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INTRODUCTION

There has been a continuous effort for crop improvement
over several decades. Significant increase in grain yield has
peen attributed mainly to optimization of agronomic inputs
(Gifford, 1987), maximizing 1light interception by optimising

canopy architecture (Nelson, 1988) and by enhancing partitioning

coefficients (Austin et al., 198¢). Further improvements in
either dry matter production or grain yield 1is possible only
through an increase in single leaf photosynthetic rates as a
plateau has been veached in  other physiolngical parameters of

canopy photosynthesis.

Although considerable genotypic variation in  assimilation
rates has been reported in various crop plants (Fischer et al.,
1981; Mohan and Hobbks, 1981, Hobbs and Mohan, 1985; Austin et
al., 1986; Shankar et al., 199@ and Najareddy, 1992), progress
in exploiting this varliation for improving photosynthesis to
achieve higher yield has been slow. Because of the multigenic
control of photosynthesis, breeding for higher rates eitherx

through conventional breeding techniques or by recent genetic

engineering have not been encouraging.

However, at present much of the research effort is being
diverted to evaluate and mmderstand wvarions limiting fantnrs nf
photosynthesis. 1f a few important limiting factors of
photosynthesis are identified, iacorporation nf those traits can
be achieved with a higher degree of success +tn enhance hio

productivity.



Though essentially a biochemical phenomenon,
photosyntheSiS can be considered as a diffusive process also.
Assimilation rate is controlled by the diffusive charactevistics
of stomata and the ability of the mesophyll factors to fix
carbon. Understanding the extent of limitations imposed by
stomatal or mesophyll factors would lead wus a step ahead in

improving photosynthesis.

Apart from these intrinsic factors, photosynthesis s

modulated to a large extent hy the existing epvironmental

factors. Since crop plants experience a number of environmental
stresses during their growth periods, assessing the impact of
various environmental variables on assimilatinn rates 1is alsn

essential for crop improvement via photosynthesis.
With these informations, an investigation was conducted

with the following objectives.

1. To assess the potential carbon assimilation rates of
chloroplasts in a few species.

2. To quantify the relative limitations of A’ in a few (3 and
Ca plants under non stress conditions,

To quantify the relative limitations af A’ wunder Jdifferent
abiotic stresses

4. To evaluate a few mesophyll subcomponents respansible for
the high mesophyll limitation under moisture stress.
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REVTEW OF LTITERATURE

Crop improvement for enhanced dry matter productinn was

]

b

achieved either hy increasing the harvest index or by increasing

)

the light interception by the canopy. Further incr

a1

aze  in dry
matter production ¢an be achieved only by improving the

photosynthetic etficiency of the crop canopy.

Though photosynthesis is  a hiochewmical process, it is
often referred to as a ditfusive process (Kriedman and  Downton,

1981). The path nf movement of 005 from the  Ambient air tno the

carboxylation <ite at chinvoplasts  ocecurs always downward  along

a concentration gradient. Thus the mnyvement nf O, can be
considered as a diffusive process, This diffusinn of 00z across
the leat from the ambient air to the chloroplasts experience &
number of resistances, These resistances can he classifie!
under stomatal anl non  stomatal or mesophyll resistances

(Kriedman and Downton, 198l1). Photosynthesis, apart from the
intrinsic stomatal and mesophyll regulation, has a tremendous

degree of environmental modulation.

It has been clearly established that varicus environment al

variables impose a certain degree of regulation to  the proceas
of photosynthesis either hy their effect on  stomatal o

mesophyll factors, Even at  controlled envirvronmental condition=,
3 great extent of interspecific and intra specific variatioons in
photosynthesis eEist s, These  variations  «an e biroadly

attributed to the variatinns in stomatal or wmesophyll  factors.



Assessment of

‘mesophyll factors becomes a

for
essential to probe into the

when plants experience abiotic

I1f the cause of low

stressed conditions could be
causative component
management technigues could be
minimizing
understanding the limitations

stress and abiotic stress

chapter.

Limitations to photosynthesis

limitations
prerequisite for crop
yield through increased photosynthetic

limiting

assimilation

either genetically or

the losses in productivity.

imposed by stomatal and

improvement

rates. It is also

factors of photosynthesis

stresses.

rates in normal anid

guantified, manipulation of the

through agricultural

attempted with the intention of

The present status of

of

photosynthesis both under non

conditions is reviewed 1in this

under non-stress condition

Under a specified unlimited resource condition,
photosynthesis is regulated more by the intrinsic plant
characteristics. The diffusion of COz through the stomata,

diffusion of carbon in the mesophyll cells, the efficiency of
the photochemical machinery to supply the reguired vreducing
power, factors associated with RuBisCO and the subseguent

utilization of triose phosphates for

few of the most important

major limitation of

plant

end product synthesis are a

factors that constitute the

photosynthesis.

Limitation of photosynthesis due to diffusion of CO,

At ambhient (0. levels

{33¢ nom) .

nhnt navnt het in ratesa are



Predominantly limited by the diffusive characteristics for the
coz transfer. These include the resistance to C0O, diffusion
through stomata (Jones, 1983; Schulze, 1986 and Ball, 1981) and
the agqueous phase of the leaf. Among the two diffusive
processes, the stomatal factors offer the maximum limitation to

photosynthesis.
stomatal limitation of photosynthesis

It is well Jdocumented that A’ can be enhanced by
increasing the stomatal conductance (gs) under unlimited water

supply conditions, especially in the Cs; plants (Jones, 1986).

Occurrence of a positive correlation between A’ and gs
was observed among various species and among dJdifferent
physiological treatments (Wong et al., 1979). They noted as
others have since, when the gs is smaller, the capacity of

assimilation also tends to be smaller.

Recently, analyzing the relationship between stomatal
resistance and photosynthesis in potato leaves, Perumal et al.,
(1989) found that the upper leaves of a canopy had more A’
because of a lower stomatal resistance. Similar inferences were

drawn by Kuroda and Kumura (1989) in rice plants. They showed

that the wvariation in ‘A’ was positively correlated with
variations in gs. They further concluded that stomata limit ‘A’
under well watered ronditions. Based on carbhon isotope
discrimination Ehleringer (199a) suggested that stomatal

conductance is related to photosynthetic rate nf crop plants,



They confirmed that the variation 1in assimilation rates were
due to thee possible wvariation in the extent to which stomata

l1imit the photosynthetic gas exchange rates,.

Recent evidences clearly suggest that when the crops are
grown under unlimited resource conditions, the stomatal
limitation to photosynthesis predominates (James Jacob, 1988;
Kirschbaum and Pearcy, 1988; Xu and Xu, 1989; °~ Ephrat et al

1999; Jacob and Lawlor, 1991 and Heitholt et al., 1991).

It can be concluded that the predominant limitation of
photosynthesis comes from the stomatal diffusive characteristics

under non stress conditions.
Limitations of photosynthesis due to mesophyll factors

Once the substrate C0O.; is made available at the site of
carboxylation, the limitation of photosynthesis occurs at the
metabolic level. Fixation of COz into organic compounds require
electron transport associated with lamellar polypeptide,
carboxylation of RuBP associated with RuBisCO, the calvin cycle

enzymes and the end product synthesizing machinery.

Photochemical reactions

The photochemical reactions have been shown to be limiting
A" upto a light intensity of 4@@ to S0@ u moles/m2/sec. A
linear increase in A’ with light intensity exists up to this
level (Austin, 1989). However, it has been often reported that

Photochemical reactions are not limiting and the lower A’ is



associated with other factors., But the existing information in

the literature do not unequivocally substantiate this argument.

Therefore, it is necessary to examine the limitations
imposed by photochemical aspects under moderate to high light

ijntensities with the existing ambient €02z levels.

Experimental evidences on the following three aspects
substantiate to conclude that the photochemical reactions may

not pose any limitation.

a. COz response curves
b. Increase in"A’ with increase in temperatures
c. Increase in A’ with altered end-product synthesis.
a. CO2 response curves:
An increase in "A’ with increase in intercellular CO>

concentration (Ci) is one approach to infer that photochemical
reactions do not pose a limitation at moderate and high light
intensities. It 1is assumed that an increase in "A’ at a given
light intensity by increasing Ci wonld impose a greater demand
for ATP and NADPH for (02 reductinn process. An instantaneous
increase in 'A’ with an increase in Ci substantiate the fact
that a feed back stimulation of electron transport chain occurs
to generate more ATP and NADPH to meet the demand of carbon

fixation.

A large body of literature support the fact that A’

increases with increase in Ci (Caemerer and Farquhar



1981 ,Brocks 1986, Sage et al 1988,1989, Campbell et al., 1987;
Blechschmidt et al 1989). Apart from reducing photorespiration

a stimulation of oxygen evolution with increase in Ci has been

shown (Badger, 1985).

The exact increase in A’ wWwith increase in Ci varies
amongst species and with other environmental factors. But it is
essentially the same for many Cs species. A mere doubling of
ca has been shown to increase ‘A’ at a given 1light intensity
though the range varies any where from 29 to 3gd per cent

(Jarvis et al 1981).

In studies where A’ was measured at high or saturating
light intensities a significant increase in A’ with increase in
Ci has been shown. In soybean plants grown under natural light
intensities an increase in Ci, substantially increases ‘A’ from
15 4 moles.m~2.s-! to as high as 32 g moles.m~2.s-!. Similar
instances of increase in A’ has been shown by Caemerer and

Farquhar (1981), ©Sage et al. (1988) in Phaseolus wvulgaris, and

by Brooks (1986) in spinach. In five different €3 species also
a significant increase in "A’ was shown with an increase in Ci
in 'a recent study by Sage et Aal, (1989). Even a significant
increase has been shown in C4 plants like maize (Canvin et al

1989) and Amaranthus (Blechschmidt et al., 1989),

The observed increase in ‘A’ at high 1light can not bhe
attributed to decrease in photorespiration only. Such an

inference can be drawn from three types of studies.



i) The instances where they have shown more than 190 to 200
per cent increase in "A’ with increase in Ci in Ca plants.

ii) Increase in "A’ in C4 plants at high Ci (Badger, 1985).
iii) Direct evidences showing the stimulation of oxygen

evolution with increase in Ci (Canvin et al 19892).

Both in (s plants Helianthus annus, Helianthus incarna

Phaseolus vulgaris and also in C4 plants Zea mays stimulation nof
oxygen evolution with increase in Ci has heen shown at high
light intensities (Caovio et Al 1988, Radgey, 1Q2RS5), However,
gsuch a response was nften nnticed when "A’ wag nnt rco-limited by
light intensity . When gas exchange rates were measured at low
light intensities the response to increase in Ci was marginal

(Canvin et al 198¢, Badger, 1985).

From several of the studies it can be inferred that in
plants acclimatized to natural light intensities, with increase
in Ci maximum assimilattion (Aga=) =significantly increases, when
measured at saturated light intensities, thus substantiating
the fact that there i3 a feedback stimulation of photochemical

reactions when carboxylation efficiency was enhanced by higher

substrate levels.

b. Increase in ‘A’ with increase in temperature

When temperature is enhanced from suboptimal to optimum
level the kinetic properties of RuBisCO will be Aaltered favorinag
higher assimilation (Badger and Collatz, 1977; Caemerer and

Frguhar, 1981). A significant increase in "A’ at  higher



1u

temperature haz been shown in Phaseolus species with incresase in
ci. gimilarly a stimulation of oxygen evolution with increase
in temperature has been clearly demonstrated in a recent study
by Stitt (1986) in spinach. This in turn has been attributed to
better inorganic phosphorus (Pi) recycling at high temperatures.
Irrespective of the reasons for increase in A’ it clearly
substantiates the fact that when other limitations imposing on
‘A’ are removed there will bhe a feed back stimulation of

photochemistry to meet the demand for assimilatory power.
c. Increase in ‘A’ with altered end product synthesis

While reviewing the possible feedback inhibition of
photosynthesis Neals and Incoll (1968) concluded under normal
conditions the photosynthetic rates of leaves are far less than
their potential.  The main reason attributed was inadequate
synthesis and thus lack of wutilization of end products. Several
studies have shown an increase in photosynthetic rate either by
shading (Herold, 198@) or defoliation (Sweet and Wareing, 1966)
or DCMU spray to the earhead (King et al., 1967). When earhead
Photosynthesis was decreased by DCMU an increase in "A’ of flag
leaf was noticed. Similarly when leaf number was decreased by
defoliation an increase in leaf assimilation rate was noticed
(Sweet and Wareing, 1966). However, in all these studies
measurements were made days after imposing the treatments.
Hence, it is difficult to pin point the actual processes
associated with observed increase in "A’. More recently it has

been shown that the decrease in leaf number 1increases



gssiMilati“n rate substantially  in sunflower and soybean within
? to 4 hours after imposition of the treatment. However, no
other measurements except gas exchange characteristics were

recorded in this study (Annonymous, 1989-9@).
Evidences supporting photochemical reactions limiting “A’

There are several studies where low A’ was attributed to
photochemical reactions. The following four evidences show the

possibility of photochemical reactions limiting "A’.

1. No increase in 'A’ with increase in Ci at a given light
intensity.

2. No increase in 'A’ with increase in light intensity at a
given Ci.

3. No increase in A’ at high light and saturating CO»x.

4. Differences in "A’ at a given light intensity hetween species
and varieties.

Several researchers have used the nature of 00, response
curve to arrive at the limitation imposed either by RuBisCO
kinetics or photochemical components. Under high light
intensities less increase in ‘A’ with increase in Ci has been
attributed to inadequate supply of photochemical energy. Though
at high CO. the photochemistry may limit "A’, in a series of
recent studies by Taylor and Terry (1984) it is argued that
energy supply may co-limit % even at ambient CO2
concentrations. By using iron deficient and sufficient plants

with different photochemical electron transport capacities, the



co-limitation by photochemistry was also examined. Based on the
ipitial slope of CO0z response curve which was reduced
substantially in leaves with low chlorophyll content, it was

suggested that photochemistry co-limits assimilation rate even

at low Ci also.

The inadegquate response to increase in Ci (Taylor and
Terry, 1984) may be due to the fact that the plants were
acclimatized at 8d¢ gy moles.m~2.3-' of light intensity and CO:

response curves were taken at 3¢¢@ y moles.m~2.s37?

The importance of the photochemical reactions to achieve
high A’ has been shown in a study by Malkin et al. (1981) in
four desert species differing 1in total photosystem II (PSII)

reaction centers. The high "3’ in Camissonia at high

irradiances was attributed to higher PSII number. There was a
good correlation bhetween photosynthetic rate and concentration
of PSII reaction center. ©No such correlation was found with PSI

reaction centers.

In a study to assess the reasons for variation in A’
between diploid and tetraploid wheat Austin et al. (1987)
emphasized the importance of photochemical reactions. In

diploids with high photosynthetic rates, uncoupled oxygen
evolution and COz dependent oxygen evolution, was high. In a
similar comparative study Hobbs (1986) showed that the
differences in chlorophyll“a’ and ‘b’ content correlated with
the differences in photosynthetic rate, So the photochemical

reactions are responsible for differences 1in photosynthesis,

Y
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pecause RuBisCO and soluble protein d4id not show any correlation
with photosynthetic rate,
gnd product inhibition - Recycling of inorganic phosphate as a
limitation

studies for last five years have clearly established that
maximum rates of photosynthesis can be restricted by the rate of
end product synthesis (Stitt 1986, Sharkey et al 1986, Stitt and

Quick, 1989).

The partitioning of carbon between starch and sucrose  as
the two important end products of carbon assimilation has been
clearly understond. The carhOﬁ fixed in the Calvin cycle in
chloroplast 1is exported to the cytosol as triose phosphate,
This export occurs across a  phosphate translocator protein with
a strict counter exchange with inorganic phosphate. The triase
phosphates are metabolized to form sucrose in the cytosol and
regenerate Pi which is available for further import of triose
phosphate from the chloroplast. Restriction of sucrose
synthesis will lead to a decreased export of triose phosphate
(TP) from the chloroplast resulting in greater accumulation of
TP in the chloroplast which is later converted to starch. The

conversion of TP into starch in the stroma alsoc facilitates the

release of Pi. From these sequences of events it can be
envisaged that inadequate rate of end product aynthesis mainly

sucrose could impose a limitation to Pi recycling and indirectly
on carhon exchange rate (CER).

The mechanisms involved in regulating the reactionns

involved in sucrose 3synthesis from TP in cytosol has  heen
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reviewed (Stitt and Quick, 1989)

extensively

The two enzymes,sucrose phosphate sysnthatase (SPS) and
gructose 1-6, bis phosphatase have been considered as
”fégulatOrY enzymes largely responsible for altering Pi recycling

(stitt and Quick, 1989).

A decrease in the activity of sucrose phosphate synthetase
results in the accumulation of fructose 6- phosphate. This in
turn gets converted into fructose 2, 6- hisphosphate a potent
inhibitor of Fr. 1,6 hisphosphatase. As a conseguence of this

triose phosphates are not metabnlized and gets accumulated,

The TP accumilation in cytosol may occur dAve o higher rate
of influx compared to its conversion into  sucrose via SPS or due
to intrinsic low SP3 activity or Aue to lack of efflux of

gucrose (Stitt, 1986; Sharkey et al., 1986).

Inadequate Pi levels in the stroma as a consequence of
decreased Pi recycling from the c¢ytosol is the major factor
affecting the ATP generation from photophosphorylation (Stitt,
1986; Sharkey et al., 1986). such a phenomenon will have
several direct and indirect effect on down stream mechanism of
photosynthesis, for instance a marked decrease in the activation
state of RuBisCo. Accumnlation nf PGA and A resultant JecreAase
in stromal pH has been attributed to be one of the reasons for
decreased activity of RuBisCO (Sharkey 1985).The decrease in
photosynthesis by low rate of end product synthesis and thus Pi

recycling has been shown to occur nnder a few specific
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_situations like (a) under couditions nof saturated COz (Stitt
1986), (b) decreased efflux of sucrose due to dJdecreased
éctiVitY of sinks, (c) in mutants and possibly in some genotypes
with 1low intrinsic SPS activity and (4) under environmental

factors which decrease the efflux of sucrose or its synthesis by

SPS.

In view of these facts it is necessary to evaluate whether
Pi is a limitation wunder ambient CO> and saturating light
ijntensities. There are two types of evidences to show that Pi

igs not a limitation.

1. COz exchange rates are highly sensitive to oxygen
concentrations under ambient C0O> levels,

Recently oxygen insensitive photosynthesis has emerged as
an important criterion to assess the relative Pi 1limitation on
‘AT, It has been shown that in oxygen insensitive zone of COz
concentrations a decrease in oxygen concentration decreases the
‘A’ suddenly and later comes back. It was attributed to much
greater decrease in Pi level due to reduction in
Photorespiration. Several studies have indicated that a
decrease in oxygen concentration will increase the ‘A’
indicating that at ambient CO. concentrations ‘A’ is sensitive

to oxygen concentration and hence Pi recycling 1is not a

limitation.

2. Other evidence is that a substantial increase in ‘A’ at
higher levels of €0, suggesting the maintenance of adeguate
Pi recycling even at elevated C0. concentrations.
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In leaves exposed to  high COz concentrations an
instantaneous increase in A’ has been shown by many worker s
1

(campbell et al., 1987; Sage et al., 1987; Sage et  al., 1988)

and maintenance of the rate even for a period of 2¢-3¢ minutes
(steady state) has been reported (Annonymous, 1989-9¢). A
substantial increase in "A’ and its maintenance at high C0»

levels imn plants acclimatized to  high COz has been shown (Sage

et al., 1988; Campbell ot al., 1987). From such evidences it

can be inferred that at ambient CCz, high light intensities and
optimum temperature recycling of inorganic phosphate may not
pose a sigunificant limitation to photosynthetic rate (3titt,
1986).
RuBisCO characteristics

Rubisco is the most important enzyme that catalyses the
primary carboxylation reaction of photosynthesis. This enzyme
gets further importance because of the fact that it also

catalyses the wasteful process of oxygenating RuBP, the primary
reaction of the photorespiratory cycle. Thus RuBisCO plays a
very prominent role in the regulation of photosynthesis. The
photosynthetic influx of CO, depends on the rate at which COz is
being fixed into organic molecules by RuBisCO to maintain the

CO> Adiffusion gradient. Becanze nf these conspicuous tvnles of

the enzyme, much of the resear

ch effort has bheen put to

[95]

understand the possible mechanisms of limitations by RuBisCo,

Though there are contradicting evidences and hypotheses



answering this guestion, it isg s3till relevant and rewarding to

probe carefully further into this question to arrive at better

or more realistic solntions.

The plants allocate ove

[

S# per cent of its solunkle
proteins towards RuBisCO protein. This further reiterates the

importance of this enzyme.

Many early studies pricy to 1975 showed a guood positive
correlation between light saturated CER, and RuBisCO activity
particularly when the relation was nhserved between leaves of
ontogenic stages anid environmental history. Correlation
coefficients to An extent of @.9 were nhtained hetween A range
of Rye drass genotypes  apd  small grain cereal cultivars
(Treharne,1972), 2 few other studies claimed correlations

between flag leaf RuBisCO activity and grain yield., Whether such

4]

correlations have physinlogical significance i an open

question.

Dornhoff and Shibles (137¢) and Frey and Moss (1976) showed
that much of the wvariation in RuBisCO activity per unit leaf
area simply reflects the leaf thickness. However, Randall et.al
.+ (1977) discovered a dacaploid tall Fescue which has very high
RuBisCO activity and low levels of other leaf enzymes per unit
leaf protein. They also showed two times more assimilation rate
Per unit leaf area in such varieties nf decaplnid tall Fescue.
Examining the relationship between kinetic properties of RuBisCO

in wheat species and genotypes Evans and Seemann, (1984) clearly

demonstrated a relationship between carboxylase activity and



poxylation efficiency. The two factors associated with
car

higher carboxylation wWas RuBisCO protein content and specific
i
activity.

