture (by weight) was 14 per cent at field
capacity and 4 percent at permanent wilting point. Total
rainfall from seeding to harvest was 275 mm in 1986 and
406 mm in 1987 for black gram and 281 mm in 1986 and 513
mm in 1987 for cluster bean. During reproductive phase,
rainfall amount was 203 mm in 1986 and 278 mm in 1987 for
black grém and 210 mm in 1986 and 357 mm in 1987 for

cluster bean.

Both the crops started flowering about a month after
seeding. From flowering to near maturity, leaf water
potential was determined using PMS Pressure Chamber, and
stomatal conductance, photosynthesis, transpiration and
leaf temperature were measured using LI-6000 Portable
Photosynthesis System, which also recorded photosyntheti-
cally active radiation (PAR) and relative humidity (RH) at
the time of physiological observations. Data were
collected between 1000 and 1100 h in fully expanded young
leaves. One plant per plot, selected at random for
observations, constituted a replication and there were six
to eight replications on each occassion. Canopy
temperature was also measured using Barnes Infra-red
Thermometer in 1987. Cbservations were made three times
in both the crops at 20-day interval in 1986 and six times
in black gram and eight times in cluster bean at 10-day
interval in 1987.

Linear or polynomial (where best f£fit) correlation
coefficients of physiological variables with PAR and RH
wvere computed.

RESULTS

Photosynthetically active radiation (PAR), when the

physiological observations were recorded, ranged from 627

to 2251 p mol m2 s lfor black gram and from 767 to 2554 p

mol m_2s 1for cluster bean in 1986. The range of PAR in

the 1987 season was wider (363-2084 p mol n 25 for black

2 s7lgor cluster bean). The

gram and 186-2179 p mol m
associations of water relations and photosynthesis with
PAR during the reproductive growth phase are presented in
Fig.l (black gram) and Fig.2 (cluster bean). The
correlation co-efficients are given in Table 1.
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Table 1: Correlation coefficients (r) between PAR and phy-
siological parameters in black gram and cluster
bean under rainfed conditions

Black gram Cluster bean

Physiological parameter  ----—-=--————--—--—ccmmr——m———oo
1986 1987 1986 1987

Leaf water potential -0.40* -0.69** -0.51** -0.67*%*
Stomatal conductance -0.51** -0.79** -0.41%* -0.38**
Photosynthesis -0.40%* 0.42%*@ -0.57** 0.36**@
Transpiration 0.47* 0.87%* 0.18NS 0.71**@
Leaf temperature 0.64** (0,96** 0.20NS 0.90%**
Canopy temperature - 0.76** - 0.53**

- X . 2 .
@ Coefficient of determination (R) of the polynomial

associations
* Significant at P = 0.05; ** Significant at P = 0.01;

NS Nonsignificant



Leaf water ©potential and PAR were inversely
associated. The maximum of leaf water potential in black
gram and cluster bean was about -0.35 MPa in both the
seasons. The two crops differed in the minimum of the
leaf water potential, which decreased to a mean value of

-1.26 MPa in black gram and -1.10 MPa in cluster bean.

Stomatal conductance decreased with increase in PAR.

The mean stomatal conductance was higher in cluster bean
1
).

There was noticeable seasonal difference in the magnitude

(about 3 cm s_l) than in black gram (about 2 cm s

of stomatal conductance in black gram; it was higher in
1986 than in 1987.

Black gram and cluster bean had more or less similar
rates of photosynthesis and transpiration in a season.
Association between PAR and photosynthesis rate was poly-
nomial in both the crops in 1987. The rate of
photosynthesis initially increased rapidly with increase
in PAR but decreased steeply with further increase in PAR
above 1500 p mol m2s7l, 1n 1986, however, only the
negative relationship between photosynthesis rate and PAR

was apparent.