The following are the three important RuBisCO
characteristics associated with total activity per unit leaf

area (a) RuBisCO content, (b) activation state, and (c) kinetic

properties.

RuBisCO content and photosynthetic rates

RuBisCO content and the per cent o0of soluble protein
allocated to RuBisCO has heen shown to be one of the i{mportant
factors associated with higher RuBisC0O activity and hence drawn
attention of several workers examining the interrelation between

RuBisC0 content and carboxylation efficiency.

Recently, Sung and Chen, (1989) related ontogenic changes
in apparent photosynthesis to the wvariation in the amount of
RuBisCO per unit leaf area. They further concluded that the
increased “A’ in lanceolate leaf types of soybean is associated
with more enzyme content which in turn is due to an increased

chloroplast number per cell.

In rvice, Shich and Liao,{1989) showed that ‘A’ was
significantly correlated with RuBisCO activity . This activity
Was shown to correlate with RuBisCO protein content and total
soluble proteins. The ratio of RuBisCO activity to RuBisCO
Content remained constant throughout the growth of the plant

Suggesting that A’ was regulated wvia the RuBisCO protein



Keeberyg et.al., (1989) nhserved  Aan increased

content-
b.osynthesis of RuBisC0O in blue 1light with a corresponding
i

increase in assimilation rate,.

although Frey and Moss, (1976) concluded that RuBisCoO
activity per unit leaf weight can he used as a selection

criterion to identify high "A’ types, Gifford, (1987) argned

that such a selection probably cause redistribution of N away
from other rphotosynthetic momponent s with conseqgiuential
updesirable imbkalances in O, fixation, Bt however, The fact

still remains that the influence of increasel  RubisCo protein
content on A’ and the effect omn other pratein components of
photosynthesis mnst ke locked into very carefully before drawing

any conclusions.

Activation state .

Activation of the enzyme to become catalytically
functional is the most important and widely studied aspect of
the enzyme regulation of photosynthesis. EuBisCO is  known to
be in the ipactive or in the "deactivated” form in the absence
of COz; and light. Since, the overall activity of the enzyme
depends on its Aactivation state, it iz worthwhile to mnderstand
the mechanisms of regulation and the physiological significance

0f the artivation.

There are a number of theories and hypotheses to Pxplain
how the enzyme is activated ip vwvivo (Salvucci, 19389),

Activation state of the enzyme is 3efined as the number  of
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very important for the gctjvation. However, it is not clear
what is the minimum conceptration of €0z required for the
purpose. Campbell et al. (1988) working with soybean, concluded

+hat activation in vivoe iz gffectively (0g

————r s

A at

L

aturat

i
o

concentrations less than 11¢ ppm measured external to the leaf.

put Caemerer and Edmondson (198613, found Raphanus sativus

RuBisCO to ke 5@ per cent activated at 3 Ci approximately 1@

ppm.

Nevertheless, the actijvation of EuBisTO i35 a very essential

part of photosynthetic induction in leaves, Bt the Aactivation
in leaves iz zeldom 14¢@ per cent in most of the crop olants,
This fact raises a gquestion whether the in vivo activation state
of th= enzyme is limiting photosynt_hesis, 1f 30, wonld it be
beneficia to fur?her manipulate and enhance the activation

state to achieve higher assimilaticon rates.

Though it is clearly demonstrated by 3Sage and his co-
workers (1987) that the activation state may not pose A

limitation at elevated COQOz cOn

]

entrations, it has an important
role to Aetermine the initial carboxylation efficiency at

ambient CO, concentrations.
Kinetic properties of RuBisCO

Analysis of photosynthEtiC gas exchange and RuBisCO
activity have revealed that th® maximum rate of CO> assimilation
in plants under ambient conditions can be predicted from the

amount s and also the kinetic properties of the enzyme {(Makino et



al.:

The atfinity of this enzyme for C0Oz has been recognized as
a factor limiting photosynthetic carbon assimilation.
Therefore, genetically based wvariations in the kinetic

properties anl amount of this enzyme may provide targets for

preeding approaches to  improve leaf photosyauthesis. Keeping
this i view several attempts have beepn made to lonk into the
variations in some EnRialn kinetic charactevistics like the ¥y
and Keae i the recent years (Paul an? Yeoh,1987.,5senann et

al,1984. ,Wessinger et 31,1989,

Kinetic stuilies on RuBisC0 from taxonomically diverse
plants have revealedl that Fm {(C02) wvalues are associated
primarily with Jdifferencez in photosynthetic pathwaysz anl

correlated to some extent with taxonomic groupings (Yeoh et al

L

198¢, 1921 and Yech and Hattersley, 198

n

B large variation in Ka (C0z) f7.8 to 14 uM of C0zx1 has
been shown amongst 16 cassava cultivars suggesting that Ky, (COz)
values have potential application in cassava systematics (FPanl

and yYech, 19875,

et

nooa  similar stuldy, Makino et al. (1987) attempted to
dassess the Jdifferences in Em (CO02) aAand Vagpax of RuBisCO in  three

distinct types of Oryza sativa L. (Japanica, Indica and Javanica

types). The overall variations in the kinetic constants of
RuBisC0 and 1its ratio to soluble proteins were very small,
23pecially  the two main cultivar types Jjapanica and indica.



Although the Vmaxx from Javanica wa=s slightly high, this was alan

associated with high K (COz2).

In addition to the differences in ¥, (COz), the Adifferences
in specific activity and Kcae have been examined as the possible

factors associated with the carboxylation efficiency. The in

vitro RuBisCO activity for unit of leaf nitrogen was found tno
pe 3¢ per cent greater in Triticum aestivum than in T.
monococcum and it was atrtributed mainly to the higher specitfic
monocoOLL M

activity of +the enzyme, since the amonnt of RubBisCO protein per

unit leaf protein 1id not 1iffer hetween the two sub-species,

The specific activity and alsn  Keoae have heen  shown to
significantly wvary in species differing in photoasynthetic
pathways. For instanrce, the gsperiez thongh have lTower Fg the

specific activity and Kcae were less compdred to the U4 plants

that had higher En (COGz3 [Seeman et al., 1984 and Wessinger et

t

Xe}

al., 19

1. The kinetic properties of RuBisCO  appear to have

modified to adjust to the rchanges in substrate availability. g4
plants have a higher concentration of €Oz available to BuBislo
than the plants (Keys, 198631, Therefore, the K, (C0z) values
of the (4 species and also a few Algae acclimatized to higher

HCOs; concentrations have muach  higher ¥y (COz) values than the Oy

plants (Keys, 19B86). However, species with hiqgh Kn (C0z) alzn
showed high Koae anggesting that the ¥, {005) and HKoae are

linked and the wvariatinn in Kecae And En (003) ratios may remain
stable. But the possihility of differences in Keoae at a2 given

K (co;) can not  be completely ruled out, In one of the (4



Flavaria vadginata, compared to FE. australasica, the

gpecies,
K... was significantly high though the Km (CO2) differences were
marginal (Wessinger et al,1989).

Although great extent af  understanding ot e
biochemical processes hag been  achieveld, few reports  are
available to explain or attribute the 1ifferences in "2°7 A
variations in particular mesophyll reactions, Recent 1y,

however, there are efforts deviated for the qguantification of a
possible limitation imposed by the stomatal and mesophyll

factors.
Approaches to quantify limitations of photosynthesis

Development of a technigue which would enable partitioning

of limitations of* observed assimilation rates mnder  both non
stress and abiotic stresg conditions between stomatal and non

stomatal factors is 0of great importance from the practical and

theoretical stand points.

The problem of quantifying the limitation of

photosynthesis has been addressed by many workers over the past

several decades. As a result, many methods to apportion the
relative limitations of photosynthesis between stomatal and
mesophyll factors have evolved. Among them, the following two

methods are generally adopted to guantify the limitations of

Photosynthesis.

Resistance analysis originally proposed by Gaastra, (1959),



2 genaitivity or path dependent analysis [(Jones, 1985k,
Assman, 1988)
_Resistance analysis
Based on the resistance analysis originally propnsed hy

Gaastra (19959), Farquhar and Sharkey (1982) developed a straight
forward technigue to guantify thee stomatal limitation to
photosynthesis. They proposed that the stomatal limitation can
be calculated by knowing the A’ when the stomatal conductances
are infinite when Ci and Ca would eguilibrate. The percentage

limitaticn iz then taken as {(1-2A/2.)140.
Sensitivity analysis

The other approach generally adopted for the partitioning
of limitations of photasynthesis is the path dependent method
other wise termed as the sensitivity analysis (Cornic  and
Miginiac, 1983; Jones, 198S; Assmann, 1988). If A" can  he
describked as a function of a number nf environmental variables,
then the sensitivity of A’ to any one variable can be explained
by a partial derivative with respect to,that variable. This
type of sensitivity analysis which was initially developed by
Kascer and Burns {1973) and Heinrich and Rapaport (1974), have
recently begun to be used for the analysis of control functions
and to gnantify limitations to photosynthesis (Dietz, 1986,

Woodrow, 1986: Stitt and Quick, 1989),.

Although several approaches have heen proposed for the



quantification nf  Timitations, wmisconreptions still perraiat iy

the literature fBlackman,19@%; Gaasstra, 19%9; Jone=, 1973a; 19832

.
L3 -

1985 & 1997, Farguhar and Sharkey,1982; Pricl et al., 1984 and
Assmann, 1988).
gnvironmental factors affecting assimilation rates

The process of photosynthesis  Jdepends, to a large extent,

on the envirvonmental factors. It has been clearly demonstiated

that even under situations  where leaf photosynthesizing

[$1}

machinery is capahle of fixing higher amounts of carbon, the

rates of carkbon fization i3 limited or rednced consiierably by
1

the existing environmental renditinns auch  as Mz, sailoan?

plant moistnare statn

i

. Vight intensity during the lay, RH of the

air and  teapberatiur e,
Effect of water stress on photosynthesis

Among many of the abiotic stresses, moisture status of soil
and air and the light intensity can ke considered as the most

important factors Jdetermining the assimilation ratecs.

Diffusive resistance:

[0}
5
)
o}

2 are extremely susceptible to
the environmental conditions. Any change, therefore, in these
resistances will ultimately atfect the net carbon  exchange
rates. The most freguent environmental varialle that adversely
affects these Jiffusive resistances iz a lack af moisture in the
soil, The 30il moisture stress cap affect both the diffusion of
€Oz into the leaf and its fixation inta arganic malecules hy the

biochemical processes in chloroplasts.



Limitations of photosynthesis under moisture stress

a large boldy of literature is available to explain the

possible mechanisms  of  inhibition »f photosynthesis due to

drought stress (Kaiser, 1987 and Chaves, 1991).

The effect of water deficit has been studied bass=d on the

inhibition in stomatal movements, mesophyll photosynthetic
characteristics and plant growth, The effect of moisture stress
on these aspects are largely inter Jdependent. Howsver, at

certain situatiocnms the effects could be guite independent. any
such effect, alters the carbon balance as  well as the carbon
partitioning and thus cansing a veduction in productivity by the
plants. Understanding the effect of water deficit on stomatal
aspects and mesophyll capacity is relevant at this junctuare
because they in turn regulate the photosynthetic carbon exchange

rates.

It is now well estakzlished that the rate of 005

i

assimilation in the leaves is reduced at moderate leaf water
deficits or even before leaf water status is changed in response
to a drop in air humidity {(Bunce, 19813, or in soll water
Potential (Davies and Sharp, 1981; Gollan et al., 1986), In
Such cases the stomatzl contrnl of 0, Aiffusion plays the most

important rcle in controlling the photosynthesis under moisture

Stress conditinus.
Stomatal control of photosynthesis under moisture stress

During the early part of the century it was an accepted



aictum that stomatal factors limit photosynthesis to the largs

]

st
extent at low leaf water potentials (Verduin and Loomis, 1944,
gcarth and  Shaw, 1951; Brix, 1962). The reduction in
photosynthesis under moisture stress was considered to khe due to

the reduction in the supply of (0, because of the closure of

stomata.

The implications of the vegulation of photosynthesis has
been clearly studied from the time of Gastraa (19%9) who for the
first time Aderived Aifferent Aiffuasive resiszstances 0 COz ani
gave utmost importance to the stomatal resistances. 00 uptake
for photosynthesis and transpirvational loss of water occurs
through stomata (Fisacher and Turner, 1878). Thns any attempt to
increase photosynthesis by stomatal opening invariably results
in a higher loss of water by transpiration (Jones, 1986;

Farqgquhar et al., 1987},

The effect of environmental factovrs like moisture stress,

light, 02 and temperature on photosynthesiz through stomata
are clearly nnderastood (Raschke, 1979; 2sziger, 1983; Aszman and

Zeiger, 198%; Matt, 1988; Shaish et al, 1989 and Chaves, 1991)

Stomatal inhihbition nf phatosyntheais nnder water stresszs 153

more common In plants, Neverthslesgs, though not many, there
are information regarding  the stomatal inhikition nf

Photosynthesis even in 4, plant For instance, Pier (1987}

N

Imposed Jdrought streszs and  temperature stress on Sorghum plants
and concluded that water stress inhibited photozyntheszis mainly

4

through stomatal closure in responcse to a decrease in leaf watery



'ndirECtly to the evaporation of the atmospheric air or to the
i

soil water status. Jensen and his associates (1989) working
with lupins and wheat showed that there waz no significant
reduction in leaf water potential for small changes in soil
water potential. But  the leaf conduactance decreazed by €0 per
cent

Water stresa commonly results in atomatal oleosure  which is
thought to result from the accumnlation of  ABA since  this

stomatal closnre can be mimicked by application of exngenons ABRR

to the unstressed leaves (Walton, 198a),

Recent reports menticn that roots behave as the SensNTy
organs of the plants to sense the possible reduction of water

status. They send an immediate signal to the leaf to close the
stomata and there by avoiding an inhibkitory effects on
photosynthesis by lowered zo0il woisture status (Jensen et al,
1989; Schulze, 1986). This signal is speculated tao be
transduced in the form of abecisic acid synthesized in the ronot
in response to decreasing soil moisture statnus  (IZtang and
Devies, 1980G; Downton =t a1l 1988; Jensen et al, 1989; Ztang and

Davies, 1991).

However , it is not  yet c¢lear whether, undevy moisture
Stress, ABA itself is transmitted to the leaves after having

been synthesized in the roots or whether a stimulus i

9}

transferred to leaves where ABA could be synthesized.



bscisic acid
£ stomata to a
Response O

co, and ABA are the most important variables that induce
2

matal closure. stomatal response to these two factors have
sto

peen widely examined although there is still some controversy as
ee

t whether the levels of one can influence the activity of the
o

other and vice Versa. However, Orton and Mansfield (1974) an?
Mansfield (1976, found that the response of stomata of Xanthium

strumarium was virtually the same in COz free and normal air.
e i —

Majority of the data are gathered with well watered
plants, whose response to the applied ABA is not confounded by
the endogenous ABA levels. It seems to be a common assumption
that the plants supplied externally with ABA would respond to
COz much in the same way as a stressed plant would (Walton,

1980; Wilson, 1981).

Robinson and associates (1988) fed 1¢-> M ABA through the
petioles of detached leaves of Apricot, Sunflower and Spinach.

They showed that in Spinach, the effect of ABA was entirely on

stomatal conductance. Thus reduction in photosynthesis was
entirely due to the stomatal closure. In Sunflower, thongh gs
decreased significantly, there was no reduction in electron
transport rate ar RuBisCO activity. A similar conclusion was

made by Downton et al {1988), who reported that the inhibkition
of photosynthesis in ABA fed leaves was completely explainable

by the effect of the ABA on stomatal closure.

A number of vreports have clearly demonstrated that the



fv:ophyll processes are relatively resistant to ABA. A lack of
mes

ensitivity of photosynthesis to ABA has been described in
s

isolated mesophyll cells (Mawson et al., 1981; Raschke and
i

Hedrich 1985), in isolated chloroplasts (Keck and Boyer, 1974).
14

vitro activity nf rukisceo Alsm was not  afferted hy ARBA

1]

The in

(Kriedman, 1975; Robinson et Aatl., 1988). These vreports suggest
that the inhibitory effects nf ABA seems ta he mediated through

stomatal closure.
Response of stomata to VPD

The stomata also respond guickly to the first signs nf
drought in air by reducing the aperture when vapour pressure
deficit increases due to a reduction in RH of the air (Hall et
al, 1976; Losch and Tenhunen, 1981; Schulze, 1986). Recently
Gantz (1999) reviewed the locaticon and mechanism of sensing
humidity in plants. The plant responses to humidity was also
considered. The stomatal response was annsidered in detail with

reference to data on snybeans, sugarcane and Commelina sp.

Hirasawa et al., (1989) reported a reduction in stomatal
conductance in rice with an increase in the leaf tn air vapour
pressure difference or as leaf water potential decreased in the
range of above -5 to -6 bars. They concluded that above these
Potentials, the reduction in ‘A’ was predominantly due to the

stomatal limiting factors.

It is sufficiently explained that the inhibition of “A’

under stress occurs due to a reduction in gs Wwhich decreases the



Oncentration at the carboxylation site.
c0az €

However, at this juncture the gquestion still remains

r stomatal closure completely accounts for the inhibition

whetheé
£ A’ under moisture stress.
(s}
Non stomatal control of photosynthesis wunder moisture stress

condition

It i3 now w2ll estaklished that the rates of GO
assimilation in leaves is depressed at moderate leaf deficit or
even before water status is changed in response to a drop in air
humidity (Lange et al., 1971; Bunce, 1981; Schulze, 1986) or in
soil water potential (Davies and Sharp, 1981; Gollan et al,,
1986). As discussed earlier, in such cases, stomatal control of

Cop, diffusion plays the most important role  in ceontrolling

photosynthesis,

When the drought period is lengthened, dehydration is made
more severe or other environmental stresses are super imposed,
changes may occur in metabolic functions (Kaiser, 1987a) and/or
whole plant behavior (Schulze, 1987). Classically, the
importance of stomatal closure in regulating photosynthesis
under water deficit was recognized by the numerous findings of
Parallel reductions in photosynthesis and transpiration as

drought develops (Kozlowsky, 1982).

Shimshi as early as 1963, calculated that althongh the
Stomata decreased its aperture size, there was a component of

phOtosynthetic inhikition that c,omld not be attributed to



tomatal closure. Hutmacher and Krieg (1983) have  shown the
s
eductions in mesophyll photosynthetic capacity and reduction in
r
stomatal conductance under water deficit may to a significant

degree, be coupled.

Farquhar and Sharkey, (1982) suggested that the water
stress also affects the photosynthetic capacity of the mesophyll
cells. The stomatal limitations under water stress can be
overcome by increasing the external CO: concentrations or by

incubating small leaf slices in bicarbonate medium (Kaiser,

1987).

In a classical work with selected Triticum species, Johnson
et al., (1987) concluded that stomata played an important role
to achieve high "A’ wunder well watered conditions. But under
water deficit, the high "A° was related more to the maintenance
of higher capacity for mesophyll photosynthesis. The reduction
in assimilation rate of both drought tolerant and susceptible
species of Triticum was mainly due to a reduction in mesophyll
capacity to fix (0-2. They noticed that the maintenance of
higher A’ in drought tolerant species was because of better

mesophyll reactions.

Such results along with the gas exchange measurements of
Photosynthesis at high CO2, concentrations indicate that a
Component of mesophyll mediated inhibition of photosynthesis
under moisture stress usually occurs (Johnson et al.

, 1987;

Farquhar and sharkey, 1982; Sharkey, 1985)



The strong correlation between stomatal conductance and
photosynthetic rate seems to represent an adjustment of stomatal
conductance to match the intrinsic photosynthetinc capacity
rather than indicating a causal relationship. Therefore
stomatal mechanisms are strongly controlled by the capacity of
the mesophyll cells (Wong et al., 1979, Jarvis and Morison,

1981).

stomata respond to inter-cellular CO:

Earlier in 1977, Cowan and Farguhar proposed a theoretical
model of functiconing of stomata so that an optimum balance
between loss of water and 00z wvptake may be maintained., This
theory fits the observations of Farquhar and Sharkey, r1982)
that stomata operate to keep the (0z concentration in
chloroplast close tn the transition point hetween substrate 002

and RuBP regeneration limitations of photosynthesis.

However most of the investigators assume that the stomata

of

471

-

respond to the CO: concentrations in the intercellular space
the mesophyll cells. Sensing of the Ci by the guard cells is an
attractive hypothesis because as the mesophyll demand for CO2
increases, Ci will decrease promoting stomatal opening thus

increasing Ci (Farquhar et _al., 1978}).

However, Raschke (1975) suggested that guard rells might
exchange co, along the entire wall of stomatal pores and
therefore conld sense approximately the average nf Of and Ca.

But Heath as early as in 1949 had reported that in darkness the

Cowe



tightly closed stopats 4o not °Pen even if 0z free air was
passed on the leaf, This suggests the stomata respond more to

the COz concentratian of the inter—-cellular spaces.

The fact that the gnard c®lls indeed ryespond to i was

recently demonstrated py Keith Mott (1988). In this stuly
asymmetric CO: «copcentrations £7%t the two surfaces of an
amphistomatons leaf were wmsed £2 vary inkerceliunlar  and leaf

gurface CGo concentrations independently in Xanthium strumarium.

Stomata responded to Ci when Ca at the leaf sur face was held
constant. In addition stomata 3id not respond to changes in leaf
surface CO. concentration when the Ci was held constant. This
evidence «learly swuggests that the stomatal mnvements are

strictly contralled by the mesnpbhyll factors. Thus it

(—
n

plausible at this juncture to predict that the stomatal closure
under moisture stress conditions could be also due to a
decreased capacity of photosynthesis in the chloroplast. This
further supports the earlier findings of Wong et al. (1979) and

Farquhar and Sharkey (1982).
Effect of moisture stress on mesophyll factors

Several data sbhowing inhibition of CO> assimilation at high
internal €02 partial pressure simultanecusly with stomatal
closure led Farguhar andg Sharkey (1982) to conclnde that the
Photosynthetic appgratus were inhibited by water stress and that
the stomatal limitation decreased nnder stress. Accordingly
different lines of evidence where internal partial pressure of

unchang=3 in

€02 ha= remained leaves of  plants anubriected tao



ter Stress in spite of a decline in hoth stomatal «onductance
wa "

and co, fixation indicate that mesophyll capacity to

photosynthesize was affected by dehydration (Wong et al., 1985,

Raschke and Recemann, 1986, Cornic et al., 1987). In the in
vitro experiments conducted «earlier by Boyer (1976a) and

recently by Kaiser {1987a) further confirmed that the capacity

of photosynthesizing cells was indeed damaged by dehydration.

In a recent study Quick et al., (199@¢) comparing four
species showed that soil water depletion over a period of
geveral day (4-7 days) may result in different effects on
mesophyll. Similarly Speer et al., (1988) working with

Nicotiana rustica and Chaves (1991) concluded that slowly

imposed dehydration may affect mesophyll photosynthesis at
relative water contents higher than those that inhibit
photosynthetic capacity in rapid wilting. Bunce (1988) reported
a reduction in photosynthesis even at high transpiration rates
without stomatal closure in stressed field grown tomato plants,
indicating a possible non- stomatal limitation of
photosynthesis. These data confirmed the previous findings when
slow stress resulted in a reduction in the initial slope of the
COz response curve as well as the CO> saturated photosynthetic
rate suggesting a damage to the carboxylating machinery as well
as the regeneration of RuBP (Jones, 1973; Radin and Ackerson,

1981; Jones and Fanjul, 1983; Bjorkman and Powels, 1984).

Earlier, based on chlorophyll-a fluorescence, Sivak and

Walker (1985) and recently Bukhov et al., (1989) demonstrated



jearly that the O0, fiwatiocn pntential of leaf waz extremely
o}

sensitive to streaza,

Many of the previcous works in the esarly seventies bhased
their conclusions on the calculatel intercellular concentrations
of COz (Ci). When stomsta close without considevable damage in
the mesophyll capacity to photozynthesize, the 1 inevitably

jecrease. HAwe v

D

(U

T, under water strezs O often remains high or

at least higher tran zhould be  expected from  the dearease in

phOtOSYTJth SR and o estomatal oo Iuetanoe. Hwever | Caremmer sy 4n4d

H

Farquhar f1984% and Sharbey (10740 Argust that though the 08 159

not show any ircrease unlen aty~es the weanphyll capacity cnnlld

still have lLeen Aamaged <l Tepce 3 nan-at omat al Tiaitation of

A

photosynthesiz coull be aperating.

Theas azpect s have been rvevieswyed by Bralford  ani He=1As

e

(1982) and Zehnaloe {19860, Thiz i3 usually interpreted to

indicate a dirsct Jamage o the photosynthet 1o machinery by
dehydration. Hoo incresazse i CT1ounder wat e stress waszs o oalaso

interpreted too indicate an inhibitiog to mesophyll capacity cor
photosynthesis,
Is patchy stomata responsible for the apparent non- stomatal
limitation?

It haz bewsn foan? that stowmats can cleae i patecheas aver =owme
Sections af the Teaf when the 1eaf water <statas fs low, .

non uniform steomatal o

—
T
P
-
=
—
T

~an bring 1ty A Tt of  error i
terms of aver estimat ing the ©1 ani thiiz  the interpreted non

Stomatal limitation of photonsynthesiz. Farguhar et al., (1987)

b4



ted that non uniform stomatal closure under water stress

by Laisk gt _al., {(198&) and Laisk (1983) might
:qusly shown
prEVlOu

1 ect Calculatiﬂ} Of Ci.
to an 1ncorr C (
lead

pownton et al., (1988a) adopted the flucrescence quenching

hanism to compare the ABA fed leaves on control plants. They
mec

found that the inhibkition of photosynthesis in the species
gtudied was indeed fully due ta the effect of AB2A on stomatal
closure. They alsc ohserved that stomatal olosure  in response
of ABA was very heterogenous. To a snhsequent  study Downton st

1 (1988b) showed that an increased amount of ABR was ininced
)

—

by withholding water from Vitis vinifera, Nerium cliandey And
Eucalyptus ficifolia. In all these speciez, non uniform

stomatal closure occurred. Thi

[9)]

aspect was further Ademonstrated

by Sharkey and Seeman (1989} in Phaseolus wvulgaris.

Though the Jdiscovery of the occurrence of patchy stomat A
has been employed in explaining the non-stomatal inhibition of
photosynthesis in water stressed  leaves or those supplied by

ABA, there is no evidence yeot that satisfactorily explainz why

stomata respond in such a non uniform wmanner .

However, Tereshima and cownrkers (1989) have male epphasis

on the anatomy nof leaves tn explain the non unifrrm stomatal
response, They argue that in many Jleaves the network of

Vascular byndles manses the effective ianlatiocn of sections of

intercelivlar spaces and that there is restricted lateral

di : ) .
1foS1on of 05 hetween the sections. Leaves with =zuch

“He - . . .
ter0b0r1c anatcmiezs Are bkelieved to be more prone for non



stomatal closure while those with well connected

m{form
{"Homoboric”) providing high gaseous

Cad 1lular spaces 9
;agerce

. t. Therefore patchiness of stomata may operate
sobility are€ no 1
2oF ith heteroboric leaf anat
v i leaves with heteroboric leaf anatomy.
only 1R

Mansfield et al. (199¢) suggested that the uneven
di,tribution of a substance moving in the xylem could rvesult in

1ocal differences in transpiration or differences in resistance

of the Xxylem conduits so that water  flow is favored in sowe

areas of the leaf. This may also lead to the patchy stomatal

closure.

Effect of moisture stress on different mesophyll sub components

Progressive stress has been clearly shown to reduce the
photosynthetic rates by altering the mesophyll ability to fix
CO02. The damage to the biochemistry of photosynthesis can be
mediated through a Jdamage canused either to the reactions
associated with the thylakoid membrane system or to the stromal
reactions associated with the carbon reduction cycle especially,

the carboxylation reaction (Kaiser, 1987).

At present two conflicting views exist about major sites
.for a primary interaction of water Aeficit with the
Photosynthet ir machinery. One  view favors the thylakoid
Bediated 1ight reactions of photosynthesis as a main target and
the other aragues for the dark reactions that occur in the
aqueouys

Phase of the chloroplast stroma as the main factor that

9ets affected under stress.



recent teports pertaining to the eoffect of stress on the

Photosynthetic rapacity of the mesophyll 4are reviewed here.

gffect of stress on carboxylation:

The process of carboxylation and therefore the 0O, gralient
for 9as exchangs i3 predominantly  rontrolled by rabisen, Any
epvironmental variabile affecting rcarbovylation process  nperates
through rubisao. The obaelwed changes  In the propertisrs of

RuBisCO in the leaves of slowly strezsel  plants of  A1fferent

species inclule the activation, total sctivity and concentration

T
—+

of the enzyme (Wi et al., 1987; Vu and Yelencski, 19883, Speer et

1., 1988},

1

Vu and Yelenzki, (19288) showeld that when grape vines wers

progressively stresszed to -2 MPa leg

s
z
&8
-
T
—
T
i
~+
T
s
]
P
-
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ot
-
o
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]
&
—
I
T
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in a 2¢% reduction in the activation state mf  RuBi120G. They
opined that the water stress wmediated pnon-stomatal inhibition of
photosynthesisz waz primarily Jdne to the decreasze in the content

and activation state of

the Keae {25 moles of  T0, per mole of  enzyme per second) A

Kn(coz) (18,0 umole:d remained alamat “imr lar i btk well

watered and streszed plants.

In a similar expetiment with Soykean, Va et., al. (1987)
confirmed that non-stomatal inhibition of photosynthesis  unier
drought stress is primarily from the reduction iu the in vive
activity and activatis

Carboxylase. They further Cons



not be the limiting factor under stress,

may
Mayora1 et. al. (1981 working with strezsel  wheat ani
related wild species hald #arlier shown that the reducticn in

PhotosYnthetic rates  was associated with the reluction in the

ability nf RuBiszC0O and PEP rcarboxylasze, They alsa recoried

A7

significant reduction  in total protein content nader  low leaf

water potentials.

o
i
&y}
kY
&)
0

Apart from the proceszs soclated  with  rubisce,  the

other Calvin cycle reactions are also shown to ke susceptible

for stress effects through acidification of stroma. EBerkowitz
et. al., {1983 Aemonstrated that the inhibkition of

(1

photosynthesizs under stress ceondition was ue to the stromal
acidification in Spinach, Thlamylomonas and Aphalocapsa, a Blue
Green Alga. Further Berkowitz and Gibkbhs (1983) showsd that the
stromal acidification dus tn

mot i tress resulted in the

Q
1

53]

inhibition of enzyme activity. They inferved that Fructose 1-6,

Bis Phosphataszse wazs the most zensitive ensyme,
Effect of stress on photochemistry

Ben et. al., (1927 s=subjected  Xanthinm strumar tuw Aol

Helianthus annvuus to chronic an?d acute water stress and  observed

that €O, zaturated rate of ‘2’ was more to stress

They conclnded that these effects were due to the pre
disposition of waiter stressel plants to inhibition of primary
PhOtOChemistry (Biotkman and Powells 11984 . Similar

conclusions wers derived by Ouick et. al., (199@).

3



sharkey and Badger, (1882) suggested that RuBP

ation capacity was reduced under water stress conditions.
ner

rege

rhey found that photophosphorylation was more sensitive to
gtress than was the rate of electron trapnsport in Xanthium
gtuparium. caemmerrer (1981) and Forseth and Ehleringer (19833)
also got similar results wheve electron transport  was almnst

unaffected at leaf water potentials that completely inhibited

photosynthetic rates.

More recently, Marco et. al., (1988} suhjected hard wheat
plants to different soil water potentials and attributed the
reduction in assimilation rates to changes Aassociated with the

photo chemistry of the leaf under stress,

Lopez et. al., {1987) Jemonstrated in intact water
stressed sunflower leaves that 1elatively modest decline in leaf
water potential adversely affected photophosphorylation in sitnu,.
The effect of declining water pntential on photo phosphorylation
is large enough to constitute & wajor rate limitation to net
photosynthesis. These data indicate that the inhibitory
mechanism involves the catalytic activity of the coupling factor
itself, a notion consistent with the in vitro studies of Younis

et. al., (1979).

Transpiration induced stress was reported in Avicennia

Daring, Xanthium stumarium and several glycophytic species by

Ball (1981}, She concluded that the transpiration induced

stress was similar to the stress effect envisaged by with

h°1ding irrigation water. She found that the assimilation rates



e more affected specifically at hWigher 0Oz concentrations
wer

at lower concentrations. There was a significant increase
than

guantum requirement. A similar increase in  guantnm
in

quirement was also observed by Mohanty and Boyer (19763, An
re

increase in the guantum reguirement indicates a4 pnssihle damage

to the photo chemical reactions nf the thylakaild memhranes,

When moderately stressed nr severely stressed plants were

1971

exposed toO normal high light intensities of incident radiation,
there was a lowered rate nf electron transport as well as a
reduced photo phosphorylation (Boyer, 1971; FKeck and Boyer,
1974; Bjorkman and Powells, 1984; Mathews and Boyer, 1984).
Such a damage to the thylakoid membranes of the chloroplasts
were visualized by the chlorophyll a fluorescence technique also

(Govindjee et. al., 1981; Bjiorkman and Powells, 1984).

There are alsc other reports Aavailable explaining the
possible damage to the electron transport system by moisture
stress. But the recent rveportas msing wnnre sophisticated

techniques of chloreophyll florescence proves that the thylkoid

u

membranes and associated electran transport  reactions are more
resistant to stress. Scriber and Bilger {(1987) mentioned that
the rapid wilting of leaves at dim room light to abont 5d7% RWC
did not impair thylakoid energization. The cbserved absence of
uncoupling in osmotically dehydrated intact chloroplasts or
Protoplasts is consistent with the impression that thylakoid
membrane integrity was not affected by wmoderate water deficit
(Kaiser, 1981h). On the other hand, Sharkey and Badger, (1982)

a0 Turner and Welburn, (1985) showed that water

f

treassed leave

(9]

>

4



a drasticﬂliy lowersd ATE  oontent, Alzon, the light induced

have

increase in ATP levels in isol atel] intact rhloroplasts  was

ler in hypertoniac than in isotonic media (Vaizer 2t al.,

smal

1981b) .

gffects of low light stress on photosynthesis

Low light intensities 4are yet another important abiotic
stress condition often responsible for the redncel  Adry matter
production. This relustion in dry mattsr  accumnlation has been
well studied and attributed tao the lowered assimilation vates.
The low light stresz effects are mors pronouncel Inring  +the

kharif months.

Althongh the plants acclimatize o the low light conditicons,

many biochemical and physiological changes ocrur  that result in

the reduced aszaimilat lon vatesa, ek oAan Aargnment aet e minrort
- - ) ° (S
from the fact that the erytent aof  reapopgsse of TR +to high O80T

often less in plants grown anler Tow Tiale intensities, Btk tle

initial slepe ~f the 0L response Turve and the TR

Vi
+

0]

Ci were low in plants acclimatizel to 1ow light internsitie

(Caemerre and Farqgular, 1981; Taylor and Terry, 1984,

Photochemical as well  as bioschemical reasons  have  been

at i SRR T R .. . ,
tributed for the lowered assimilation rates under low ligh

i+

condit i . e .
nditions. Light saturation point and photosynthetic capacities

i+

[N
1]

0

are W es albered b . .
shown to kee alterel by growth light intensi (Demming

and  Winter, 1982,

b2

A vmpgegquence of  Tight alapration changes

in -
the leaf anatemy, the ultra structnre of chloroplasts and the



¢ ion of chloroplast components  ooccurs and thns alters the
1t1l
compoOS
: tional characterisktios (Chow anl  Anderson
etic f'\lnC s
osynth
phot
oo qQe7. W = E QY Theref o 3
1987: prioul and Reyss, 1987, Chow =t al.,, 19881y, Therefore it
?

ded that alteration in chloroplast structure
concluded
can be

7
—
9]
—
jog
T

tributing for  the adaptation of the plants to
X factor cont r
major

Ut
O
[
—+
T
—

different light intensities. The lack of 1esponse that
i

oticed in low light arclimatizel plants even  at high light
n :

intensities with increase in Ci can ke attributel to the
intrinsic chloroplast characteristics, which were optimized for

growth light conditions.

18]
t
i

e

In a recent At oot center, Shivashankar a {1931

quantified limitations of potential photosynthesi

U

in  lcw light

acclimatized plants  and conc el that phot ochemisal ani

;

biochemical limitaticon=s were higher  in low light  grown plant =,

He also showed that the appavent gquantam yield as well

J
r
s
o
T

Amax at saturates? 1 were lower indicatiog an iuhibition of the

photochemical and biochewmizal r=actions of photosynthesi

4]

The reaction leadling to the carboxylation of RuBP

ﬁ
e
"
Y
s
L
[}
T
4
—

by RuBisCO haz alsc been shown to be senszitive to changes in
light intensities. The activation state of the enzyme  1ig
Strongly modulated by light intensity (Woodrow and Berry, 1988).
A positive correlation betwsen light intensity and RuBisCo

activity was shown by Vi et al., (1982); Seemann et al., (1993).

Effect of nitrogen stress on photosynthesis

Proper nitrogen antrition is  essential  f£or the  alequats



e

a elopment of the photosynthetic 3systems including the energy
ev

ducing components (ed. thylakoid membranes), enzymes of the
s

tran
. eduction cycle (eg. RuBisCO) and  enzymes
thetic carbon re ; 4
photosyn
£ nitrogen metabolism (Farquhar et al., 198a),
o

peficiency of this essential element has been clearly shown
to affect plant growth and developnment. Leaves with Thigher
nitrogen content have A greater max imim rate of net
photosynthesis in kright light with limiting CO: supply than

those deficient in nitrogen (Evans, 1983; Lawlor et al., 1987b).

Significant relaticnships hetween nitrogen content  and

photosynthetic rates have been shown in many species (Evans,

1983; Evans and Seeman, 19841, Makinn et 1., (1985) showed that
with reduction in nitrogen nntrition assimilation Yates
significantly decrease? in rire, Similar reduction in "2’ with

decreasing nitrogen levels were alsa recoried in wheat by Lawlor

et al., (1987a) and Lawlor et al., (1989).

Recently, Heitholt et al., (1991) showed a significant
reduction in enzyme content especially RuBisCO when mnitrogen
nutrition was decreased. They concluded that the observed
reduction in assimilation rates in nitrogen stressed leaves was

due to a reduction in the activity and activation state of

RuBisCo.

In sunflower plants grown at Aiffevent levels of nitrngen
Dutrition, Kumuda (1961) showed that the reduction in A’  was

-

Primarily due to a veductiou in the tntal soinble protein and in



amount s of »
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MATERIALS AND METHODS

]
D]

opserved variations in A’ between genctypes anl  species

i

can be proadly attributed  to stomatal Jiffusive charvacteristics

and variationsz in the capacity of mesophyl!l sub component

i3]

L

(g-)

(gm) tO fix carbon.

crop plants constantly experience a randomly changing
environment. Environmental changes generally result in 2
significant reduction in observed "A’ either by their effects on

gs Or 9m. Hence a knowledge of the extent of limitation imposed

by stomatal and wescphyll factors on observed A’ {3 a3
prerequisite in selecting traits for crop improvement by
photosynthesis. Zince rhanging environmental variables alan
exert a significant Jdeqgiree of modulation of photosynthesis,
agsessing the limitations nf A under the most  common abiotic

stresses is also of great importance,

With these aspects in mind, a series of experiments wer

il

conducted to assess the Apa and limitations of photosynthesia

o

under non-stress and abiotic stress rconditions. Measuring the
gas exchange traits was the predominant approach in the present

investigation. all th

T

ga

L
T
5
o>
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e
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=
D
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were  recorded
using a portable photosynthesis system (ADC LCA 2} in the open
System. Qunantificationn of the relative limitations of photo-
S¥Ynthesis was Aone based on the C0: response curves. A new  qas
€XChange method was developed to  calculate the specificity

f .
actor of rubisco., The mthey gas exchange approach to evalnate



stress effect on the mesophyll factors was to develop VPR

the
sponse curves. The methodology adopted  in the wvarious
re
xperiments are explained in this rmhapter.
e
pescription of the portable photosynthesis system

A portakle photosynthesis system (IRGA) of the ADC,
England LCA-2 was used for recording of gas exchange parameters.
gince the instrument operates in an open system, it is possible
to maintain steady state C0; concentration and relative humidity
in the leaf chamber. The instrument i3 conposed of  fonur

distinct units.

Air Supply Unit (ASU}): It ig a pevistaltic pump that pumps air
at a constant rate ranging from 2686 to 600 ml.min-', Air is
pumped through twe desiccant tubes containing . Magnesiuam

perchlorate that 1#adily abkanrhs moizstire from the air, The air

leaving these desiccant tubes is thevefore essentially dry. s
selenoid wvalve tegqulates the flow of air either into the
Parkinson’s leaf chamber or to the reference chamber of the gas

analyzer.

Parkinson’s Leaf Chamber (PLC): Tt accommodates a leaf area of

6.25 cm2 and i

s eguipped to measure the light  intenzity in the
PAR range by a guantum  3encor, t=lative huamility by =
thermocouple ani tesperature of the ait. This PLC with 5 le.af

clamped iz held perpendicular to the  iacilent light., A batyl

0

rubber tubing is nsel to carry  air from the  leaf chamber ju to

the leaf chamber analyzer .



£ chamber analyzer (LCA): This unit consysts of an TRGA with
Lead

o l]
-
[
-

s}

(WO chambers. The reference chamber  to which pumped
straight from the 23U, anl an Aanalysiz  chamber to which 311 from
the PLC is pumped. An oactively photosyntheszizing leaf  wonlid
geplete cOoz from the air and hence  the analysis  chamber COp
concentration would be less  than that in the reference chamber.

This differential <G concentration is further usedl t

O

;) compute

the photosynthetic vates by the lata logger.

pata logger: From the hagic datas measured by vdrious units
explained, the data loggel computes the assimilation rate (°RA7)
stomatal condustance (g.3, leaf temperature inter—-celinlay G

-3

concentration (01, eteo

Recording gas exchange parameters: The top fnlly expanded leaf
was clampeld to PLC and held perpendicular to the igpcident light.

Relative humidity was maintainel 3t a  steady state  level egnal

L

to the ambient RH to  szimulate 2 condition very similar  to that

NY)

of the ambient air. By altering the flow tates of Jdry air frow
the ASU, it i= possible to maintain a desirable RH in the leaf
chamber. Recording  of  data was  doue  at gaturated  light
intensities. Fesping inp mindt the possible diurnal wvariatio

; s wf

i

A’ and g., all obseyrvations were male between 9 AM anl 12 noon

on  a bright suony ay.
CO2 response curves

COz2 veszponse capves 1efer o the pattern of  ipcrease  in

assimilatioa rate af leaves with increass in  ambient PN
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Congentration. For the  development of  such g OOy reapnnge

fal

curve, different 00, conceptrations ranging from 5@ to  Bd@0 ppw

have to be developed,

generation of different CO: concentrations

an  indigencus and cheap technique was developed to
rate different 0, concentrations {(Sheshshayes et al.
gene ) 3

1992). This devisze consiste of a 25 1t. aluminum drum placed in
its inverted positicn to float over water in a plastic butket of

sg lt. capacity {(Fig. 11', When filled with air, the druam flosts

[oT]

T

o
T

aver wWatel

irverted position and when air i3 remnved, the
drum moves Aowr grainally thas proportionately Aecreasing the
volume of =z2ir in the dram. 20 iron etructare was provided oo
support the drum andl  2lso v foacilitate its easy up anil Aown
movement, 2 coppetr tube was drawn along the sides of  the bucket
and brought up to the surface of water at the center of the
bucket. Through this tube, air with known C0, concentraticon can
be pumped into the inverted Arum. And once it 1s full, air can

be drawn out easily with out any alterations in the composition

of the air maint ained in the drum.