Transpiration rate and PAR had high positive
association in 1987 in both the crops. 1In 1986, however,
the correlation was low in black gram and was nonsignifi-
cant in cluster bean. The transpiration rates were much
higher in 1987 (0.35-0.97 g H 0 m2 s™1) than in 1986
(0.26-0.42 g H20 m2s71). 2

Leaf temperature had high positive assdciations with
PAR in black gram in both the seasons and in cluster bean
in 1987 only. Canopy temperature was also positively
associated with PAR but the correlation was higher in

black gram than in cluster bean.

The associations of water relations and photosynthe-
sis with relative humidity (RH) are presented in Fig.3
(black gram) and Fig.4 (cluster bean). The correlation
co~efficients are given in Table 2. The range of RH
within which the physiological observations were made was
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Table 2: Correlation coefficients (r) between RH and phy-
siological parameters in black gram and cluster
bean under rainfed conditions

Black gram Cluster bean
Physiological parameter  —---——s——-mem e

1986 1987 1986 1987
Leaf water potential 0.35NS 0.89** (.39**@ (.,70**@
Stomatal conductance 0.68** 0.85** (.17NS 0.23%*@
Photosynthesis 0.59%% 0_43%*@_Q 39+ 0.32#%*@
Transpiration ~0.63** -0_.78%* (.41* 0.67**@
Leaf temperature -0.83*%* -(0.94**x (_,41%* -0.93*%%*
Canopy temperature - ~D.74%x - -D.54%*

o o o e e e e e e - e T 2 " = o o = e = T —— — —— — — — ————

@ Coefficient of determination (R% of the polynomial

associations
* Significant at P = 0.05; ** Significant at P = 0.01;

NS Non-significant
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43 to 60 per cent for black gram and 50 to 65 per cent
for cluster bean in 1986. RH ranged from 37 to 70
per cent in 1987 for both the crops.

Leaf water potential and RH were ©positively
associated. However, this relationship was not very
distinct in the 1986 season, as leaf water potentials
were higher or lower at similar RH or were similar at
different RH.

Stomatal conductance increased with increase in RH
in black gram. But the association in cluster bean was
nonsignificant in 1986 and was polynomial in 1987.
Stomatal conductance decreased with increase in RH at
lower levels but it increased steeply with increase in RH

above 50-60 per cent.

The association between photosynthesis rate and RH
was polynomial in both the crops in 1987. The
photosynthesis rate increased with increase in RH upto
50-55 per cent and with further increase in RH, photosyn-
thesis rate decreased fast. In the 1986 season, the
linear association between photosynthesis rate and RH was

positive in black gram and negative in cluster bean.

Transpiration rate and RH were inversely related in
black gram in both the seasons and in cluster bean in
1987 (above 45 per cent RH). There was a weak but
positive association, on the contrary, in cluster bean in
1986. The correlation between leaf temperature and RH
paralleled that of transpiration rate and RH.

Canopy temperature and RH were inversely related in
both the crops. the correlation co-~efficient being higher
in black gram than in cluster bean.

DISCUSSION

Inverse relations of leaf water potential and
stomatal conductance with PAR suggest that both the crops
experienced increasing water stress at higher PAR. In
contrast, inverse relation was found between stomatal
resistance and changes in radiation intensity in a day in
cotton grown under different irrigation levels, and it

was inferred that radiation intensity was the main factor
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affecting stomatal resistance in well watered plants (3).
Stomatal conductance 1is 1likely to be more decisively
influenced by plant water status, when water is limiting as
in drylands, and higher radiation intensity is 1likely to

accentuate plant water stress.

Cluster bean had relatively higher minimum leaf water
potential when soil moisture was limiting. Visual field
observations revealed deeper root system in cluster bean
than in black gram. Probably for this reason, cluster bean
had a higher mean stomatal conductance,and variation in it
within a season was larger. However, the presence of
seasonal difference in stomatal conductance of black gram
in spite of similar leaf water potential and higher degree
of association of stomatal conductance with PAR and RH
suggest that stomatal opening in black gram was more

sensitive to changes in environment than in cluster bean.