The dArums were initially depleted by sucking out the ait
present in it. Further, aiy with either lower oy higher Oz
concentrations than the ambient air was pumped  under  precssure

using an air pump.

To nhtain 00, levels Yowery than the Aatmospher io

c : P . . .
Oncentration (330 ppmy, the ambkient Aair was pumped through A



goH-8oda lims  trap. Riv coming it b bhiz ATAR WAaR HTes Of
1"

COz- This 0z free ai1 was proportinnately mixed  with air
Containing 3300 ppm C0O2 to generate different concentrations of

coz lower than the ambient level,

The following procedure  was adopted to obtain 02
concentrations higher than the atmospheric level. CO2 was
generated using a Kipp's apparatus by reacting 1% g. of Calng

with 26 ml. of 1 N HCL. A known volume of this 0, was pumped
into the drum using an  air pump that  pushed atmospheric  ajir.
Pumping »f atmospherics aiv Ailures the MOz re=sulting in A knnwn
concentration of 70s; higher than the amhient concentratinon, Foy

instance, 1% ml. of 0O, when diluted ta 25 1+, in the aluaminum

drum, gives 680 ppm 00z gas mixtwmre., By altering the OOz taken

for dilution, different concentrations of 202 were generated.
In all, six different concentrations, three above and three

below the ambient concentration were maintained.

The COz concentraticon was continmously monitored by the

IRGA which forms a component <t the portable photosynthet ia

system (ADC LCA 2). The generated CO, concentrations remained
fairly constant for a perind of over 260 minutes. Since the time

of exposure of leaves tn  sach a;ncentration of OO, i3 nat more
than five to  seven minutes, poszible  changes in  the

€oncentration of NGz Adoes not impose any =erioms prohlems while

measuring A7,

43

The drumz with differ=snt C0, concentrations were connected



velopment of a COz response curve
pe

Assimilation rates were measured on the top fally  #xpanied

(all observations wers male at satnrated light intepsity

1eaf

unless otherwice menticu

51

A0, The zselected  leaf waszs clamped to

the 1eaf chamber and heldl perpendicnlar to the incident light.

Relative hamidity i the leaf chamber was maintained at A stealy

gtate level similsr Lo the ambrient  RE by mapipulating the

st

-t
v

of flow of dry air frowm the RRU. Datas wers recor 183 3fto

and ge =stakilizesl to 4 stealy ctate ]

Based on the measire? TR and g, the inter-eellulary 05

concentration (i) was compnted using the following formila.

T = {“}(; - F/:" kS ‘:f'(: - \‘é"{"jc + p;:,}

where

Q
3}

il
+
0
—~+
L
—

conductanae o 00, (molea,.m—2,2-1)

™ G g = e D oae w g T e o - s . . p—
E = transpiration rats | cx.m- 208

e =00z ~uncentration in the cuvette fppm;

A = a=zzimilation rate (g moles,.m~2.3-1)

a i

The data logaer of the portable photosynthesis systen 12

equipped with these formulae and the instrument instant aneconsly

calculates £i  and i3 =toreld in the mewmory. A was plotteld

R i

against Ci wazing a beat fit polynamial  sauatiog of the natnure

J

Y = ax2 + })X +

Quapt?fication of relative stomatal and mesophyll limitations of
dassimilation rate
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leaves of the crop plants.

fully expanded

1ysis of the (COp response curves as proposed initially by
ana

g rquhar and Sharkey (1982) was adopted to compute the relative
a

tomatal limitations of "A’. This approach was further modified
3
to guantify the relative mesophyll limitation of A7, Brief

explanation of the procedures are given below.

Quantification of relative stomatal limitation of "A’

00, TIESpONSe CUIVEeE  Were leveloped in the top  fully
expanded leaves (Fig. 20, The obeerved photaaynthet ic rate at
gaturated light intensity anl amhient CO concentration (330

ppm) wWas measured and desnoted as A’ on  the CG, response curve,

The inter-cellular COx concentration would bhe  less  than the
ambient (0, level. Thiz reduction in 01 compared bt fa iz Jus
to the diffusive resicstances offered by stomatal az well as

mesophyll factors.

If stomata wer® not to~ limit the Adiffusion of 705 to the

inter-cellular spaces, in other words, at infinite g5, one wonld

expect that the CO> concentrations hetween ambient air an?
inter-cellular spaces would eguilibrate at 33¢  ppn. The
assimilation rate at this i wmoull therefore bhe Aervnid of the

limitation of ‘A’ Ly stomatal ronductance. Tf go dAnes not limit

A’, the assimilation rate increases to a3 new stealy state
level, owing to the increase in Ti. Tt is denoted as AL on the
COz response curve. It would hence be correct to assume that

A’ is5 reduced from Ao, to "R’ Aue tio the limitat

-

ons imposzed by

Stomatal conductance. The proportion nf decrease i
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agssimilation rate from As to A’ can  be taken as relative

gtomatal limitation expressed in perceutage (1. %)

Ao ~ &
la = ——=————— X 100
h.Y
B
where ls = relative stomatal limitation of A7
latiomn rate whers stomata! fartnrs are nnt

iting but wmeaophyll factors Timit "7

azsimilation rate 4t ambhient C0, and

guantification of relative mesophyll limitation of ‘A’

At the initial reginn of the CO, responsze curve, the rate
of increase in A’ per unift increase in Ci (IA7ACT) i3 maximum
compared to any part of the Zurve. It is therefore assumed that

the initial response of A7 to Ci represents the potential in

vivo carboxylation efficiency of a leaf. If this carboxylation

efficiency were to remain high at  all  inter-celinlar 020,
concentrations, the 0z response  curve would he a3 linear

function. Haowever in veality, the response of "2/ to 01 follows
a2 hyperbolic function. A tangential extension of the linear

region of the TO; vesponse curve depicts 4 hypothetical response

v

Curve of "2’ to i when mesophyll factors Are ot limiting

assimilation rate,

If the stomata are imposing a limitation to A7, the i
woulqd be lower than the Ca. Therefore to  estimate  the

dssimilation rate when mesophyll factors are not limiting, a



Line Perpendicular to the X axig was 4drawn at operating Ci (when
i

ca = 332 ppm). The point of inter section of this line and the

hypothetical tangential line was Aenoted as Ag (Fig. 2). The

assimilation rate Aecreased from Ay to A’ due to the limitation

impOSed by the mesophyl! factors. Thus the mesophyll limitation

was computed in percentage as follows.

Ag - A
lm = —==mmmm X 1d9
Ag
where 1lm = relative mesophyl! limitaticon of "A’
Ag = potential assimilation rate that is not limited by

mesophyll factors but limited by stomatal factors

Determination of in vivo carboxylation efficiency (4A/4Ci)

Unlike the stomatal conductance, there Are no direct
methods to measure 0, conductance in the mesophyll cells. It
is extremely difficnlt to wmeasure the mesophyll diffusive
conductance to C0; transfer owing to a large number of factors

determining mesophyll conductance (gm).

Using the (€02 response curves, a new method was
standardized to determine the mesophyll conductance, Tt is

Often quoted that the response of 'A’ to Ci is linear when Ci is

=

€Xtremely limiting. This linear portion of the COz response
Curve is often considered as the in vivo carboxylation
€fficiency (Farquhar and Sharkey, 1982). Since the

Carboxylation process actually cantrol

O]

the entry nf CoOz Inte

the mesophyll, the measureil carboxylation efficiency can bhe



Considereﬂ as an indirect estimate of the mesophyll conductance.

wo methods were standardized to calculate the initial
T

response of A’ to Ci as an estimate of in vivo carboxylation

efficiency.

The initial linear portion of the COz response curve

was
extended by drawing a tangent to this portion. The slope of
this straight line was measured and expressed as mesophyll

conductance or in vivo carboxylation efficiency (Fiqg. 2).

The second method involved a mathematical dAerivation of the

initial slope is as follows.

As mentioned earlier, the 0Oz rvresponse onurves were fitted

into a second degree polynomial function.

Y = aX2 + bY + ¢ —-—mmmmm (1)

where Y A

"

X = Ci

Differentiating this eguation we get,

AY/3X = 2aX 4 b ————mm—mem (2)

Substituting a €i value (at limiting concentration range)
D equation (2), we get the rate of increase in “A’ per unit
Increase in Ci. This Aifferential rnefficient was taken as an

Indication of the in vivo carboxylation efficiency (gm).



tification of relative stomatal and mesophyll limitations of

Ouanunder abiotic stress conditions

-A'
COz response curves were employed to apportion the relative
stomatal and mesophyll limitations of "2’ in plants experiencing
different abiotic stresses. (02 response curves were developed
as explained -earlier. The same approach was adopted for the
quantification of limitations (Fig. 2).
guantification of relative stomatal limitation of ‘A’ under
stress
The assimilation rate of stressed leaves was measured and
marked on the (0 response curve as A', The assimilation rate
at infinite stomatal conductance where (O8] is expected to
equilibrate with Ca was determined and marked on the (0;
response curve as Ag’. This assimilation rate represents the
possible assimilation rate when stomatal limitations were
removed. Therefore, the assimilation rate in a stressed leaf
decreased from A.’ to A’ under stress due to stomatal limiting
factors. Hence, the relative stomatal limitation of "3’ under

an abiotic stress condition can be calculated by the following

formula.
A" - AT
lg = ~——m———m ¥ 1o
AO,
Where A, = potential assimilation rate when stomatal factor are

not limiting hut mesophyll factors are limiting
under stress,

A’ = observed assimilation rate nnder stress.



guantification of relative mesophyll limitation of ‘A’ wunder
stress

It has been sufficiently documented in the literature that
any abiotic stress affects assimilation rate by its effect on
the mesophyll factors. As explained esarlier, the initial slope
of the Oz response curve serves as a tool to approximate the
nesophyll conductance. An

% reduction in thig initial slope of

Q02 response curve under streszs can be taken as an indication of

the stress effect mn the mesophyll tfactors, Thiitg aasimilat inn
rate measnured at amhient 03 levels nf a4 stresseAd leaft ~an bhe
assumesd  to bie redured  from the thenretically poaaihle
assimilation rate when mesophyll factors are not limiting R
{i.e., Ag on the COz reszponzse ocurvej, The 02 response curve

and the various points marked are depicted in fig 2.

The mesophyll limitation of A’ under an ahiotic stress can

be calculated from the following formula.

Ag - A’
lom = memm e ¥ 1O
Ag

where Ag = potential assimilatinn rate of the cnntrol  plant

not limited by the mezophyll factors  bot limited hy

stomatal farctors,
Af = aobsgerved assimilarion rate nnder stress.,
Estimation of stomatal and assimilation loop gains

From the calculation of relative limitations, 1t is evideat

that the mesophyll limits ‘A’ more than the stomatal factors



under abiotic stress conditions. The reduction in gs can
therefore be attributed to the feedback control of gm Oon gs. ToO
assess this hypothesis the 1loop gain analysis proposed by

Farquhar et al. (1989) was adopted.

Approach and methodology

There are two important loop gains, namely, stomatal loop

gains and assimilation loop gains.

Stomatal loop gain (Gg): It is defined as the product of the

physical gains and physiological gains of stomatal conductance.

Gy = Physical gain of X Physiological gain -—= (1)
conductance of conductance
The physical gain of stomatal feedback loop is defined as
the partial differential co-efficient of Ci with respect to ga,

when ‘A’ and Ca are kept constant.
Therefore, 8Ci/8gs = 1.6 A/gs

Since Ci increases with an increase in ge, When "A’ and Ca
are held constant the physical gain of stomatal feedback takes a

positive value,

The physioclogical gain of the stomatal feedback loop is
defined as the differential co-efficient of gs with respect to
Ci (dge/4Ci). It 1is proved that g, decreases when the Ci 1is
increased. Therefore, dge/dCi takes a negative significance.

The physioclogical gain of stomatal feedback can be obtained by



taking the slope of the curve fitted +{for g. against the Ci  at

the operating Ci (Where Ca = 349 ppm). Therefore equation (1)
becomes,
Gg = (8Ci/8gs) X (dge/ACi)

assimilation loop gain (Ga):

It is defined as the product of the physical gain and the
physiological gain of the assimilation rate.
Ga = Physical gain of X Physiological gain ——= {23
assimilation of assimilation
Physical gain of assimilation loop 1is defined as the
partial derivative of Ci with respect to ‘A’ when Ca and ge are

kept constant. This 1is obtained by the following partial

differential equation.

8Ci/82n = -1.6/9a
Since, at a constant Ca and gas, C1 decreases as "A’ iz
increased, the physical gain of assimilation loop assumes 3

negative value.

Physiolngical gain of assimilation loop is defined as the
differential co-efficient of "A’ with respect to Ci (dA/4Ci).
This can be obtained by the slope at the operating Ci of the
assimilation rate curve fitted against Ci. Since 'A’ increases
Wwith increase in Ci, the physiological gain of assimilation loop

takes a positive significance. Therefore, egquation (2) becomes,



Ga = (8Ci/8A) X (4A/4Ci)
guantification of the specificity factor of rubisco

The enzyme RuBISCO is known to catalyze the <carboxylation
of RuBP leading to photosynthesis as well as the oxygenation of
RuBP leading to photorespiration. The net assimilation rates of
the leaves is the ratio of the relative velorcity of
carboxylation and oxygenation. The in vivo velocities of these
jindividual processes depend on the kinetic constant associated
with the enzyme. The ratio of the kinetic constant of
oxygenation and carboxylation reaction 1is further termed as the
specificity factor. To assess the effect of moisture stress on
the specificity factor of RuBISCO a gas exchange technique was

adopted as explained by Brooks and Farquhar (1985).

Methodology

The ratio of carboxylation to oxygenation depends on the
specificity factor of Rubisco, (O, and Oz concentrations. This

is given by the following equation,

Where, v. = Rate of carboxylation
Vo = Rate of oxygenation
Ve = Vmax for carboxylation
Vo = Vmax for oxygenation
Ke = Affinity constant for carboxylation
Ko = Affinity constant for oxygenation
(CO2) = Carbon dioxide concentration



{021 = 0xygen concentration

The ratio of kinetic constants is called the specificity

factor.

However at a given C0Oz and 05 concentration, ve/Ves entirely
depends on the specificity factor of Rubisco. Carboxylation
efficiency which to a large extent determines the fA', is
controlled by Rubisco content, activation state and specificity
factor at a given COz and 0O, concentrations, it 13 essential to
estimate the specificity factor of Rubisco to understand the

regulatory role of RubisCO in photosynthesis.

There are different approaches to estimate the specificity
factor. The traditional and useful metheod is to estimate the
kinetic constants of RubisCO and to calculate the specificity
factor under in vitro conditions. But a measurement of in vivo
specificity factor would hbe more realistic under a prevailing
environmental condition. Brooks and Farquhar (1985) proposed a
novel technigue for the estimation of specificity factor under

in vivo conditions. The main assumption in this apprcach was

that the specificity factor does not change with the level of

activation or with 1light intensity. Using this assumption a
model was developed for the calculation of the specificity
factor.

Derivation of the model:

Ve/ Vo = 8§ X —————=— ..., (1)



where, S = Specificity factor

o]
¢

imilation rate 1

o
D

Iy,

=
Lo

s
L

At compensation  point, net

gince one mole of €02 is releazed during photorespiration for

every two moles of oxygen consumed, Hence the equation (1)
pecome S,
3.5 Vo/Ve = S.1C021/7 [031, since Ve = @.5Ve

02
[s)
3
Q
1

Where the 021 is the i (™) (internal O entration)

at which ve i3 egual to @.5 v,
Upon simplification the equat ion becomes,
@.5 = S.(I™*)/ [02]

orY

S = ¢.5.0051/ (D)

Ui

' can be arrived at using gas exchange techniques. This 1

the Ci at which 1initial response nf three CO, response curve

1]

taken at three different light intensities meet. This

lsw]
o
v
——
—
o
i+
—
(9]

less than the Oz compensation point zince it avoids the 04

released from processes other than pPhotorespirationn, I*  and 05

Concentration should be expressed in molar wnits (g moles).

Initial response of "A’ to Ci was taken at three different

light intensities using ADC-IRGA-LCA-2 model. Neutral polytene
filters were used to alter 1light intensity. Low CO2> was
9enerateqd using KOH-sodalime. The linear model was fitted for

th - .
® data. Internal 0z concentration at  which 311 the thre



xénes peet (T*) was taken for the calculation of specificity

gactor -

ypp response Curves

To evaluate the effect of moisture stress on mesophyll
factors an attempt was made to enhance the Ci by increasing ge.
at a given mesophyll capacity. This experiment was conducted
with an hypothesis that if the mesophyll factors are damaged due
to moisture stress, and when more COz 18 provided by enhancing
goo the excess substrate CO2 cannot be utilized by the CO2
fixing machinery. Thus ‘A’ cannot ipncrease. To test this

hypothesis, ge Was increased by altering the Vapour pressure

deficit (VPD) of the leaf.

The response of ge to VPD has been clearly  documented.
The stomatal conductance increases with decrease in VPD. An
attempt was made to increase the g, by decreasing the VPD. The
vapour pressure deficit was decreased by increasing the RH of
the air around the leaf. It is possible tO increase the RH of
the air around the leaf in the portable Photosynthesis system
(ADC LCA 2) in the open system. As explained earlier, RH was
increased by decreasing the rate of flow of dry air into the
leaf chamber, RH in the 1leaf chamber was increased to
different levels over and above that ©of the ambient RH by
decreasing flow rates of 4ry air from the ASU. This resulted in

lnCreased g, to different higher values.

Gas exchange data were recnrded after the go stabilized



to new steady state values. The assimilation rates and stomatal
conductance values so obtained were plotted against VPD using 3

personal computer.
€0, sensitivity

To assess the mesophyll capacity for carbon assimilation,
calculating the CO. sensitivity is yet another approach. the
response of assimilation to an increased CO_ concentration in
the inter-cellular spaces can be considered as a reflection of
the functional ability of the mesophyll factors. This response
of A’ to increased Ci is generally refereed to as the CO»

sensitivity.

The (02 sensitivity of a leaf was determined by measuring
the assimilation rate ambient and saturated C0O-, aoncentrations.
The proportion of increase in A’ from ambient to saturated CO:
levels was considered as the CO. sensitivity using the following

formula.

CO»2 sensitivity T e ———

Photorespiration based on APS and TPS

[47]
T

tress associated changes in photorespiration is one among
the most important changes in the mesophyll. Evaluating the
role of photorespiration as an important component of the
mesophyll would be a plausible objective to understand a stress

indnced rednuction in assimilation rates of crop plants,



In the present investigation, photorespiration wa

w

calculated based on the measurement of Apparent photosynthesis
(APS) and Total photosynthesis (TPS). the apparent

photosynthesis was measured, as explained wearlier, at ambient

cnz and Oz concentrations. An air mixture of 33¢ ppm €Oz and 2%
02 was supplied to the leaf and the assimilation rate was

measured using the portable photosynthesis system (ADC LCA ).

This low 02 levels almost totally inhibits oxygenation making
provision for an increased flux of RuBP towards carboxylation
resulting in an increased assimilation rate. This higher

assimilation rate was measured and denoted as true or total
photosynthesis which is devoid of photorespiration. The
difference hetween TPS and APS is therefore an estimate of
photorespiration. The proportion of photorespiration of the

total photosynthesis was estimated using the following formula.

Quantification of total leaf soluble protein

One gram of the leaf material was taken and ground with 95
ml. of tris-HCl buffer (pH 8.5) in a pestle and mortar. a pinch
of EDTA and PVP was added to the leaf material before grinding.
The ground material was centrifuged at 5000 g for 10 mins. at

4=C., The supernatant was used for estimating the tntal soluble

protein.

Two ml, of the clear supernatant was taken and protein was



precipitatad by alding 2 ml., of 1@ per cent TCA {(Trichloro

~

acetic acid). After centrifugaticn at 1909@0@ g. for 10 min. the

[

precipitate was redissolved in 5 ml. of 1 N NaOH. From this
NaOH sclution, @.1 ml. of aliquot was taken and valume was made
up to ! ml. with distilled water. The total protein content was

then =stimateld nsing FCR (Falin Ciocalteu Reagent ) wmethnd (Lowry

et al., 19%117.
FCR method for protein estimation

To the NaOH aliguot, 5 ml. of reagent © was added and
stirred vigorously for 19 min. Then #.5 ml. of reagent D was
added mixed immediately and incubated for 30 wmin. at room

temperature. Optical density was recorded at 660 nm and the

protein content was estimated nusing a standard curve developed
earlier for Bovine serum albumin (BSA).
Preparation of reagents

Reagent A: 2% Nazl0s3 1n ¢.1 N NaoOH

Reagent E: @.5% n804.5H20 in 1% sodinm citrate,

Reagent €©: 2 ml. of reagent B mixed with 10& ml. of

reagent A just bhefore use,

Reagent D: Folin Ciocalten reagent.

Raising of plant material
Plant materials were raised in carbonized rubber

containers (2@0cm X 1@cm X 2@cm). The pots were filled with 1@

kg. of red sandy loam soil. Plants were thinned down gradually

to maintain a final population of two plants per container.
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ants  wers grown at field capacity under normal solar radiation

for a period ot 35 to 4@ d3ys. HNutrients were supplied to  the

potted  plants a3 per  the recomwmendations  in the package of
practices, These plants were used for all the exXperiments.
Different stresses were imposed nm these plants as  shall be
explained under the rveapective experiments. A1l gas exchange
parameters and C0z response cNrves were generated  on the  top
fully expanded leaves of these plant species  13ing A portable
photosynthesis system {ADC LCR 2. Observations were recorded

on a full sunny day between 9 AM and 12 noon.

Making use of these methodologies and approaches,

experiments were conducted on the following three major aspects

to meet the objectivezs of the investigation.

1. Assezzment nof Apasx Aand apparent photosyntheszis in sunflower

2. Cuantificatinn of relative limitations nf "27 in a few (O3
and ¢4 plants nmdery non stress ropditions.

1. Gas esxchange parameters and quantificatinn nf relative

limitations of A" in plants experiencing various abhiotic

Apax and apparent photosynthesis in sunflower and maicze

To assess the potential of the chloroplast, an experiment

was conducted with pot grown sunflower and maize plants. Plants
were  grown in plastic containers for 35 to 40 days. Care was
taken to maintain only two plants per pot Water and nutrients

were  supplied as per the requirements to gqrow the plants unde;



pon limiting input conditicons at normal light intensities,

The following obhservations were recorded in this
experiment.
1. Apparent photosynthetic rate (7A7)
2. Assimilation rate at saturated Ci1 (Ajax)
petermination Of Agax
Assimilation Ttates were recnrded  in the  same  leaf at
ambient and elevated COz concentrations (660 ppm) under
saturated light intensities, The 0, roncentration was

increased in the leaf chamber of the portable TRGA by the

indegenously developed C0Oz source (Sheshshayee et al., 1992) as

explained earlier, The assimilation rate measured at  this

[

saturated CO- concentration was c¢onnsidered as

Amax .

Quantification of limitations of photosynthesis in a few Cs; and
Ce species under non stress conditions.

)

To assess the gas  exchange traits and to guantify the

7

relative stomatal and wescophyll liwmitations of "X’ in  wel)

watered plants, a pnt culture experiment was cnnducted,

A. Gas exchange and limitations of ‘A’ under non stress
conditions.

The following species were grown in carbonized  rubber

Containers as explained earlier for 35 to 49 days.



Cs species, Ca sSpecies

sunflower (Helianthus annuus) Sorghum (Sorghum bicolor)
soybean (Glycine max) Maize (Zea mays)
cowpea (Vigna unguiculata) Ragi (Elusine coracana)

The following observations were recorded.

1. Gas exchange parameters like "A’, gs and Ci were recorded on
the top fully expanded leaf using a portable photosynthesis
system (ADC LCA 2) as explained earlier.

2. Based on the CO: response curves, relative stomatal
limitation (le %) and mesophyll limitation (lm %) were
computed as explained earlier.

3. The in vivo carboxylation efficiency was assessed by
measuring dA/4dCi as explained earlier,

B. Effect of partial defoliation on gas exchange parameters

The major objective of this experiment was to change the
gs by altering the root to leaf area ratio. Our preliminary
experiment conducted with sorghum indicated that stomatal

conductance significantly increased by partial defoliation.

Imposition of partial defoliation

Sunflower, sorghum and soybean plants were grown in
carbonized rubber containers for a period of 35 to 4@ days at
field capacity under saturated light intensities. Fifty percent
0of the leaves were randomly removed from the plants early in the
morning (after sunrise). The following oaobservatiaons were

recorded after four and 24 hours after defoliation.



observations recorded

1. Gas exchange parameters using the portable IRGA
2., COz response curves
a. A v/s Ci curves

b. gs v/s Ci curves, as explained earlier.

Gas exchange and relative stomatal and mesophyll limitations of
*A’ under different abiotic stresses

To evaluate the reduction in gas exchange traits and to
quantify the relative limitations imposed by the stomatal and
mesophyll factors on "A", different abiotic stresses like
moisture stress, low light stress and nitrogen deficiency,

experiments were conducted on the following three aspects,

A. Quantification of limitations under different abiotic
stresses,

B. Effect of enhanced gs. on A’ in plants subjected to moisture
stress

C. To evaluate the reasons for the high relative mesophyll
limitations of "A’ under moisture stress.

A. Quantification of relative stomatal and mesophyll
limitations of "A’ under different abiotic stresses
Photosynthetic traits are modulated to a large extent by
the existing environmental factors. To assess the effect of 3
few important environmental factors on gas exchange parameters,

an experiment was conducted with plants subjected to different

abiotic stresses



a. Effect of moisture stress

To assess the effect of different degrees of moisture
stress on  gas exchange parameters and to gquantify the
l1imitations of photosynthesis, sunflower, cowpea and sorghun
plants were subjected to moderate and severe moisture stress

conditions.
Imposition of moisture stress

sunflower, cowpea and sorghum plants were grown in well
watered condition for 35 to 4@ days in carbonized rubber
containers. Different degrees of moisture stress were imposed

on these plants as follows.

By altering the irrigation schedule, well watered plats
were brought to 5@ percent field capacity and grown in that
condition for seven days. These sets of plants were designated
as moderately stressed. Another set of well watered plants were
brought down to 25 percent field capacity and grown in that
condition for seven 4ays. This way the plants were subjected to

severe moisture stress.
Observations recorded

On the top fully expanded leaves of these species
experiencing different degrees of moisture stress, the following

Observations were recorded,

1. Gas exchange parameters like "A’, ga. and Ci were recorded
using a portable photosynthesis system.



7. COz response curves were generated and the relative stomatal
and mesophyll limitations were guantified as explained
earlier.

p. Effect of low light stress
To assess the effect of low light stress on the gas
exchange parameters and to quantify the relative stomatal and

mesophyll limitations of "A’, sunflower and sorghum plants were

[47]

grown under two low light intensitie

Imposition low light stress

With an nhijective to assess the extent of redustion in gas
exchange traits and to quantify the relative limitations of “A'
under low light conditions, sunflower and sordghum plants were

subjected to different degrees of 1low light stresses as follows.

sunflower and sorghum plants were grown at field capacity
under natural light intensity 1in containers for 35 to 4@ days.
A set of these well grown plants were shifted +to a poly house
which decreases the light intensity uniformly by 4@ per cent
(light intensty maintained was 1d0d g moles.m~2.s5-!') and grown

in that light intensity for seven days.

Similarly another set of well watered plants were shifted
toc a wery low intensity treatment of S48 g moles.m—2.s571.,  and

grown in that light intensity far a period of seven days. These

plants experienced a severe low light treatment.

Observations recorded

In the stressed sunflower and sorghum plants the following



observations were recordled at the growth light intensities.

1. Gas exchange parameters like "A’, ge and Ci were recordeqd
using a portable IRGA as explained earlier.

(W)

. {0z response curves were generated in the respective growth

W
light intensity and the relative stomatal and mesophyll
t

limitations were guan

c. Effect of nitrogen stress

Nitrogen deficiency stregs ia yvet another common abintic
stress  known to reduce assimilation rates. Tey evaluate the
effect of nitrogen strezss nn g4z exchange parameters  and ta

gquantify the limitatimong of "A’

jis}

untlower plants were subjectel

to nitrogen stress,

Imposition of Nitrogen deficiency

To 4Asse38 the effect of nitrogen deficiency on
photosynthetic traits, sunflower plants were grown in rubber
containers with low nitrogen nutrition. Thesze plants were
supplied with anly 5@ percent of the recommended dose  of

fertilizer nitirogen (5¢ kg/ha) hoth during hasal  application and

top Aressing. In another set of pots sunflower plants were grown

with full Jdoses of fertvilizer aitrogen (5@ ka/ha) to zerv

T
BTl
N

control.

Observations recorded

1. Gas exchange parameters like "2', g and i
2. C(COz response curves were dgenerated at saturated light

e
—
pn]

tensities and the r=elative a2t

[

i vaatal and mesophyll
limitations were guantified as explained earlier.



poop gain analysis

In the present investigation, the reduction in gs was much

more than the reduction in gm. To test whether g, controlled
gs, @ LoOP gain analysis was done using the gas pxchange data
obtained for moisture stress and light stress as explained
earlier.

p. Effect of enhanced gs on "A’ in plants subjected to moisture
stress

The results of the previous experiments clearly suggested

that though the stomatal conductance decreased under stress, the

stomatal limitation on 'A’ either 4id not change or showed a
marginal change in all the abiotic stresses, To further probe
into these aspects, the stnmatal conductance was enhanned by

altering the VPD.

VPD response curves

The response of “A’ and gs to changing vapour pressure
deficit was monitored using a portable photosynthesis system as

explained earlier.

C. Assessing the reasons for a high mesophyll limitation of
photosynthesis in plants subjected to moisture stress

The data of earlier experiments clearly suggested that the

relative mesophyll limitation of "A° significantly increased
under any ahiotic stress. It was also evident that though ge
decreased under stress, the stomata did not offer any

significant limitations on "A’ under stress. An experiment was



conducted to assess the prgsible reasons of  a high mesophyl |l
limitations of A’ in snflonwer and cowpea plants  subjected to

moisture stress.,
Imposition of moisture stress

sunf lower, coWwpea and maize plants were subjected o0

moisture stress by maintaining 35 to 4@ Jays oid well watered

plants at S@ percent field capacity for seven days. The
following parameters were recorded at  the end ot  the stress

period.

1. Relative water content nf the leaves,

2. Gas exchange parameters

3. C0z sensitivity

4. Photorespiration based on APS and TPS measurement s
5. Total protein content

6.

Specificity factor of rubisco based on gas exchange techniques

Relative Water Content (RWC)

Tao 33 the moisture status of the leaf, relative water

Y

38

i

content was estimated. The procedure adopted was as follows.

Leaf punches were obtained from stressed and control
leaves. DBAfter vrecording the fresh weight of the punches, they
were immersed in watery in a petri plate and kept in darkness for
24 hours. And the leaf punches were kept in darkness to avoid a

posasible increase  in dry matter due +to photosynthes

]
51
p=
=+
~+
D
[
[}
L

hrs. of incubation in darkness, the leaf punches were carefully

blotted using a filter paper and the turgid weight wa

T

recorded,

¥

The leaf punches were oven dried at 7¢® ¢ for 4 to 5 days anid



Y
9]

dry weight was recorded, The relative water content W

determined using the following tormala,

Turgid wt, - Dry wt.

Gas exchange parameters

The gas exchange parameters like "A,’ ga and Ci were
recorded in the top fully expanded leaf of stressed plants. All
gas exchange data were recorded using a portable photosynthesis

system (ADC LCA 2) as explained earlier.

COz sensitivity

Reductinn in mesophyll capacity for carhon  assimilation is

often determined hy studying the response of "2’ to increase in

Ci. To &

[97]
9]
T

ss the effect aof moisture stress on the mesophytll

capacity, C0. sSensitivity was measured as explained earlier.

Photorespiration

Photorespiration has heen documented Aas  an  important
parameter that mediates a stress induced inhibition of
photosynthesis, To assess the role of photorespiration in

reducing A in water stressed sunflower and cowpea,
aszimilation ratez were meazured at 21 percent andl 2 percent O3

and 33@ ppm QO cancentrations. The detail=s of the approach of

quantifying the PR is explained earlier,



Total protein content

When plants experience moisture stress, reduction in the
total soluble protein content 1is a generally observed
phenomenon. To test the reduction in total soluble protein
content of the stressed leaf, sunflower and cowpea plants were
subjected to moisture stress as explained earlier. The total
soluble protein content of the leaves was guantified wusing the

Follin Ciocoleu method.

Specificity factor of rubisco based on gas exchange technique

Reduction in the in vivp carboxylation efficiency 1is one
of the most important factnrs tesulting in the inhibition of
photosynthesis under moisture stress, The factors associated
with rubisco such as its content, activation state, specific
activity and constants of enzyme kinetics have been shown to be
important dJeterminants of carboxylation. With an objective to
assess the ratio of the kinetic constants of carboxylation and
noxygenation, the specificity factor of rubisco was measured
based on a simple gas exchange technique. The detailed

methodology of the procedure adopted is explained earlier.



RESULTS



RESULTS

Photosynthesis is finely regulated by both intrinsic plant
and environmental factors. Under controlled environmental
conditions, the diffusive characteristics of stomata and
mesophyll regulate the rate of carbon assimilation by the
leaves. Hence, the regulation of photosynthesis is broadly
studied wunder stomatal and mesophyll factors. Various
environmental factors affect assimilation rate {("A’) by their
differential effects on stomatal and mesophyll factors.
Therefore, the major emphasis of the present investigation was
to assess and guantify the limitations of "A’ imposed hy

stomatal and wmesophyll factors.

Since stomatal conductance (ge) and mesophyll conductance

(gm} vary greatly between species and also within a species, the

relative limitation on ‘A’ imposed by stomata (ls %) and by
mesophyll factors (lm %) are sgspecific to species. Because of a
considerable control of Js and dgxm by constantly changing

environment, the 1ls and 1m are dependent and specific to changes
in the environmental factors also. These limiting factors,
therefore, reduce the potentiality of carbon assimilating

machinery of the leaf. A series of experiment were conducted

with the following broad objectives.

1. To assess the potential carbon assimilation rates of
chloroplast in a few species.

2. To quantify the relative limitations of A’ in a few Cj;
and €4 species under non-stress conditions.



LAY

. To quantify the relative limitation of A’ under
Aifferent abiotic stress conditions.

4. To evaluate a few mesophyll subcomponents under moisture
stress

Anax and apparent photosynthesis in sunflower and maize

Measuring the maximum photosynthetic rate (Amax) at
saturated CO. concentrations of a leaf is one of the approaches

Lo a3

[}

ess the potential capacity of the leaf tno fix carbhon.
Amax Was guantified hy measuring "A’ at saturated inter-cellular

0Oz concentration in sunflower and maize as explained earlier.

Assimilation rates were measured at saturated and ambient
C0; concentrations in 3d to 4¢ day old sunflower and maize
plants. The associated gas exchange data are presented in table

l.

Both sunflower and maize leaves showed a significant
increase in assimilation rates at saturated Ci. In sunflower
Amax wWas 91 percent higher than ‘A'(recorded at ambient CO»
concentration. Whereas, maize recorded a 37 percent increase in
‘A’ when Ci was at saturated levels. The data clearly indircate
that the chloroplasts have a significantly bigher potential to
fix carbon both in Ca and C4 plants. Althongh the C4 plants
have an intrinsic 0z saturating mechanism operating, still
respond to increase in (C0O, supply. Therefore substrate
availability forms an important limitation for assimilation

under ambient conditions. The diffusive conductances through the



Takle 1: Amav and

and mAaize

Crop A A

Sunflower
Maize

CD (p=0.05)

i
i
:& b
g

apparent photosynthesis

(A

4

76

Voin

sunflower

increase

.37

7.25



stomata, hence, could act as a prominent limiting factor in well

watered plants. However, at a given lower inter- cellular CO:
concentrations, the inadequate functioning of the mesophyll
components could also be partly responsible for +the lower

assimilation rates of crop plants.

Quantification of limitations of photosynthesis in a few Cs; and
C4 species.

T
]

With an obj=ctive to assess the gas evchange parameters at
ambient COp 3nd ton guantify the relative stomatal and mesophyl)
limitations to the apparent assimilation rate (A7), a pnt

culture experiment was conducted with the following Cjz and Cy4

CYop species. Sunflower (Helianthus annuus.L); Cowpea (Vigna

unguiculata. L) and Soybean (Glycine max.L)} all s s3species.

Sorghum (Sorghum bicolor.L); Maize (Zea mays.L) and Finger

millet (Elusine econracana.G) all C4 species. The results

cbtained are presented in this chapter.

A, Gas exchange parameters and limitations of ‘A’ under
non stress conditions

Flant

il

were grown in hattery containers under well watered
candition. Nutrients were aupplied hy appropriately calculating
the required fertilizers as recommended by  the package of
practices. After 30-40 days of growth, the top fully expanded

le

pt

v

D
s

were nzed to record the gas exchange parameters with a
Portable IRGA (ADC model LCA-2) in the open system. The data are

presented in table 2.



Assimilation rate ("A’):

The <3 plantz szhow
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o orates {TA7) than

the ', plants. But Sunflower recorded an "A7 of 20.64 g moles

MO,.m™2,.s8"Y which was not much different from that of Sorghum
which recorded 2@.d¢ gmoles.m-2.5-! (Takble 1). Soykean showed
the leaszt A7 (13.% gmolez.m~2.371') whers a4z Maize had the

=

highest of 25.% @ moles.m™2.3°1,

Stomatal conductance ('ga’):

The stomatral conductance for Water vapoin was  relatrively
lew  in Ca4 zpecies.  However, aonly 2unfliower  showed the maximum
‘gs’  0f 729 mmoles.moZ.s01 whers a8 Mfowpea and Soybean

recorded 42¢ mmnles.m™2.37! and 3400 mmnlezs.m~2 . a-1 rezpectively

{Table 2). The C4 species that are known tn have lower stomatal
conductance recorded 284 mmoles.m—2.37! and 34 mmoles.m— 2,312

y

regpectively in  Sorghum and Maize (Table 2)

Inter-cellular CO,; concentration (Ci)

f

All the "3 speciesgs had signiticantly higher i at Aambient

-

C

70z levels than the 74 plant s, Maize recorded the minimam Ci of

140 ppm as against 260 ppm in Suanflnwer  faollowed by  24@ popwm in

Ratio of A’ to Ci (A/Ci):

The aszimilation to inter-cellular MO, roncentratinn e
often interpreted as the efficiency of mesophyll] component 8
{chloroplast efficiency for zarbon fization. The 4 plants had



Table 2 ! Gas exchange parameters in a few C; and C, species

Crop B’ gt ci  A/CH A/g, Ao cit

Sunflower 20.64 729 26 #.a397 7A.a29 39
Cowpea 14.78 29 203 @.a74 d.335 23.
Sovhbean 13,50 4% 249 3,356 T.039 27

= LN oen

Sorghum 20,20 234 160 .
Maize 25.50 349 149 a,
Finger millet 18.6d - 201 &

QU
Q
R
-=J
(]
N
N

=W

CDh (p=@.05%: 4.32 %a.8 3.1 5.6

ci* = 00, compensation point (ppm)



significantly higher BA/Ci ratios compared to the (O3 plants
indicating that the C4 plants have higher efficiency of carbon
fixation than the (3 plants at a given substrate level. Maize
recorded the highest A/Ci ratio of &.182 g moles.m—2.s-!.ppm—?
followed by Borghum (#.125 pgmoles.m—2.3-!.ppm~'). (Cowpea and

Soybean had low A/Ci ratios nof @.@74 and @.056, respectively.

It is evident from the data presented in table 2 that the
Ca plants have higher ratez onf assimilation per wunit internal
Coz concentraticn as well as higher assimilation rates per unit
stomatal conductance (A/ge). Though Sunflower had higher A’
compared to other C3 plants, it had the lonwest A/ge ratio
indicating lower water use efficiency.

Quantification of relative stomatal and mesophyll
limitations of "A’ based on COz response curves

The respouse nf assimilation rate to increasing
concentrations of inter-cellular Oz was recorded in the above
ment ioned crop species. The data are illustrated in figures 3
and 4.

The responsge pattern of "2’ to increasing ©1 was similar in
all the crop plants tested, Assimilation rate in all the
species increased almnst linearly at the lnwer 02
concentrations (low Ci). Further 1increase in Ci resulted in a

curvilinear response and at a particular Ci, the v became

T

spons

T

asymptotic,

Though the pattern of response of A’ to €1 was similar in
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A (umol.m™*.57)

CQO, response curve for rnaize
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CQ, response curve for rnaize

A (umol.m™*.s7™)
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Fig. 4: CO, response curves under non stress conditions



all the species, there were, however, significant differences

among them.

The CD, compensabion pnint  (The i at which the
photosynthetic consumption nof C05; and photnrespiratory release

of CO2 were equal), showed significant variation bhetween 3 and

47}

Ca plants, The C4 plant hal lnwer CO2 conpensation point

ranging from 12 ppm in Finger millet to 15 ppm in Sorghum. Cs3
plants, on the other hand, that equire higher concentrations of
0, to get a pmsitive gain in carkon fixed typically had higher
T. Sunflower recorded the maximum COz concentration point

indicating high rate of photorespiratory loss of fixed carbon

{Takle 2).

In vivo carboxylation efficiency (4A/4cCi)

The rate of increase in "A’ per unit increase in 01, that
is, the differential coefficient of "3’ with reszspect to Q3
(dA/4C1), is nften weasured tn arrive at  the in Vivo
carboxylation efficiency nf the Jleaf. The AA/4Ci nf the Ca
plants was significantly higher compared to the Cj plants. The

T3 plants showed an average of @.,d757 mmoles COz.m~2%,s~!'.ppm~*t,

ranging from @.¢72 in sunflower to @, #@B3 in

L

nybean (Table 33,
On the other hand maize had the highest rate of increase in A’
per unit increase in Ci of ¢&,259@ followed by @¢.11% in sorghum.
The data clearly suggest that the mesophyll conductance of the

Cq plants is always higher than the C3; plants (Table 3).
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Crop

sunflower
Cowpea
Soybean

Sorghum
Maize
F.millet
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Relative stomatal and mesophyll limitations

Development of CO> response curves is an  important
prerequisite for the computation of relative limitations of "y
The relative stomatal and mesopbyll limitations to the observy
photnsynthetic rates were computed as  proposed by Farguhar ay

Sharkey (1982) with certain modifications (for a  detaily

description of the methodolngy refer Material and Methods).,

computed data are presented in Table 3,

Quantification of limitations revealed that in all
species included in this experiment, the stomata 1mposed
higher degree of limitation to "A’ in relation to the limitatiQ

imposed by the mesophyll factors under well watered conditiong

Except in Maize and Cowpea, in the other species testey

the stomatal limitations were twice as great as the relﬁgb
§

mescophyll  limitation. Though Sunflower had higher stowmay
\,\1]

conductance, the stomatal limitation was 19.6% relative tot}
I

mesophyll limitation that was only 8.9%. The relative stomg
Yy
and mesophyll 1limitatinns were respectively, 28.95% and 15,
Wy

4
¥
in Soybean; 14,.32% and 15.54% in Cowpea and 28.7% and lﬂ.lmz

i\r
Sorghum.