In cotton, stomatal resistance was more sensitive
under lower solar radiation and high humidity conditions
(4). Such differential sensitivity of stomatal conductance
to radiation was not observed in black gram and cluster

bean within the range of PAR recorded in both the seasons.

The polynomial associations between 1leaf water
potential and RH and between stomatal conductance and RH
were most likely the results of light rains which would
have caused some increase in atmospheric humidity but would
not have been sufficient to increase soil moisture and to
relieve plant water stress. Under such circumstances,
stomatal conductance could only decrease in spite of some
increase in RH. It is not surprising that these anomalous
relationships of leaf water potential and stomatal
conductance with RH were observed at lower levels of RH.
Although stomatal conductance is known to respond to
atmospheric humidity, it is also influenced by soil water
potential (5,6).

Notwithstanding some differences between the two crops
in the minimum of leaf water potential, stomatal

conductance rates and their responses to changes in RH-
both black gram and cluster bean had similar rates of

474



photosynthesis and transpiration.

The polynomial correlations of photosynthesis to
increasing PAR and RH were similar in 1987, because of
significant inverse association ©between PAR and RH
(r:-0.73 for black gram and -0.60 for cluster bean, when
data of both the seasons were pooled). These correlations
suggest that a) at lower PAR levels, photosynthesis rate
was limited by PAR although 1leaf water potential and
stomatal conductance were higher; b) at higher PAR levels-
photosynthesis rate was limited by leaf water potential
and stomatal conductance, and c) the photosynthesis rate
was higher when leaf water potential and stomatal
conductance were 1lover than maximum and when PAR was
around 1400 p mol m2 s™! and RH was around 50 per cent.
In juvenile Douglas -~ fir stand, higher CO exchange was
observed on cloudy days with 1low air teﬁ%erature, and
vapour pressure deficit, suggesting maximum productivity

under these conditions (7).

The inverse association between photosynthesis rate
and PAR in 1986 was probably due to the fact that
observations were fewer and hence the positive association
of photosynthesis with lower levels of PAR as seen in 1987
was not brought out. @gimilarly, there was only an inverse
relationship between photosynthesis rate and RH in
cluster bean in 1986, because the photosynthesis rates
were within the limited RH range of about 50--65 per cent.
The response in this range of RH was similar to that
observed in 1987.

The progressive fall in 1leaf water potential and
steep fall in photosynthesis rate with increasing PAR, at
higher PAR levels, support the conclusion that
photosynthesis of water stressed plants is more strongly
inhibited at high than at low radiation intensities (8).
The progressive fall in stomatal conductance and steep
rise in photosynthesis rate with increasing PAR at lower
levels of PAR suggest that the decreasing stomatal
conductance was still high enough for photosynthesis.
Photosynthesis rate was 1limited by stomata under

vellwatered or mild-stress conditions (3, 9). The results
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of the present study ShOw that stomatal limitation of
rate occurred only when PAR became
non-limiting- At high photosynthetic photon  flux
densities, both photosynthesis rate and leaf conductance

Photosynthesis

decreased linearly in water-stressed cotton (10). In
black gram and <cluster bean, stomatal conductance
continued to decrease progressively but photosynthesis
rate declined faster at higher PAR. Under severe moisture
stress conditions, non-stomatal factors start limiting

photosynthesis (3, 9, 11).

Transpiration rate continued to increase despite
decreases in leaf water potential and stomatal
conductance; with increase in PAR. Radiation seemed to
overvhelm the plant factors in controlling transpiration.
Positive linear regression between transpiration and solar
radiation was found in cucumber, grown under green house
conditions (12).

The increasing transpirational loss with increasing
water stress suggest that both the leguminous crops are
water spenders for postponing dehydration under water

stress conditions.