B. Effect of partial defoliation on gas exchange parameters

It is evident from the data reported in the Prevy
Y

. iy

experiment that the well watered plants experience a himQ
iy

limitation to pbotosynthesis from the stomatal factQt
ty

N
\

N
Y

Therefore any increase in the stomatal conduct®BC€e under

-



watered condition should result in an increase in the

photosynthetic rate. With this hypothesis, an effort was made

to enhance the “gg’ by altering the root tn leaf area ratio.
The root  to  leaf area  ratios were altered by rvandomly
defoliating the plants. The results ohktained are explained
below.

The respronse nf "2’ and  ‘gg’ tn partial Adefoliation was
moenitored in Sunflower, a high ‘gg’ type and Sorghum ani

Soykean, both low g« types. The data are presented in takle 4.

It is evident from the Aata that defoliation increased
the stomatal conductance in all the three species. There was
also  a simultaneous increase  in assimilation rates, The
increase  in "B’ wWas more pronounced  in Soybean and Sorghum.
Sorghum trecorded a 17.a83% percent  increase in "A’  and 28.99
percent increase in "gas’. Where as in Soykean, A’ and ‘ag’
increased by 4 .13% and 4¢.@8 perrcent, respectively. However

sunflower recorded a marginal increase of 13.5 percent in  “qgg’.

The Aata suggest that under non-stress conditions, the

assimilation rates oan be significantly enhanced by increasing
the stomatal conductance for €0, transfer. This was more

pronounced in species that intrinsically had low "g='.

CO> response curves were developed in these species to
evalnate the effect of defoliation on the mesophyll tactors.
The data are illustrated in Figs. S5, 6 and 7. Sunflower did not

show any variation in A’ either in the initial linear region or
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in the CO2

plants. On the

in both initial

rate. The

dA/dC1 increased

to @.14@ in

increase in ‘9.

stomatal conductance will vesiult

rate. it became
defoliation
component

initial

slope

photosynthesis.

From the data of these experiments,

be made.

1. Chlornplasts
carbon

2. Substrate availahility is abp
photosynthesis.

3. Under well
imposed on

4. Increasing ds
corresponding
also improved

5. Variations in

low CO2. A

carboxylation

saturated
other hand,
slope

1n vVivo

Saoybhean.

brought
nf photosynthesis,

(dn/4cC1)

fixation

watered conditions,
A

region between defoliated and control

Sorghum and Soybean showed increases

and COz; saturated rate of assimilation

carbhoxylation efficiency as

from @.215 to @&.255% in snrghum  and from @, @R

The data further reiterated that an

in speciesz that have an intrinsically low

in an increased photosynthetic

evident from the CO2 response curves that

about certain change in the mesophyll

hence resulting in an increased

as well as in the (0, =zaturated rate of

following conclusions ca

tl
jasd

have significantly higher capacity far

in bhoth C3 and O, plants,

important limitation to
Hence ga 13 an imponrtant component.
major limitation

by stomatal factors.

was

by partial defoliation resulted in a3
increase in "A’. Defoliation treatment
the mesophyll factors.

‘A’ between species could be due to the
inadeqguate functioning of the mesophyll to utilize the
linear relationship ketween in vivo
efficiency (4dA/4Ci) and A’ exists
(r = @.9).

between species



Gas exchange and relative stomatal and mesophyll limitations of
‘A’ under different abiotic stresses

Crop plants often experience a number of bintinc and abintic

stresses that hamper the crop growth and productivity. Among
many abiotic stresses, Arought stress, nutrient stress and low
light stress are the most common and important ones. It has

keen clearly established that the non availability of any one or
more of these variables can significantly reduce the plant
productivity. Reduction in A’ under =stress could be due to a

reduction in

10
to

or gm. Quantifying the traits that are affected
under stress will help to identify genotypes with stability in
these traits. The measurement of the gas exchange traits can
hence be adnpted as a potential tool fnr the assessment of the
photosynthetic rates and the effects of abictic stresses on the
machinery of photosynthesis,
A. Quantification of limitations under different abiotic

stresses

Photosynthesis in crop plants are broadly regulated by the
stomatal diffusive characteristics and the mesophyll ability for
the utilization of CO5. Assessment of the relative reductions
in stomatal conductance and mesophyll ability for carbon
fixation paves way for a better understanding of factors
affecting "A’ in plants experiencing abiotic stresses. With an
objiective to estimate the photosynthetic characteristics and
also to Aassess the relative limitatinns imposed by the stomata
and the mesophyll factors, Sunflower, Cowpea and Sorghum plants

were  subjected to varionus abintic  stresses., The results



obtained are presented in this rnhapter.

a. moisture stress

By regulating the irrigation schedule, 3¢ to 408 days old
pot grown sunflower, cowpea and Sorghum plants were brought to
S¥ percent field capacity and maintained at that water regime
for seven days. This degree of stress wasz called moderate

stress. To annther set of pots, irrigation was altered in such

a manner to bring the soil to 25 percent of field capacity and

maintained for seven days to generate severely stressed plant
material. Gas exchange parameters were measured and (O,
response curves were generated on the top fully expanded leaf.

The Aata for the gas exchange parameters are presented in table

5.

Gas exchange parameters

Assimilation rate in Sunflower decreased hy 42.75 percent

and 79.14 percent under moderate and severe moisture stress
condition, respectively. The "A’ under moderate stress was 1] gy
moles.m~2.5-' and 4.2 u moles.m™ 2. s~! under severe stress.

These rates were significantly less compared to the unstressed
control that recorded an A" of 2¢9.29 @ moles.m~2.=7?1, The
stomatal conductance for water vapour (°'ge’) decreased by 71.22
percent from 788 mmoles.m~2.s-! in control to 277 mmoles.m—2,s5-1!

in plants experiencing a moderate stress. Under severe stress

gs decreased to 187.6 mmoles.m— 2.5 (76,22% of control).

The inter-cellular ©C0, concentration (Ci), recorded an



Table 5 ! Gas exchauge patrameters in plapnts subjected to  various
ez of moisture stress
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increase ftor Sunflower plants experiencing mnisture stress, The
¢i increased from 263 ppm in contrnl +to 283 ppm under severe

stress condition.

Aszimilation rate decreased from 13.25 umoles.m—2,s-! in

control to 6.84 g moles.m—2.s5-! in severely streased Sorghum
plants. However the moderate stress treatment did not seem to
show any marked reduction in "A’ in Sorghum. Assimilation rate

decreased by only 8.3 percent under woderate water stress. The
dJe’, o0 the other hand, decreased from 265 mmoles.m—2.,s-! in
control to 155 wmmoles.m—2,.g—1! under moderate stress which was

58.47 percent of  acontral., The s=tomatal  <ond

-

intanae further
decreased to 88 mmoles.m—2.3-! (66.6] percent reduction from
control) when plants experienced a severe wmnisture stress.
Assimilation rate per unit stomatal conductance, a qualitative

measure of the water use efficiency, increased wunder moderate

43]

tress to ¢.49] g molez.mmole-? from &.451 w4 moles.mmole—! in
control. Under severe stress, although the A/ge ratio decreased
to @.077 p moles.mmole~?, it was higher than that in the
control., A similar trend was also seen in Sunflower and Cowpea.
This indicates an increase in the water use efficiency when the

plants are subjected tno a moderate water stress,

The inter-cellular C0, concentration (Ci), increased from
15¢ ppm in Sorghum grown in well watered conditino to A5 ppm
under wmoderate stress and 196 ppm in severe mnisture stress

condition.

There was a significant reduction in both "A’ and ‘gs’ in
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decreased by 34.2 percent from 14.78 wmwmoles.m™2.2-! in control
to 9.71 g molezs.m™2.="! in moderately stressed OConwpea plants.
Though a T3 plant, Cowpea had an intrinsically low "gs’ of 418
mmoles.m—2.s57? under contral which decreased o 154

mmoles.m~2.3-! under moderate stres under stress was

[}

. The 'ga

63.08 percent of control. As in other two =zpecies, the A/gqe
ratio  Increased under atress  in Cowpea also (Takle S, The Ci
in Cowpea decreased compared to  control to 215 ppm under

moderate moisture stress condition.

Relative limitations of "A’ under moisture stress

With an objective to assess the relative limitatinn to
photosynthesis by the stomatal and  mesnphyll fartors in blants
experiencing different degrees of moisture stress, OO0z response
curves were developed. The A/Ci curves of the three species
experiencing different degreez of moisture stress are
illustrated in Figs. 8, 9, 10. Relative stomatal and mesophyll
limitations were computed from the COz response curves and the

data are presented in table 6.

The slope ot the initial linear vezponse of A7 to O}

(dAa/7d4ci)  decreased  significantly under stress. The dA/AC1
decreased markedly from d.¢57 in control to §,324 in annf lower
plants experiencing moderate  anl  gsevere moisture stress,
regpectively. Conrresponding to the  reduction in AR/ACi, the
relative limitation iwmposed by the mesophyll factors (1lm%) on

assimilation rate increased signiticantly ({(Fig. 8 and Tahle 6},



The relative wesophyll limitation to assimilation in sunflower
plants were 51.27 percent in moderate stress and 82.85 percent

in severe

1)

tress condition. However,the mesophyll limitation

was conly 11.44 percent in well watered plants.

Contrastingly, the relative steomatal limitation was the
maximum in well watered sunflower plants (21.21%). As the
intensity of the moisture stress increased, there was a gradual
reduction in the limitation to assimilation rate offered by the
stomatal components. The relative stomatal limitation decreased
to 14.81 percent under moderate stress and to 6,89 percent under

severe s3stress conditions.

Similar trends were also seen in Sovghum and Cowpea (Takle
6 and Figs. 9 & 1@). BSorghum showed a significant reduction in
dr/4Ci  from &.452 in control to &.@46 and @.231 in moderately
and severely stressed plants, respectively. A corresponding
increase in "lu’ was noticed from 3.64 percent in control to as

"

high as 51.27 percent in severely stressed plants.

The limitation imposed by the stomata to the apparent
photosynthetic rate was high in unstressed Scorghum plants
(35.36%). However, as the intensity of the stress increased,
there was nn significant rchange in the relative stomat al
limitation in Sorghum (Tabkle 6). In cowpea, the rate of change
of A’ with vrespect to Ci (AA/40i) decreased from @¢.@79 in

control to @.d68 under stres

]

The "1n’ a3 witnessed in the
other two «crops, increased significantly from 13.8% to 42,88

percent under stress. Although,the stomatal limitation in
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Table & (Relative limitations of "A7 in plants  subjected  to
various degrees of moisture stress

A A Ay Ys(%) lm(%) in/4ci
sunflower
Control 20,39 25.5 23.6 21.21 11.44 @.057
Mild stress 11.50 13.5 23.6 14.81 51.27 2.021
Severe stress 4.19 4.5 23.6 6.89 82.25 @.024
CD (p=9.05) 7T.00 - - 7.39 10.19 2,008
Sorghum
control 13,25 2¢, 5 13,75 35, 36 1.64 @,a52
Mild stress 12.50 18.2 13.75 21.32 9.09 @.046
Severe stress 6£.70 16,6 13,75 36,79 51.27 g.331
CD (p=@.,05) 5.0 - - 3.1 10,9 g.a1;
Cowpea
Control 14.78 17.@ 17.06 13,84a 13, Ra F@.079
Mild stress 9,71 13.@ 17, 00 25.13 47.88 a.,068



Cowpea registered an increase under stress, the bulk of the
limitation to "A’ was due to the mesophyll factors which was

evident from a larger increase in “1la’.

From the data on the gas exchange parameters and relative
limitations of "A’ computed from the CO> response curves in
plants experiencing various degrees of moisture stress, the

following inferences can be drawn.

1. Both A’ and gs Aecreased in plants subjected to
moisture stress in all the aspecies.

]

Under moisture stress condition, predominant
limitations for phntosynthesis was imposed by the
mesophyll components.

3. Az the intensity of the

stress progressed, there was no
marked change in 1s ¥ wher

t
ere as, lm % increased
correspondingly.

4. The in vivo carboxylation efficiency (dA/4Ci),
exhibited a significant reduction as moisture stress
progressed,

5. Therefore, though gz Aramatically decreased nunder
stress, reduction in A’ was more due to the reduction
i Om.

6. The greater reduction in g4 than g, under moisture

stress, clearly indicates that g, exerted a feed-back
contral on stomatal factors.

b. Low light stress

Sunflower and Sorghum plants were grown under normal light



intensity for 3@ to 4@ days. One set of plants were transferred
to low light intensities of 108¢¢ g moles.m—2.3-! and another set
to S8 y moles.m™2.s5-' and acclimatized for a period of seven

days prior to recording observations on gas exchange parameters.

The gas exchange rates were recorded in the respective growth
light intensities. Assimilation rates were compared with
control plants which were grown under normal high light
intensities. The data Aare presented in Takle 7.

Gas exchange parameters

Low light acclimatized sunflower plants showed significant

reductions in photosynthetic rates. A’ decreased from 20 u
moles.m~2.2-', in high light to 14.75 g4 moles m—2, =-! in
plants acclimatized teo 168¢ gmoles.m—2.="* The reduction in

A’ was  26.25 percent in moderately low light intensities
whereas the reduction was 67.5 percent in plants acclimatized to
very low light intensities. The stomatal ceonductance of
Sunflower plants decreased from 94¢ mmoles.m™2.3-! in high light
to 620 mmoles.m~2.s-! and 340 mmoles.m~2.s~!' in plants
acclimatized to 1@@¢ y moles.m~2.37' and 50¢ u moles.m 2,s5-!
light intensities, which constituted 34.@4 percent and 63.83

percent reduction, respectively.

Assimilation per unit stomatal conductance (A/gs) did not
reveal any marked wvariation under low light intensities,
However the A/gs ratic marginally increased to 9.824 compared to
@.d21 under control. It decreased to ?.¢¥1% when plants were

acclimatized to very low light intensity of S8¢ g moles.m—2.s5-?



Table 7 : Gas exchange parameterzs in plants subjented o
varinur degreez of light stress

sunflower

Control 20 .00 Q40 5. @21 220 Pl
Mild stress 14.75 620 a.a24 29¢ N, @51
=t 2134 o, ¢l e 3¢ 22

&
.

ress 6,50

=
2

i

CD (p=@.@&@5) 4.08 198 - 17

Sorgum

[xe]

Control

.03 271 a.o77 17¢
Mild stress 182

a.1a] 121

WO
o =
)

2N R

CD (p=0.05) 3.39 72 - 20 -



= ] oY — 2 C °n io (Ci), increaszes rom
The inter-cellular CO- concentration Ci) i f

22¢ ppm in  high light to 29¢ ppm at 100d u moles.m— 2,87 and
300 ppm  at 500 u moles.m~2.s-! light intensity. Such an
increase in Ci was noticed wunder moisture stress conditions

also. The 'A’ per unit Ci (A/Ci ratio), progressively decreased
from @.991 in high light to @.851 and @.822, respectively in the
two low light intensities. The reduction in the A/Ci ratio
indicates a possible damage to the carboxylation efficienny of

the chloroplasts (Table 7).

Sorghum plants also showed a similar trend in response to
low light intensities (Table 7). '"A’ decreased by 26.19 percent

from 21 w4 moles.m~%.3~'. 1n highk light condition to 1

o
o

u

1atal

=

- moles.m—2.s-' in low light (108 u moles.m—2.s-1'). 2to
conductance also decreased by 3@.63 percent. As in sunflower,
since A’ and g. decreased by similar proportions in Sorghum,

the ratio of A’ and g« showed only a marginal increase in low

light intensities. However, the A/Ci ratio in Sorghum plants
grown in 1 @09 4 moles guanta.m—2.37' light intenszity d4id1 not

show any significant reduction compared to plants grown high

light intensities of 2d0¢ g moles.m—2.s5-1.
Relative limitations of ‘A’ under low light conditions

The relative stomatal and mesophyll limitationns were
computed based on the C0O2 response curves developed in low light
acclimatized sunflower and Sorghum plants (Figs. 11 & 12). The

data are presented in Table 8.
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In sunflower, the stomatal 1imitafion of A’ Was
relatively more cowpared to the mesophyll limitation in plants
grown in aocrmal  high light intensities. The stomata imposed
18.37 percent limitation where as mesophyll contribution to the

limitation was ounly 12.77 percent in high light grown sunflower

plants. Wher the plants were qgrown in rednced  light
intensities, the Jimitation ashifted predominantly towards  the
mescphyll  fartoars. The relative mesophyll limitation increased
to  3%.87 percent at 10606 pgwmnles.m™2.=3-' and further inrreazed
to 71.74 percent in very low light intensities. On the other
hand the "1z’ decreased to 7.81 percent in plants acclimatized

to 10088 p moles.m~ 2.5 and further decreased to 7.14 percent in

plants grown in @@ g moles.m~ 2.3~  light intenzity

The initial slope nof the COz response curve (daA/dCi) WAas
#.2385 for sunflower plants grown at high light intensities.
The AA/A0Ci Aecreased significantly to @,#36 and @#.ad11 when

plants were shifted to lower light intensities. This indicated
a rednction in the in vivo rcarbhoxylatinn efficiency under sub

optimal light intensities (Fig. 11).

A similar trend was noticed in Sorghum plants also. Lnw

2]

light significantly increased the relative mesophyl] limitation

nf A’ from 1¢.64 percent in control to 19.55 percent in plants

¥
I+
it}

grown at 1980 g moles.m—2.3-' The relative stomatal limitation,

-3

on the other hand, marginally increased from 31.75 percent in
control to 34% in low light. The concomitant decrease in 4AA/dCI

from ¢.108 to @.954 nunder stress reiterated the reduction in



carbon fixing ability (Fig 12).

From the experiments conducted with sunflower and Sorghum
plants acclimatized to different low intensities, the following

inferences can be made,

1. With decrease in light intensity, A and ge decreased
in both the species.

[ye)

On guantifying the relative limitations of "A’, it
became evident that mesophyll factors imposed greater
limitations where as the stomatal components were
important in high light intensities.

3. The in vivo carboxylation efficiency (dA/4Ci},
decreased progressively with reduction in the light
intensity.

c. Nitrogen stress

Sunflower plants were grown with recommended doses of
fertilizer Nitrogen as prescribed in the package of practices,
Another set of potted plants were maintained with only 5S@% of

the recommended Nitrogen to develop plant material stressed for

nitrogen. Gas exchange parameters were recorded in 3@ to 40
days old plants. Care was taken to supply the other essential
nutrients as prescribed in the Package of Practices. The data

are presented in Table 9.

Gas exchange parameters

Assimilation rate decreased significantly by 17.31 percent

under stress compared to the control plants that showed an A’



Talzle 9 ! Gaz esuchangs parameters in plants subjected  to
rnitrogen stress
‘A7 q Ay i A/CH

Sunflower

Tontrol 26,30 £33.94 2, @341 261 @.a99
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Stress 21.50 6a@a, @5 A, A6 272 &, a7

CD (p=@.@S) 2.5 9.5 - 10 -
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of 26.0 wmoles.m 2,571, The stmmatal conductance on the nther

hand, decreased marginally by 5.34 percent nder stress.
Therefore the assimilation rate per unit stomatal conductance

slightly decreased from @.841 in control to @.@36 in plants

experiencing nitrogen stress. indicating a reduction in the
water use efticiency. The ©1 in nitrogen stressed  leaves
increased to 272 ppm from 261 ppm in  control plants,  The ASCH
tatin wWwhich was @.@99 in control declined tao @.879 in nitrogen

stress conditinn.

Relative limitations to A’ under nitrogen stress

As explained in the cother twn akiotic streases, 00a

response curves wers developed in plants grown unider contrnl

conditions as well as in plants grown in nitrogen deficiency.

Based on these 0O, response curves, the relative stomatal and
mesophyll limitations were computed, The data are presented in

table 1@ and the COx response curves are illustrated in Fig. 173.

The relative mesophyll limitation increased under nitrogen
streszs from 23.53 percent in contral to 36.76 percent. The

limitation imparted by the stomatal factors, on the other hand,

decreased under stresa (Table 1@). The assimilation rates of
simflower plants grown in  aontrol sonditinns experienced 3

relative stomatal limitatimn of 16,13 percent. The lg =lightly

decreased to 13,42 percent in pitrngen stress, Thus mesophyl]
factors play an important role  in limiting "A’  in nitrogen
deficient plants as seen in other abiotic stresses, A decline



in the rate of increase in A’ With respect to Ci (4A/4C1),

further supports the importance of the mesophyll factors. The
zlope of the initial part of the 02 response curve which was

@.@85 in control condition decreased tn #.@69 under nitrogen
deficienry. This indicates a reduction in the carboxylation

efficiency of such plants.

The salient findings of the experiment with nitrogen stress

can be summarized as follows.

1. Though koth "A' and ge decreased under stress, the
reduction in A’ was more pronounced.

2. Relative mesophyll limitation of A’ significantly
increased under stress

3. dA/4C1 also showed a considerable reduction under
tre

From the data »on the gas exchange parameters and the
gquantification of limitations from the co2 response curves in
plants experiencing various abiotic stresses, the following

findings can be high lighted.

1. Under any abiotic stress, both A’ and ga. 4decreaseqd.

(S ]

The limitation imposed by the mesophyll factors
significantly increased as the stress progrescsed.
Where as the limitation offered by stomata 4id not
change markedly

3. Mesophyll conductance as measured by dA/4dCi showed a
significant and corresponding reduction under any
abiotic stress.
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5. The reduction in g5 was more than the reducticn in "A’
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Assessment of stomatal and assimilation Loop Gains

Assimilation rate, stomatal  oconductance and Ci  are
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resulting in an enhanced A7,  1f A’ remains high, consumes the
substrate and resultra in the redurtion of 01, 0On the arher hand,
any reduction in "A' results in an increase in Ci. This causes a
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these three parameters can be studied by analysing the loop gains
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B. Effect of enhanced g. on A’ in plants subjected to
moisture stressed plants

Moisture zstrese reaulted in A rednction 1n hoth "2 and ga.

To test whether the reduction in AT was  in fact due tno o oa
reduction in the mesnphyll capacity to fix 005, Aan attempt was
made to  enhance g, without altering the mesophyll caparity.
Assimilation rate should respond to changes in ge 1f stomatal
conductance regulates "A7, I+ is a well established fact that
ztomata responds to changesz in VPD, At lnwer VPD wvalues, gs

increases. Juch an increase in gs would hence increase the C0,

)

concentration  at the carboxylation site, providing a higher
substrate concentration for the photosynthetic  procesa. With

1

this Thypothesis, the g of the atreszed plants were

i)

=lectively
increased by appropriately Adecreasing the VPD of the leaf in the

leaf chamher of the portable photosynthesis system (ADC LCA-23,

-

Since zunflower remnrded the highest reduction in g nnder

str

D

3@, an attempt was made to increase the g, of this craop

only. The data are illustrated in fig. 14,

The stressed sunflower leaf at 24 mbars VPD recorded a Ja
of 360 mmoles. At a lower VPD wvalue of 12 mbars, dJda was
significantly increased Lo 8@ pmol#ss which was equal  to that of

was recnrded after th

D

the unstressed plant. TA Ja Stabilized
to a new higher value. The assimilation vrate which was 16.5% u
moles,. m—2,s71 in  atressed plants did nnt  shnw  remarkable

increaze when ge was ephanced nver twn times (fig. 14). This

lack of increase ipn "2° af stressed  plants Aespites 3 significant
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increase in ge and hence Ci, rclearly suggests a Aiminished
capacity of the mesophyll factors to utilize the enhanced

substrate levels,

C. Assessing the reasons for a high mesophyll limitation of
A’ in plants subjected to moisture stress

It 1is5 evident from the results presented earlier that in

plants experiencing abiotic stress, ‘A’ d4id not show marked
increase  even at saturated inter-cellular CoO, concentration
{Ci). The co?2 response curve developed under several abiotic

stresses revealed a significant reduction in 4A/4Ci, a measure
of the in vivoe carboxylation efficiency and a concomitant

increase in  lm. These data clearly suggested a possihle direct

inhikition on the mesophyll components of photosynthesis, T
examine the reasons for this increase in mesophyll limitation,

an experiment was conducted by subjecting sunflower, cowpea and

maize plants to moisture stress. Leaf water status, gas
exchange characteristics, leaf protein content was determined.
20, =sensitivity, photorespiraticon  and specificity factor of

rukbisco, a

[0}

T
i
et
13}
)

a meAaAzINre

1))
ta

of mesophyll componeants wer

determined.

Relative Water Content (RWC):

Sunf lower, Cnwpea and Maize plants were snubliected to
moisture stress by growing the plants at 5@ percent field
caparity for seven days. The relative water nontent of the top
fully expanded leaf was Adetermined at the end of the stress

period (table 121,



Table 12: Relative w

a content of plants subliected  to
molsture st

Crop Control Strezz

Sunflower 72.4 52.12

S



The trelative water content of well watered sunflower,

C

Q

wpea and maize were 72,4, 74.¢ and 84.& percent, respectively,

Water stres

2]

reduced the RWC nf the plants significantly to $S2.3

% 1n sunflaower, 57.4 ¥ in Cowpea and &66.7 % in Maiz

B

o £

Gas exchange parameters:

Both assimilation rate ('A’) and stomatal conductance
("ge’) decreased under stress in all the three species.

Azszimilation rvate derreased fro

Q
=

2¢. 28 pmmolez.m~2.57' in well

watered sunflower to 12.76 gy moles.m—2.3-! under stre=zz. The
stomatal conductance, on the other hand showed a reduction of
76.07 percent in stressed sunflower. The A’ at saturated O
{Amax! alsz showed a significant redurtion under stresz [(Tabhle
13

Similarly, cowpea also showed a significant reduction in

"R under stressz, AT was 9.%2 uwmoles.mm%.s57'  iDp stresze]
cowpea which was 34.83 percent less than the control. Stomat al
conductance decreased from 418 mmoles in control to 1%54.32
mmoles under stress. Amax decreased significantly from 23 u
moles.m~2%.3-! in well watered plants to 14.5 gmoles, m—2.257! in
plants experiencing molszture stress.

Maize followed a similar trend in all the parameters

studied. The plants grown in well watered condition recorded an
AT of 29,19 uwmeles.mm2.5-' and a ‘g’ nf 270 mmoles.m-2.s57%.

Under stress, "A’ and “gg’ decreased to 9.97 g moles.m~2.s-! and

123.46 mmoles, respectively. The reduction in A’ and "gas’
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Table 13: Gas exchange parameters of plants sukjected to moisture

g.« Aﬁﬁ[‘7 jA/jCl CO,:,
sensitivity

Sunflower
Control 20,08 728 6.0 a.144 @.793

Stress 12.76 174 15.5 .79 .

[y}
—

ch (p=@.0%) 3.9 126 fi.S @ a0 -
Cowpea

Control 14.61 a1s 23.0 a,.079 #.574
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1o

under aYress WAasg G, 47 Deroent Ard 54,28 pera ent ,
respectively, The Amax Showed 3 significant reduction under
stress. RCoAar 668 1 was 315 gomole=z,.mT2.371 in oontrnl ) N

decreased under ztress o 1.

o
K
wht
r®
3
2
._,
T

sg.m™2.37 (Tahle 1133

Thouabh the reduction in 9. wWas more  than the veductinp in
"AY, the present data (tahle 13) suggests that the reduction  in
A7 under molsture stress was more due to the stryeas effect on

mesophyl! factars of photosynthesis, The rate of increase in

4

AT per unit increase in 01 (AA/AC01), considered as an indirect

vreflection of carboxylation efficiency, recorded a significant
reduction in sunflower and cowpea subjected to moisture stress

{Table 13). This further supports the conclusion that mesophyll

C02 sensitivity under moisture stress

ounantifying the on2 gensitivity nf phntosynthesis is ver
another apprmach ta assess whether the reductinn in TR ounder
strezs is due t0o mesnphyll factnrs ny nnt. 05 sensitivity is

the response of "A’ to increased €0, concentrations  (saturated

COz). The data on  the €O, sensitivity presented in table
13, clearly suggest that A7 d4id not increase even when Ci was
saturated. Sunflower showed the Thighest reduction in  COy
sensitivity. The well watered sunflower plants showed a CO:z

sensitivity of @.793 that decreased to @.215. Though CO2

sensitivity  in cowpea decreased under stress, the reduction was
marginal. 1t decreased frowm ¢.574 in control to @.523 nndex

Ak v, - L e P T A T T MU G MU | 2lem yarnrdaid rodinck 2o L
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co2 sensitivity from @.389 in well watered plants to @&.277 under

moisture stress,

These data clearly indicate a damage to the mesophyll
factors. Further experiments were conducted to study a few

subcomponents of mesophyll under moisture stress condition.

Effect of moisture stress on Photorespiration (PR):

Photorespiration WAS determined by inhibiting the
oxygenation process by providing low oxygen (2%) in the gas
mixtures nsed for the measurement nf JAas exchange
characteristics

Well watered Sunflower plants showed a significant
increase of 3@#.31 percent in assimilation rate at 2% oxygen.

‘A’ increased from 20.¢8 pgwmoles.m—2.357' at 21% oxygen (ambient
air} to 28.81 wwmoles.wm—2.s-' at 2% oxygen. Interestingly on
the other hand, there was a very marginal increase in
assimilation rate at 2% 02 1In water stressed sunflower plants
(5.8%). The apparent photosynthesis (APB) was 12.76 73
moles.m—2.=3~! at 21% oxygen and TP3 increased only slightly to

13.55 gmoles.m~ 2.5~ at 2% oxygen (Table 143}.

Cowpea showed an increase nof 21.36 percent in "2’ under

control  condition. Azsimilation rate increazed from 14.61 u
moles.m=2.s-* at 21% oxygen to 18.58 u moles,m™2.3! at 2%
oxygen. The water stressed Cowpea plants showed an APS of 9.57
u molesz.m~.s-r at Z21¥%  oxyvgen. The total photosyntheszis (TPES}
at 2% oxygen, devoid of photorespiration, increased to 132.86 u



Sunflower

Control 20, 08 28,81 300, 31
Stress 12,76 13,55 S.Re

]
=
s
H
=
]
(U]
e
—
()

G
—
=
M rt
¢
O
—
—
"
ol
—
et et
) O
L
o 20
tad T
f—
[ )
]

s

= g e2
o 2. 2

Contrel
Stress

26,62 5.
1,75 7.

[wN]

[\
[ o]

[N

[N'e 2081
sl
~J W

CD (p=@.05) 7.3



e

01

moles.m™2.s5-! which constituted a 31.31 percent increa
suggesting a role of PR in the inhikition of photo- synthesis

under moisture stress conditions in cowpea (Table 14)

It is an established fact that the C4 plants 4o not have a

significant amount of PR. In accordance, Maize failed to show
any significant increase in assimilation rates at 2% oXygen

either in control (5.38%) or in the leaves experiencing moisture

stress (7.26%).
Total protein content

The total soluble protein content was estimated following
Lowry's method. The mean total protein content 0f the three

species 135 presented in table 15.

There was a significant reduction in the total solubkle

ies studied under moisture stress.

(@]

protein in all the three spe
Well watered Sunflower plants had 22.5 wmg of protein. g-* FW of
leaf. The protein content in Cowpea and Maize were

respectively, 19.38 mg.g~* FW and 23.75 wg.g~' FW. The

corresponding total soluble protein in sunflower, cowpea and

=

S

1]
3]

maize plants experiencing moistnre =t were 15,81 mg.g— ' FW,
l#.& mg.g-' FW and 12,13 mg.g-' FW, respectively. The reduction
in A’ under stress corresponded well with the vreduction in  the

total =oluble protein content,

The reduction in the total soluble protein seems to be the
major mesophyll factor responsible for the decline in the

assgsimilation rate of leaves experiencing moisture stress. To
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further clarify whether the efficiency of assimilation has also
decreased under stress, A" was expressed per unit soluble

protein. The data are presented in table 15.

The ratio of assimilation per wunit soluble protein
recorded a significant Jdifference between the species. Maize
recorded the maximum ratio of 4.82 u moles g—? proteip.s—1!
followed by sunflower with 4.11 u moles.g~-!' protein.z-' compared

to 3.63 u moles/g protein/s in cowpea. The variations in the

assimilation rate ketween these corop species cnrrelated well
with the ratio of assimilation per unit soluble protein. Thus
the low assimilation rate in cnwpea can ke attribnted to the

protein content of the leaf,

However, though assimilation rate expre

[

sed per unit

L

protein was altered under stress in sunflower and cowpea, the
changes were not statistically significant. The data clarified
that the reduction in "A’ wunder moisture stress was more due to
the reduction in the protein content per se vather than its
efficiency in sunflower ani cowpea. Onn the other hand, ‘A
decreased by 6@ percent in maize which could be attributed to
both reduction in protein content and its efficiency for carhon

assimilation. The "R’ per unit protein decreased to 3.42 u

moles.g-! protein (Takle 15).

A high reduction in the total soluble protein could also
mean a significant reduction in the most important enzyme
protein, namely, RuBisCO. In the absence of data regarding the

changes in the content of RuBisCO under moisture stress, an



attempt WAz made a0 asssss fhe AT O v F
15 T 18 s FEeTa gtk y fact oy tollowing gas
exchange methods,

Specificity factor of RuBisCo:

The enzyme Ribulonse 1-5, Fis phosphate Carboxylase/s

Oxygenase 15 a very essential protein that occupies a pivotal
position in photosynthesis, The enzyme content, its Aactivity

and activation state and the kinetic constants associated with

n‘[t

the enzyme catalysis are the most important characteristics that

determine the photosynthetic efficiency of crop plants. 3Since
the enzyme RuBisCO can catalyze a productive carboxylation of
RuBP and a wasteful nxygenation of the same  asubstrate, the

apparent net exchange nf 00z, therefnre Adepends on the relative

velocities of carhoxylation and oxyvgenatrion nt  RuRP., The ratiao

of  the Vnax km of carkhoxylase ani nxyaenase explains the net
carbon gained by plants, Thig ratin ig nften referred tn as the
‘Specificity factor’ of RuBiaCG. A  higher specificity tfactor

implies bketter carboxylation and vice-versa.

L gas exchange technique for the mwmeasurement of fthe

specificity factor as explained by Brooks and Farguhar (1985}
was adopted with certai modifications (See Materials aund

Methnd). The speciticity factor was calculated for Cowpea anid

Sunflower subjected to moisture atress, The data obtained are
presented in table 164 and  illustrated in Figz., 15 and 14.

There was a wmarked rveduction in the specificity factor of

Cnwpea

T

EuBisCo nnder atress, The specifinity fartnr showed 3



A (uMol.n™.s7")

154 2
m W 1300 umols.m™>.a"".
. - -1
m 1300 wmols.mte". ) 600 umols.m .8 .
10
. Q
“ ) w
] 7
4 -2 -1
5] 600 umols.m™ .8 . .._.m -1 200 umols.m™.s
3 °
] =
] 2z
om 200 umols.m™.s7! < M
L
: -uw
] 3
Im _maﬂj——_\ﬁﬂj—_.u—— TYT1T 11 v 1171 «4-—‘_‘~—xj l*_.,«—___‘_———\ TTT v vyrorrrr TTr oI i1 7171 LI B O A
0 50 100 150 200 0 40 S 120
Ci (ppm) Ci (ppm)

Fig.15: Initial slope of the 0
(]

1al ponse curve to compute the
specificity factor in eqa



A (umol.a s ")

81 a. Control
6 - . -2 -1
\\ 1300 umols.m .s .
hP‘
\ 600 umols.m™.s7",

T
@

2 - ¥
=
E

0 200 umols.m™.8™ m
<

-2

/
y
4 {
- S W T T T T T i
0 o 40 80 120 180
Ci (ppm)
Fig.l16: Initial

<
|

|
V]
]

4

b.

Stress

umol

slope of the CO, response curve tn

| 40 \_ 80 _
Ci (ppm)

compute  the

specificity factor of RuBisCO in sunflower.



ress on the specificity
cowpea and sunflower

Control Stress

Takle 16: Bffect of moisture st
factor of BuBisCO in o

Sunflower 86,39 84.25
Cowpea 119. 00 66,00
Ch (p=0.85) 12.1 135, 6

Interaction 17.2



value of 11¢ in control plants that decreased to 66 in plants

experiencing moisture stress. On the contrary, there was no
zignificant reduction in the specificity factor in Sunflower
RuBisCO under moisture stress, The specificity factor for

Sunflower under control was 86.39 that decreased only to 84,25

under stress indicating either a proportionate change in
Carboxylase and Oxygenase activities or neo change at all under
stress.

From the data generated in this experiment, the following

important inferences can be drawn.

1. The reduction in assimilation rate under moisture
stress is predominantly due to a reduced mesophyll
conductance as evidenced by a decrease in dA/4Ci.

2. Reduction in total protein content seems to be an
important mesophyll factor determining A’ in stress.
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DISCUSSION

Significant increase in grain

attributed mainly to optimization of

1987), maximizing 1light

architecture (Nelson 1988)

nf crop plants (Austin et al,

that a plateau has already

most of the crops,

improvements in canopy

enhancing the unit leaf area

considerable degree

gingle leaf photosynthetic rates

and Hobbe, 1981; Hobbs and Mohan,

Shankar et al., 199¢; Nanjareddy,

improving photosynthesis has not been

Owing to the complex multigenic

convent ional bhreeding for high phnto-

interception
and enhancing
198a2) .
teen achieved
especially in cereals.
photosynthesis
photosynthetic
of species and genotypic variation exists
(Fischer et

1985,

yield in recent years is

agronomic inputs (Gifford,

by optimising canopy

partitioning efficiency

It has been recognized

in these aspects in

Therefore, further

is possible only by

rates. Though

in

al., 1981; Mohan

Austin et. al 1986,

1992), progress made in

rapid and encouraging.

control of photosynthesis,

synthetic rate has not met

with greater success. In recent years, research effort is being
concentrated on evalnating various sub components that regulate
or limit photosynthetic rates. If a few important limiting
factors are identified, incorporation of these factors to
enhance assimilation rates by either conventional breeding
technique or through molecular biological techniques would
enable us for a gquicker and assured success in improving
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Though essentially a bicchemical process, photosynthesis
can bhe regarded as a diffusive process alasoc (Kriedman & Downton,
1981). The movement of COz from the air into the carboxylation
site and its assimilation experience a number of diffusive
resistances that are broadly classified wunder stomatal and
non-stomatal factors. The non-ztomatal or mesophyll factors,
though a highly complex phenomenon, determine the diffusive
gradient for (02 transfer. Once COz i35 made available at the
carboxylating site, further fixation requires, elrctron
transport, RuBisCO, Calvin cycle enzymes, end product synthesis

and its export.

There is considerable variation between the potential A’

when COz is made available at the carboxylating site and the "A’

often realized at ambient CO5. Assessment of potential A7
{Amax) and apparent photosynthesis will give some lead to
identify the important limitations imposed tor achieving

potential “A’,

Therefore, one  of the objectives of the present

investigation was to asse

O]

3  Amax and apparent photosynthesis, in

sunflower and maize plants.

Anax and APS in Sunflower & Maize

To assess the potential of the chloroplast to fix C0O2, an
experiment was conducted to quantify the Aga. Of Sunflower and

Maize plants.

A’ at satnrated 0, was  significantly  high  in  hoth
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species. The increase in "A’ from ambient U0z to saturated €O,
was very high in Sunflower, compared to Maize. Increase in ‘A’
was 91 percent in sunflower and in Maize it was 37 percent
{Table 1). This clearly inferred that the chloroplasts have

very high ability to fix carbon if substrate COz i not

Li

limiting. Although the €4 plants have evolved an efficient CO,
concentrating mechanism 1in the Bundle sheath cells,
photosynthesis positively responded to the increase in substrate

L0, levels,

Any increase in the substrate levels in the mesophyll cells
will increase carboxylation apart from significantly decreasing
the oxygenase limitation. Therefore, the CO> diffusive
processes assume grater importance under ambient €Oz levels. In
a recent stuly, Bhivashankara, (1992), based on light response
curves in sunflower and cowpea, concluded  that the primavy
limitation to "A' cowmes from 0z diffusive characteristics and

photorespiratory limitations.

However at a given COz level, the rate of carboxylation

efficiency further depends on the mesophyll characteristics
egpecially the factors associated with RuBisCO and also other
mesophyll traits 1like ATP and NADPH generation. In this

context, it is essential initially, at a given COz level, to
quantify the extent of limitation imposed by COz2 4diffusive

processes and the intrinsic mesophyll factors.

one of the major objectives of the present investigation

was to develop a new approach to guantify the relative stomatal



and wesophyll limitations of "3 under both non stress and

abiotic stress conditions.

Partitioning the stomatal and mesophyll limitations of ‘A’

With the intention of partitioning the limitations imposed
on ‘A’ many approaches have been developed and standardized in
the recent past. Most of the approaches developed have been

based on the following twe methods.

1. Resistance analysis

2. Path dependent or sensitivity analysis

Resistance analysis was originally proposed by Gaastra in
1959, which was bkased on the assumption that photosynthetic
response to COz would increase in a linear fashion. Recently

Farguhar and Sharkey (1882) slightly modified the assumption and

pointed out the possibility of an over estimation of stomatal
limitation by linear resistance analysis. Instead of the
originally proposed linear resistance analysis by Gaastra,

(1959). Farguhar and Sharkey (1982) proponsed that at infinite
stomatal conductance, theoretically Ca and Ci would eguilibrate.
The Assimilation rate measured at Ci = 33¢ ppm would therefore
represent an "A’ that is not limited by stomatal factors. This
method has been widely used for quantifying stomatal limitation

only.

More recently, Prioul et al., (1984), and Jones (1985)
developed a path dependent method to guantify the stomatal and

mesophyll limitations of photosynthesis. The path of decline in



photosynthesis due to an environmental variable can be
guantified using this method. The sensitivity of either stomata
or mesophyll to the changing environmental variables s
considered in this methodology. The reduction in ‘A’ of control
leaf to a lower value under stress could ke due to the reduction
in A’ first due to stomata and then to the reduction in
mesophyll. This method is also used when the "A’ is assumed to

be reduced first due to a reduction in mesophyl!l followed by the

reduction in stomatal conductance (Fig.l7). Assmann (1988) gave
a detailed evaluation of these methods. The path dependent
method of quantifying limitations to A’ is based on the
sensitivity analysis. If assimilation can be described as a

function of variocus parameters such as

A" = f(g,H, T........ 1,
then, the sensitivity of A’ to any one of the variables can he
obtained by finding out the rate of «change in ‘A’ per unit

change in that variable when other variables are held constant.
In other words, the sensitivity can be described as a partial

derivative with respect to that wvariable.

Though this procedure can be adopted for gquantifying

stomatal and mesophyll limitations of photosynthesis, the method

is useful ounly to explain a reduction in ‘A’ due to an
environmental variable. But it is not possible to apportion the
limitation of photosynthesis of an observed ‘A’ under a given
condition. For instance, it is nnt possihle to quantify the

relative stomatal and mesophyll limitations of A" of an
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The path dependent method can describe only the relative

stomatal and mesophyll limitations of a stress induced decline
in "A'. The resistance analysis can quantify only the stomatal
limitations. However it is essential to guantify bcoth stomatal

and mesophyll limitations for a given situation even under non
stress condition. In view of this, a new method was developed
to quantify the relative stomatal and mesophyll limitations

based on the linear resistance technigues.