Transpiration is closely correlated with crop yield
(2, 13). But, the rapid fall in photosynthesis rate at
higher PAR (lower RH), despite increase in transpiration
rate, would only result in decrease in plant productivity.
So, transpiration is functionally more related to plant
survival rather than plant productivity under severe water
stress.

The relatively higher air temperature (and hence
higher vapour pressure deficit) that prevailed during
reproductive growth in 1987 (29.0 to 34.°C) than in 1986
(28.1 to 32.1°C) was most likely the reason for higher
transpiration rate in the 1987 season in the two crops.

The correlation between .transpiration rate and PAR
was not significant in 1986 in cluster bean. Crops may
differ in the sensitivity of their responses in plant
wvater relations to variations in PAR, but it cannot be
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inferred with certainity because of limited observations,
in 1986. 1If it is true, then this may also be the basis
for difference observed between the two crops in the
degree of association of canopy temperature with PAR and
RH. Canopy temperature (infrared thermometry) is related
to crop water status (14).

In conclusion, productivity of black gram and cluster
bean during reproductive phase was limited by low solar
radiation, when water was available, and on the other
hand, by low water availability, when solar radiation was
high during rainy season under dryland conditions.
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INDUCTION OF PROTEIN SYNTHESIS IN RESPONSE TO
HEAT SHOCK AND VARIOUS HEAT SHOCK MIMICKING
AGENTS IN VIGNA SINENSIS

S. Krishnasamy** and A. Gnanam $
School of Biological Sciences, Madurai Kamaraj University
Madurai 625 021, India

Abstract

Leaves of V. sinensis synthesized an array of new
temperature-dependent proteins called the heat shock proteins
(HSPs) when the growth temperature was raised from 25°C to 40°¢C
for a brief period of 2 h. This was accompanied by the
suppression of the synthesis of normal cellular prdteins.
Previously, we have shown that the Tow molecular weighf HSPs are
synthesized on cytoplasmic ribosomes and transported into
chloroplasts and localized in the thylakoid membranes. In the
present study, we have examined the specific induction of HSPs by
a number of compounds that mimic the heat shock response in other
organisms. Sodium arsenite induced HSPs synthesis in V. sinensis,
whereas compounds that generate free radicals and those which
cause DNA damage did not 1induce HSPs. On the basis of these
obsekvations, we suggest that the synthesis of HSPs 1is not
mediated either by free radical formation or by damage caused to
DNA.
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Introduct ion

A wide range of organisms ranging from bacteria to humans,
including plants have been shown to respond to thermal stress by
synthesizing a specific set of proteins, the heat shock proteins
(HSPs) and repressing the synthesis of most of the normal proteins
(for reviews see Kimpel and Key 1985, Lindquist 1986, Nover and
Scharf 1984, Neumann et al 1989). At the elevated temperature,
HSP mRNAs are selectively translated relative to the mRNAs of the
normal proteins which seem to be sequestered rather than degraded.

The exact role (or function) of these HSPs is not known, although
a strong positive correlation between the accumulation of HSPs and
the acquisition of thermal-tolerance for the organism to otherwise
lethal temperatures are reported (Marimiroli et al. 1986,
McAlister and Finkelstein 1980). Thermotolerance has also been
demonstrated where HSPs are induced by stress other than heat
shock (Lin et al. 1984, Plesset et al. 1982).

In Drosophila and E. coli, numerous agents other than heat
shock have been shown to induce the heat shock response (Neidhardt
et al. 1984, Nover and Scharf 1984). But 1in plants, an array of
stress conditions, both biotic and abiotic, induce the synthesis
of specific proteins called ‘'stress proteins', which totally
differ from HSPs dinduced by heat shock (Matters and Scandalias
1986). However, there are also reports that abiotic stress agents
1ike arsenite, cadmium (Czarnecka et al. 1984), and wounds
(Heikilla et al. 1984) 1induce HSP-like proteins 1in plants.
Although different stress agents induce heat shock-1ike responses,
the molecular mechanism by which they induce HSPs in plants is not
understood, though there have been some suggestions. One proposed
mechanism suggests that the reduction product of oxygen could
jnitiate events leading to the synthesis of HSPs (Morgan et al.
1986, Ropp et al. 1983). Alternatively in E. colj (Kruger and
Walker 1984) and in cyanobacteria (Nicholson et al. 1987}, agents
which cause damage to DNA induced the synthesis of HSPs. In this
report we present the results of our studies on the effect of
oxidative and DNA damaging agents 1in inducing heat shock-1like
proteins in V. sinensis. /
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Materfals and Methods
Plant material and growth condition

Seeds of V. sinensis were allowed to germinate \in moist
vermiculite for 7 days at 25°C in a controlled growth temperature
provided with 9illumination at a photon flux density of 45
uE/mz/sec. A 12 h dark/1ight cycle was maintained.

In vivo protein synthesis with leaf discs

About 1 g of Tleaves were cut into 1 mm segments and

transferred to a 25 ml conical flask containing 10 ml1 of sterile
water. These flasks were kept in a water bath shaker at a
specified temperature. I1lumination was provided at a photon flux
density of 37.2 uE/mz/sec. The leaf discs were preincubated for
30 min at specified temperature and then 150 uCi of ]4C-Ch10re11a
protein hydrolysate (specific activity : 26 mCi/m atom of C) was
added. Labelling was allowed to continue for another 90 min.
While studying the effect of various agents that mimic heat shock
response, the leaf segments were treated with these agents at 25°¢
for 30 min before the addition of the labelled amino acid mixture.
Labelling was continued for another 90 min at the same
temperature.

Sample preparation

After Tlabelling, leaf segments were thoroughly rinsed in
deionized water and homogenized by using a buffer containing 50 mM
Tris-HC1 (pH 8.3), 1 mM MgCl> and 2 mM EDTA. The homogenate was
filtered through four Tlayers of cheese cloth and the proteins
contained in the filterate were precipitated with 10% {(w/v)
tricholoroacetic acid in acetone for 30 min at 4°C. The
precipitate was washed twice with ice-cold acetone and thrice with
jce-cold diethyl ether. The final pellet was dissolved in a small .
volume of 10% SDS and subsequently used for SDS-polyacrylamide gel
electrophoresis (SDS-PAGE}.

Polyacrylamide gel electrophoresis and fluorography

SDS-PAGE analysis was carried out according to the procedures
described by Laemmli (1970) with minor modifications. The gel

contained a linear 7.5% to 15% acrylamide concentration gradient
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with 5% to 10% glycerol co-gradient. The stacking gel contained
4% acrylamide. Electrophoresis was carried out at 25°C for 10 h
at 17 mA (initially at 5 mA for 1 h). Gels were stained,
destained and processed for fluorography as described by Lasky and
Mills (1975). A screen type X-ray film was exposed over the dried
gel at -80°C for pre-determioned time. The gel was calibrated
using the following molecular weight standards : phosphorylase A,
Mr 97000; bovine serum albumin, Mr 66000; egg albumin, Mr 44000;
carbonic anhydrase, Mr 29000; B lactoglobulin, Mr 18400; lysozyme,
Mr 14300.

Results

Effects of heat shock and arsenite on the protein synthesis
pattern in V. sinensis leaves

Leaf discs from 7 day-old seedlings of V. sinensis were
incubated at 25°C or 40°C for 2 h with radiolabelled (14C)- amino
acids mixture. After 2 h, the total leaf proteins were extracted
and subjected to SDS-PAGE followed by fluorography. Heat shock at

40°C resulted in the reduction of protein synthesis and caused
several changes 1in the pattern of protein synthesis. The

synthesis of most of the normal cellular proteins was inhibited at
40°C but in lieu a new set of proteins, the HSPs, were synthesized
(Fig.1). The total number of low molecular weight HSPs species
(between 15 and 30 KDa) synthesized were greater in number than
the high molecular weight HSPs (60 KDa and above).

The effect of arsenite was tested by incubating the leaves in
four different concentrations (25, 50, 75 and 100 uM) of sodium
arsenite at a normal growth temperature of 25°C, in the presence
of (]4C) amino acids. Then the pattern of protein synthesis was
analysed by SDS-PAGE and fluorography as in heat shock studies.
Unlike heat shock, arsenite did not affect the total protein
synthetic activity of the leaves at all the four concentrations
used. But arsenite did cause synthesis of a set of new proteins.
Since arsenite-induced proteins and the heat shock-induced
proteins (HSPs) had a similar molecular weight, as determined by
SDS-PAGE, the arsenite induced proteins are referred to in this
paper as HSPs. Arsenite induced a spectrum of proteins similar to
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heat shock (Fig. 2). A notable difference was that the high
molecular weight HSPs were induced to a higher extent on arsenite
treatment than the HSPs which were induced by heat shock. The
small molecular weight HSPs were made at low levels, even at the
highest concentration of arsenite used.

Effect of oxidative stress on in vivo protein synthesis

Earlier reports have surmised based on certain observations
that all chemicals inducing free radicals mimic the heat shock
1ike response (Ropp et al. 1983, Morgan et al. 1986). In order to
test this hypothesis in plant systems, in vivo studies on protein
synthesis in the leaves was carried out both in the presence and
_ absence of chemicals which are known to induce free radicals, 1like
methyl viologen and juglone.

Methyl viologen accepts electron on the reducing side of
photosystem I 1in a manner very similar to that of pseudocyclic
electron  transport and produces free radicals after
autooxidation. When the fluorographic analysis was carried out
with the samples prepared from leaves treated with methyl viologen
(Fig. 3) it was seen that, unlike heat shock, methyl viologen did
not induce any specific response leading to the synthesis of new
proteins. On the other hand, methyl viologen decreased the net
protein synthesis and consequently very few proteins were made.
The only polypeptide which was detected in the leaves treated with
100 uM of methyl viologen was the large subunit of ribulose-1,
5-bisphosphate carboxylase. The synthesis of most of the normal
cellular proteins also gradually declined as the methyl viologen
concentration was increased from 25uM to 100 uM.

Juglone is known to- induce free radicals without involving
any oxidative-reductive processes (Matters and Scandalias 1986).
In order to further confirm the effect of free radical on HSPs
synthesis, the 1leaves were pretreated at four different
concentrations (100, 200, 300 and 500 uM) of juglone and the in
vivo protein synthetic pattern was studied. Induction of new
proteins Tike HSPs was not observed by juglone treatment (Fig. 4).
These results are comparable to the effect of methyl viologen an
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Fig. 1. Effects of temperature and arsenite on the pattern of
protein synthesis in V. sinensis leaves. Leaf discs were
preincubated for 30 min either at 25°C (Lane A) or at 40°C (Lane B)
and labelled at the same temperature for 90 min with (]4C)-
labelled amina acids mixture. At 25°C, leaves were treated with
sodium arsenite at concentrations of 25 uM (Lane C), 50 uM (Lane
D), 75 uM (Lane E) and 100 uM (Lane F). After 1labelling, total
leaf proteins were ‘extracted and analysed by SDS-PAGE followed by
fluorography as described in detail in "Materials and Methods". An
equal amount of protein (150 ug) was loaded in each lane.

Fig. 2. Fluorographic profile of proteins synthesized by the leaves
of V. sinensis fincubated in the presence of sodium arsenite at
various concentrations. Lane A, total homogenate of Tleaves
incubated at 25°C for 30 min and labelled at the same temperature
for 90 min; lane B, total homogenate from leaves incubated at 40°c
for 30 min followed by labelling for 90 min; lanes C, D, E and F,
total homogenate from leaves incubated at 25°C for 30 min in the
presence of sodium arsenite at 25, 50, 75 and 100 uM
concentrations, respectively, followed by labelling for 90 min at
the same temperature.

Fig. 3. Fluorographic profile of the proteins synthesized in V.
sinensis leaves incubated with methyl viologen. Leaves were
incubated at 25°C (Lane A), at 40°C (Lane B) and at 250; ,.:p
methyl viologen at 0.1 mM (Lane C), 1 mM (Lane D), 5 mM (Lane E);
25 MM (Lane F) and 50 mM (Lane G) concentrations. The detailed
procedure of methyl viologen treatment, protein 1labelling,
extraction and visualization are as described in Fig. 1. An equal
amount of protein (150 ug) was loaded in all the lanes.

Fig. 4. Fluorographic profile of the proteins synthesized in V.
sinensis leaves treated with juglone. Leaf discs were incubated at

25° (Lane A), at 40°% (Lane B), at 259C with juglone at 100 uM
(Lane C), 200 uM (Lane D), 300 uM (Lane E) and 200 uM {(Lane F).

The conditions of juglone treatment and other details are as given
in “"Materials and Methods" section. An equal amount of protein
(150 ug) was loaded in all the lanes.
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Fig. 1. Effects of temperature and arsenite on the pattern of
protein synthesis 1in V. sinensis leaves. Leaf discs were
preincubated for 30 min either at 25°C (Lane A) or at 40°C (Lane B)
and Tlabelled at the same temperature for 90 min with (]4C)-
labelled amino acids mixture. At 25°C, leaves were treated with
sodium arsenite at concentrations of 25 uM (Lane C), 50 uM (Lane
D), 75 uM (Lane E) and 100 uM (Lane F). After labelling, total
leaf proteins were ‘extracted and analysed by SDS-PAGE followed by
fluorography as described in detail in "Materials and Methods". An
equal amount of protein (150 ug) was loaded in each lane.

Fig. 2. Fluorographic profile of proteins synthesized by the leaves
of V. sinensis incubated in the presence of sodium arsenite at
various concentrations. Lane A, total homogenate of leaves
incubated at 25°C for 30 min and labelled at the same temperature
for 90 min; lane B, total homogenate from leaves incubated at 40°¢
for 30 min followed by labelling for 90 min; lanes C, D, E and F,
total homogenate from leaves incubated at 25%C for 30 min in the
presence of sodium arsenite at 25, 50, 75 and 100 uM
concentrations, respectively, followed by labelling for 90 min at
the same temperature.

Fig. 3. Fluorographic profile of the proteins synthesized in V.
sinensis leaves incubated with methyl viologen. Leaves were
incubated at 25°C (Lame A), at 40°C (Lame B) and at 250c with
methyl viologen at 0.1 mM (Lane C), 1 mM (Lane D), 5 mM (Lane E),

25 mM (Lane F) and 50 mM (Lane G) concentrations. The detailed
procedure of methyl viologen treatment, protein 1labelling,

extraction and visualization are as described in Fig. 1. An equal

amount of protein (150 ug) was loaded in all the lanes.

Fig. 4. Fluorographic profile of the proteins synthesized in V.
sinensis leaves treated with juglone. Leaf discs were dincubated at

25°C (Lane A), at 40°cC (Lane B), at 25°C with Jjuglone at 100 uM
(Lane C), 200 uM (Lane D), 300 uM (Lane E) and 200 uM (Lane F).

The conditions of juglone treatment and other details are as given
in "Materials and Methods" section. An equal amount of protein
(150 ug) was loaded in all the lanes.

485



protein synthesis. As in the case of methyl viologen, ai
inhibition of total cellular protein synthesis was also observe
by increasing the concentration of juglone. The results clearl;
reveal that neither of these chemicals that induce free radica
generation mimic the heat shock-like response in V. sinensi
leaves.

DNA damaging agents and their effect on protein synthesis in V.
sinensis leaf segments

It has been reported previously that £. coli cells pretreate
with agents that cause damage to DNA, such as irradiation with U
1ight, mitomycin C and nalidixic acid, induced the synthesis o
HSPs. The same kind of results were also obtained recently in
cyanobacterium by Nicholson et al. (1987). To investigate th
effect of DNA damaging agents on plants, leaves of V. sinensi
were incubated with mitomycin C and nalidixic acid and thei
effect on in vivo protein synthesis was studied. The synthesis o
HSP-1ike proteins was not fdinduced by either of the two DN
damaging agents tested (Fig. 5 and 6). The overall protei
synthetic activity was inhibited by both of these agents but thi
effect was more pronounced in nalidixic acid-treated leaves. But
these DNA damaging agents induced a set of new 1low molecula
weight polypeptides (15 to 17 KDa), which are entirely differen
from the Tow molecular weight forms of HSPs induced by heat shoc
or arsenite.

Discussion

Alterations in protein synthesis readily occurs in man
organisms exposed to a variety of stresses. Heat shock is know
to be the best stimuli to induce alteration of gene expression an
also serves as a good model system to study the gene regulation
Among the various plant species, soybean has been used extensivel
to study the heat shock as well as the various other stresse:
(Czarnecka et al. 1984, Kimpel and Key 1985). The leaves of V
sinensis synthesized a set of HSPs when subjected to heat shock
In our earlier reports we have shown that the maximum heat shocl
response was observed when the leaves were treated at 40°C for
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protein synthesis. As in the case of methyl viologen, an
inhibition of total cellular protein synthesis was also observed
by increasing the concentration of juglone. The results clearly
reveal that neither of these chemicals that induce free radical
generation mimic the heat shock-1ike response 1in V. sinensis
leaves.

DNA damaging agents and their effect on protein synthesis in V.

sinensis leaf segments

It has been reported previously that E. coli cells pretreated
with agents that cause damage to DNA, such as fdrradiation with UV
Tight, mitomycin C and nalidixic acid, dinduced the synthesis of
HSPs. The same kind of resuits were also obtained recently in a
cyanobacterium by Nicholson et al. (1987). To investigate the
effect of DNA damaging agents on plants, leaves of V. sinensis
were incubated with mitomycin C and nalidixic acid and their
effect on in vivo protein synthesis was studied. The synthesis of
HSP-1ike proteins was not dnduced by either of the two DNA
damaging agents tested (Fig. 5 and 6). The overall protein
synthetic activity was inhibited by both of these agents but the
effect was more pronounced in nalidixic acid-treated leaves. But,
these DNA damaging agents induced a set of new Jow molecular
weight polypeptides (15 to 17 KDa), which are entirely different
from the Tow molecular weight forms of HSPs induced by heat shock
or arsenite.

Discussion

Alterations 1in protein synthesis readily occurs 1in many
organisms exposed to a variety of stresses. Heat shoCk is known
to be the best stimuli to induce alteration of gene expression and
also serves as a good model system to study the gene regulation.
Among the various plant species, soybean has been used extensively
to study the heat shock as well as the various other stresses
(Czarnecka et al. 1984, Kimpel and Key 1985). The leaves of V.
sinensis synthesized a set of HSPs when subjected to heat shock.

In our earlier reports we have shown that the maximum heat shock
response was observed when the leaves were treated at 40°C for 2 h.
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Fig. 5. Fluorographic profile of the proteins synthesized in V.
sinensis leaves treated with mitomycin C. Leaves were incubated at

25%C (Lane A), 40°C (Lane B), and at 25°C with mitomycin C at 25
ug/ml (Lane C), 50 ug/ml (Lane D), 100 ug/ml (Lane E), 200 ug/ml

(Lane F) and 400 ug/ml (Lane G) concentrations. The details of
mitomycin treatment, protein l