Quantification of mesophyll limitation - A new approach

The stomatal limitaticor was computed both under non stress
and abintic stress conditions as explained by Farquhar ani
Sharkey (1982}, Based on the assumption of the linear

resistance analysis, the response nf A’ to Ci is maximum at low

internal COz concentrations. Thus, it is assumed that the
carboxylation response to  increasing C0z concentration is
maximum at the initial region. This 1initial response of the C0;

responcse curve (dA/3Ci) is often considered as the carboxylation
efficiency or sometimes as the mesophyll conductance. This
linear response becomes curvilinear and asymptotic with further
increase in Ci beyond that of the ambient level. This
plateaning of the response has been attributed to the lack of an
equal capacity for RuBP regeneration and therefnre the mesnphyl)
inability to utiligze €0, {(Caemmerer and Farguhar. 198!; Farguhar

and Sharkey, 1982).
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In the wethod proposed for gquantifying mesophyll
limitation, it is assumed that if mesophyll]l factors were not to
limit "R’ then the initial linear region of the CO; response
curve would not have become curvilinear. Hence an
extrapolation of this linear vtregion will represent a A- Ci

relation that is expected when mesophyll factors do not limit

A, At operating Ci if observed "A" is less than the
extrapclated point based on the initial slope of the C2
response curve, suggests that mescophyll factors limit TA’. At
operating Ci, if mesophyll factors were not limiting, the

+

By

assimilation rate should have been at the same point as  on the

oI

extrapolated line (point Ag in Fig. In cases where ohserved

A7 iz les

iy}
i
0]

than Ag it 1

]

aszumed that mesophyll factors limit
AT, The relative mesophyll  limitations are guantified as

follows,

Lo (%) = ===ooe X 1ag

This method sufficiently explainz the limitations offered
by stomatal and mesophyll factors on A’ at a given condition.
This method can be conveniently used for computing limitations

Df stressed and unstressed plants.

Quantification of mesophyll limitations under stress

I+ has been shown that the stress induced reduction in "A'

is primarily dne to a vreduction in the mesophyll ronductances,

T

Thus uniler any abiotic stress copdition the - jpitial slope of the

02 response curve significantly Aecreases rveznlting in the



inhibition of photeosynthesis. Therefore it was assumed that the
reduction in A’ under stress was due to a reduction in  the
mesophyll conductance as evidenced by a decrease in the initial
slope of the €0z response curve. This reduction in dA/74CiI would
therefore correspond to the increasing mesophyll limitation.
Hence, for the computation of the mesophyll limitation of "3’
under abhiotic stresses, the limear initial slope of the

unstressed leaf was considered,

The observed assimilation rate (A’) wunder stress is a
result of both stomatal and mesophyll limitations operating at
ambient CO: levels. Based aon the assumption made in this
approach, if mesophyll limitations were nnot nperating, the

assimilation rate of the stressed leaf should have been on the

extrapolated line {(the point Ag in Fig. 2). Hence it is argued
that the observed reduction in assimilation rate under stress
from a possible Ag Lo R’ is a vresult of the mesophyll
limitations. Thus the mesophyll limitation of "A’ under stress

can be computed from the following formula.

lm (%) stress = —————m—— X 1¢o

Quantification of relative limitation of ‘A’ under non stress
condition in a few Cs and C4 species

To Asgsess the gas exchange parameters in relation to  their
potential, and to quantify the relative stomatal and mesophyll
limitations of "A’, an experiment was conducted with a few 3

and C4 species.
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There was a significant variation in "2’ and gs between the
crop plants tested (Takle 2). Computstion of Amax in these
crops further indicated that in both (s and Ca plantz  the

chloroplasts have higher capacity for carbkon assimilation.

Ba

]

ed on the COz response curve, the relative sztomatal and
mesophyll limitations were guantified 1in these £z and C4 plant

{Table 3.

In all the species studied, stomata seemed to impart highest
limitation to A’ under wel) watered conditions. 0f the total
limitations, stomatal factors shared the thighest contribution in
limiting "A’. In all the plant species except cowpea, stomata

contributed over 66% to the total lTimitation of photosynthesis,

Stomata have been clearly shown to limit A" under well
watered condition by several workers (Jones, 1986; Perumal et
al., 1989; James Jacob, 1988; Xu & Xu, 1989; Ephrat et. al 199¢;

James & Lawlor, 1991; Heitholt 1991).

Both among Csz and C, species the plant that had a high ga
showed higher "A’ (Table 2). Such a positive relationship
between A’ and g, has been reported by many workers (Wong et
al., 1979). Though such a positive relationship between "A’ and
Ja WAas noticed, =till ztomatal limitation was more  than the
relative mesophytll Timitation even in plants with highetr gs.
For instance, sunflower that recorded the highest ge of 729
mmole, had a high stomatal limitation compared to its relative

mesophyll limitation.
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Since in all the species ohkserved "A’ was much less than Ag
it infers that mesophyll factor also limit "A’., This was further
confirmed by the fact that the calculated in vivo carboxylation

efficiency based on the initial =slope of the 0z response curves

shows significant positive correlation with observed
assimilation rates (R2 = @,.8). Therefore, though the la (%) was

high in all the crop plants, mesophyl]l also had a significant

control over A7 at ambient C0O2.

Effect of partial defoliation on gas exchange character

Bince stomatal factors imposed the maximum limitations on
"K', an attempt was made to enhance g, and study A’ in a2 few
crop plants, The root to  shoot ratio was  enhanced by partial
defoliation to increass the gg in pot grown =zunflower, soybkean

and sorghum.

Stomatal conductance increased significantly in all
defoliated plantes within 4 hrs. of treatment and was persistent
even after 24 hrs. (Table 4). This increase in gg tresulted in a

concomitant increase in ‘A’ as well in sorghum and soybean but

not in sunflower. Sunflower that intrinsically had higher gg
compared to the other two crop species, although the stomatal
conductance increased significantly, there was nn innrease in
‘A’

The results clearly indicate that increase in gg 2nd thus
minimizing 1s{(¥%) or C(00p diffusive limitation substantially

increased "A’ in soybean and sorghum. However, it is not clear



and no explanaticn can he offered why "3’ 1id not increase in
sunflower with increase in 9a.

0

The CoO2 response curves developed in these species
indicated that both the initial slope and the Agpaex 1ncreased in
soybean and sorghum. The increase in  "A’ at saturated Ci is a
clear indication of the involvement of a mesophyll factor due to
defoliation. If only stomata were responsible for controlling

A7, it wouldl not have increased at saturated €1 in defoliated

plants. On the other hand the increase in the initial slope of

U]

the (C0Ga re

ponse curve {3FA73C1), further trriterates the

L

possibility of an increase in the mesophyll condnctance  (ipn vivo
carboxylation efficiency) when plants were subjected to partial

defoliation.

3uch increase in A" by defoliation was also observed by
Wareing et al. (1968); Neals et al., (1971); Thorne and Koller,
{1974); Peat and Kramer, (1981). More recently Caemmerer Aand
Farguhar, (1984) okzerved apn increase in dA/4C1  and  CO;
saturated A’ when Phaseolus plants were defoliated. Since
AA/401 correlated well with carboxylase activity, they conclinded
that defoliaticn enhanced carboxylation efficiency. BEarlier
working with the same plant material, Jenkins and Wonlhnuse,
(1981} had demonstrated an increase in in  vitro electron
transport rate in primary Jeaves after defnliation. They
suggested that the increase in electron tiransport rate was most
likely the consequence of an increase in the amounts of

intermediate carriers of the electron transport chain. They



also opined that the electron transport capacity to regenerate

RuBP changes almost proportionally with RuBisCO.

In the present investigation alsoc soybean and sorghum
recorded increases in BAmax and 4A/4Ci. However, it is necessary
to probe into the factors responsible for such increases in

mesophyll factors within such a short period.

These set of nhservations nlearly indicate the possibility

of further improving the nbserved assimilation r

Q_:

tes by
enhancing the subhstrate level at a given amhient S
concentration by enhancing the Adiffusive conductance of €O
transfer. Yet another factor that could be attempted to improve
the azzimilation rates at ambkient €02 1ig to enhance the in vivo
carboxylation efficiency of the plants. The in _vivo
carboxylation efficiency showed a significant relationship (r =
@.9) with A’ in well watered plants (Fig. 18). This suggested
that the mesophyll factors also have a considerable control over
assimilation rate, Enthancing A’ wvia an imptrovement in the
mesophyll factor would, therefore, prove more beneficial under
limited water conditions as it can help in cnnserving moisture
in the plants and result in a more efficient use of water for
dry matter production.
Gas exchange parameters and relative limitations of ‘A’ under
different abiotic stresses

Despite the fact that photosynthesis 1is controlled to a
significant extent bky the genetic make up «f the plants, the

genotype and environment interaction complicates the phenotypic
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crops under non stress condition.



expression of photosynthesis. The gene expression and intrinsic
regulation of photosynthesis is modulated to a large extent by
the environmental factors. The existing environmental factors

such as moisture in so0il and leaf, light intensity, temperature

and humidity of air and nutrient status of the soil are a few of
the important environmental variables determining assimilation
rates.

A& large hody of literature has clearly establisheqd the
close coupling of the environmental variables with
photozynthesis, Tt bhas also been shown that under any stress

environment, ‘A’ significantly decreases,

The stress associated reduction in A’ has been shown to
be mediated through their effects either on the stomatal
diffusive charactevistics or on the chloroplast metabolism

(Kaiser, 1987; Chaves, 1991; Jacob and Lawlor, 1991; Gimenez, et
al., 1992). Though not unequivocally accepted, there are strong
argument s supporting the fact that the stress induced reduction
in A’ is Adue to mesophyll factors more so than the stomatal

factors.

Stress induced reduction in assimilation rates  have been

amply attributed to a reduction in the mesophyll capacity for
carbon assimilation. Mesophyll limitations have been shown to
be responsible for the reduction in photosynthesis under
moisture stress {(Johnson et al., 1987; FKaiser, 1987; Chaves,
1991; Gimenez et al., 1992y, deficient nitrogen or phosphate

supply (Lawlor et al., 1989; Heitholt et al., 1991; Jacob and



Lawlor, 1991; 1992). Low light stress has also been shown to

reduce A’ through a reduction in the mesophyl factors.

However, There ig no qunantitative data in the literature to
prove  that the mesophyll factors are getting affected under
stress  since there are no approaches to guantify mesophyll

Jimitation under abiotic stres:

i
a1
n

Yet another important ohjentive nf the present
investigation, therefare, wdas guantification of relative
stomatal  4and wmesophyll limitations in plants subjected to
dJifferent abiotic stresses. Pot grown sunflower, sorghum and
cowpeda  plants were  subjected to moisture  stress, low light
streszs  and nitrogen deficient condition and gas exchange
parameters were measured from which the limitations were

computed.

Tn the present investigation data were generated to prove
that the major limitation to "A’ abiotic stresses was due to the
influence wesophyll factors. The following gas exchange
associated parameters prove the point that the mesophyll factors

were affected,

1. Increase in Ci
2. Decrease in dA/3C1
3. Reduction in Amax

4, Ouantification of limitaticns {(1la and 1ia.)



1. Increase in Ci

Both "A’ and g decreaszed significantly under ail abiotic
stresses imposed (Tables 5, 7 and 9). Though the assimilation
to unit stomatal conductance increased under moderate stress,
the ratio tended to dectrease when plants were  subjected to
severe stress conditions. The ralculated inter cellular 02
concentration (Ci) increased with the intensity of stress
(Takles 5, 7 and 9). BAn increase in Ci is possible when "A’
decreases faster than the stomatal conductance. An increased Ci
implies a lack of utilization of substrate C0O; even when it is

provided at the carboxylation site. Such an increase in Ci

under stress indicates a po

w
(@]

ible 3damage to the mescphyll
factors rendering it inefficient in utilizing the available

substrate CO,.

2. Decrease in dA/4Ci

002 response curves were  developed in the plants
experiencing abiotic streszsses. The initial slope nf these Mo
response  Curves {4A/4Ci) was considered as the in vivo

carboxylation efficiency. A significant linear relationship was
seen between observed assimilation rate and AA/4AC1I under non
stress condition and thus it was asserted that dA/4CiI requlated
the variation in "2’ (Fig. 18). The relationship ketween 3dA /401

and A’ was also examined in sStressed leaves.

The initial =lope of the COz responss curve {dA/4C15

progressively decreased with increase in the intensity of stress



(Fige. 8 to 13). When the relationship between ohizerved
assimilation rate and AA/dCi was plotted (Fig. 186), it revealed
a pnsitive interaction (r = @.62) =suggesting that the in vivn

carboxylation efficiency determines A’ even under stress.

3. Reduction in Apnax

Yet ancther parameter often considered to assess the effect
of stress on mesophyll factors is to gquantify the Amasx at
saturated subkstrate levels. Le=zz increase in "A’ at saturated
C0z implies a reduced capacity of the chloroplast to fix CO,
thus resulting in a lowered Apax. It was evident from the CO,
response curves that the assimilation rates 414 not increase to
larger extends under stress. The Amnax recorded at saturated Ci
progrescsively Aecreased with the intensity of the abiotic stress
(Fig=s., 8 to 132). The reduntion in Amasx and the lowered initial
slope of the CGz response curves clearly suggested a possible

damage to the mesophyll factors nf photosynthesis.

Quantification of limitations

2ince the earlier experiments showed an indication of 3
reducticon in mesophyll ability for carbon assimilation, an
attempt was made to quantify the relative stomatal and mesophyll
limitation of A’ wunder abiotic stresses. As explained in the
material and methedz, (02 response curves were adopted for the
gquantification of limitations. Quantification of the velative
limitations of "A’ revealed an increase in the wmesophyl!

timitations of photosynthesis Az the atress progressed, This
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Fig.18: Relatioship between ‘A’ and dA/4Ci in a few
crops under abiotic stress condition.



type of increase in the mesophyll limitations of "A’ was nnticed
under all the abiotic stresses studied (Table 6, 8 and 1),
Stomatal limitation was the major factor in the total limitation
of A’ under non stress condition in all the species. For
instance in sunflower stomatal limitation constituted 65 percent
of total limitation under non stress condition. Where as itsg
contribution progressively decreased with increase in the
intensity of moisture stress to a very low wvalue of 8 per cent
when severe stress was imposed. On the other hand, mesophyll
limitation progressively increased to 92 per cent 1in the same
plants (Table 17). Such a trend was noticed in sorghum and
cowpea also. As the intensity of the abiotic stress increased,
the limitations of photosynthesis shifted significantly towards
mesophyll factors., These experiments clearly demonstrated that
the predominant limitations to photosynthesis were impased hy
the mesophyll factors when plants experience abiotic stress

conditions.

Patchy stomata - An objection to mesophyll limitations

Although several workers have reported an increase 1in
mesophyll limitations of "A’ under abiotic stresses based on gas
exchange measurements, such conclusions are being suspected
owing to the discovery of a heterogeneous stomatal closure on

the leaf surface in plants subjected to moisture stress,

Owing to this ‘“patchiness’ nf stomatal alosuare, the
validity of stress induced inhibition of photaosynthesis by

mesophyll factors have bheen guestioned by smme recent studies by
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Sharkey and Seeman, {1989) and an initial report hy Downton et

al. (19885, Sharkey and Reeman, (1989} reparted that, in bean

plants subjectel tno water deficits, Theterogenmms { "patchy’ )
stomatal closare  was  evident . Only patches  of the leaves on
water strozaed plants were photosynthetically active, 3ing

autoradiography analysiz  of 2400, f2d leaves, they deduced that
stomata in portions  of these leaves were olosed and 3t these
patches the internal C0; was thought te be at compensation  point
and TR was  ozZero, The  study by Downton 2t al., 1988,
Ylemonstrated that the patchy 400, uptake under meisture stress
is due to the  Theterngenous stomatal closure  and not to the

Jifferences in the effect of water sntertials on different areas
E

af the leaf, Tetazhima et al., 119883 explained that patchy
stomatal closure affects the M0, response rarves generated from
area-hasel  stomatal conduct ance measurement s, Thus  the

calenlated  parametevrs  from such  a C0z rezponse  curve wonld he

invalid,

Recently, Gunasekara and Berkowitz, £1992) subjected
spirach, wheat and bean plants to different regimes nf water
stress, Based won their comparison of the antoradigraphs of
1400, fed leaf laminae of the stressed and well watered plants,
concluded that the water stress induced patchy stomatal closure
was not found to be a general response. Not all stress regimes

indurced patchiness, mnor will all plants Aemonstrate  this

=
T
4]
e
9]
4]
D

to water stress,



Mare over the oocurrence of patchy  stomaral olosure has
only been demonstrated on a microscopic scale, and it has been
shown to be a random phenomenon (Downton et al., 1988

Mansfield, 199%9@).

When large areaszs of a leaf {(more than 2 cm?) are used for
gas exchange measurements, the apparent photosynthetic rates ani
stomatal conductance represent average values over that area.
Thus avoiding the possibility of an error compconent creeping
into the analysis of A-Ci relationship. The occurrence of
patchy stomatal closure has been reported only in moisture

ince identical inferences in terms of a

P]

stressed leaves. !

o

larger mwesophyll limitation were drawn under other stress

0
]

-~
b

also, it can be conclnded that stomatal closure in patches dn
not hamper the inferences Arawn from gas exchange analysis.
However more Adetailed evaluations of the ocecurrence of patchy

stomata and its significance has to be more clearly understood.

Loop Gain analysis

In the present investigation it was noticed that the
stomatal conductance decreased significantly under stress.
However, the stomatal limitations 4id4 not show any significant
variation. The reduction in  assimilation rate under moisture

tress was predominantly attributed to a large increase ip the

[}
W]

mesophyl]) limitation of "a7. Similar results where mesaphyll
limitations were mainly responsible for the stress  induced
reduction in ‘A’ was alsn reported by Jacenh, (1888); Tacob and

Lawlov, (1961). These observations clearly indicated that  the



ztomatal  conductances were  in oA feed back contronl by mesophyll

- L

factors.

The stomatal wovement has bheen rclearly shown +n  be

regulated by the inter cellular CO; concentration (Mott, 1988),

The contral of stomatal movement by the inter cellnlar €0,
concentration is an attractive hypothesis to efficiently

regulate transpirational los of water, especially nander

o

moisture stress conditionsz.

To evaluate the feed hkack control of 92 by Jm, a4 loop gain
analysis originally proposed by Farquhar et al., (198¢7) was
adcopted. The data generated on €0 response curves at different

abiotic stresses were used for this analysis.

The data presented in tabhle 11 clearly indicate that the
stomatal 1oop gain (Gg} was higher than the assimilatiaon loaop
gain {Ga) in all the stress levels. However, significant

increase in stomatal lcoop gain was observed wunder moisture

stress. A higher stomatal loop gain indicated that stomata
WeT e more strongly coupled with the changes in A’ and 1 than
the coupling of assimilation rate with changes in g9s and Ci.

This type of a Joop gain analysis clearly established that the

stomata were under  a feed back control by mesophyll factors,
Therefore, it i1s acceptable that though stomatal conduct anoe

Aecrrased to a3 grearer extent than the  reduction in assiailation

rate, the stomatal limitatiaon of photosynthesis 4id pot record

any sigoificant increase  under moistnure stres

03]



Effect of increased gs on “A’

To evaluate and apportion the reasons for the reduction in
assimilation rates between stomatal and mesophyll factors, an
attempt was made to enhance the stomatal conductance by altering
the Vapour Pressure Deficit (VPD) in moisture stressed sunflower

plants (Fig.14)

By this approach stomatal conductance was increased from a

very low wvalue to a value as high as that recorded in well
watered plants, It was noticed that there was nn concomitant
increase in A’ with increase in gas. This clearly suggested

that stomatal factors were less responsible for a stress induced
reduction assimilation vate., The lack of increase in "A’ when
more substrate C0Oz was provided tao the mescphyll cells suggested
that the wmesophyll wmetaholism was not capable of utilizing this
extra substrate. This clearly suggest a3  damage to  the
functional efficiency of the system. Such a lack of increase in
A’ when gs was enhanced further supports the earlier finding
that predominant limitations to assimilation comes from

mesophyll factors under moisture stress.

From various experiments conducted with plant species
subjected to Aifferent abiotic stresses, the following

inferences could he Arawn.

1. Under any abiotic stress, both assimilation rate and
stomat al conductance decreased,

2. in vivo carboxylation efficiency as wmeasured by the initial



R

slope of the Q0 response curve (JA/AC1Y  showed 34
significant reduction under stress,

3. With increase in the stress level, the stomatal limitation
temained nnchanged wheres as the mesophyll limitation
substantially increased indicating a damage to the
mesophyll metabkolic processes,

4. The stomatal limitation 4id not significantly change
despite a larger veduction in stomatal conductance.

5. The larger reduction in gs compared to the reduction in Ym
(AR/740C{1) suggested that the stomata were in a feed hack
control from mesophyll. This fact bhecame more evident from
the Loop Gain analysis.

6. It is therefore confirmed that the stomata may not  offer
any limitation under abintic stresses, suggesting that the
role of stomata is mainly to control the rate of water
loss.

Effects of moisture stress on various mesophyll components of
photosynthesis

The predominant limitation to photosynthesis came from the
mesophyl]l factors as evidenced by a significant increase in
relative mescophyll limitation wnder all the abiotic stresses

studied.

Though initially ge may pose a limitation, pProgressive
strezz  haz olearly been shown tn reduce azsimilation rates hy
altering the mezophyl!l akility te fix €0z, The damage to the

overall process of photosynthesis can he wmediated through an
inhibitinn cansed either to reactions  associated  with fthe

thylakoid membranes or to the biochemical reactions that ococur

At



in the stroma {(Kaisetr, 1987). Controversies persist vegarding
the importance of these two factors under moisture stress

ronditions.

One  group of workers favoring the effects on stromal

bicchemistry as the primary target of inhibition of "A’ undery

moisture  stress have emphasized the reduction in total
carboxylase activity, v et al., (1987); Vu and Yelenski,
(1988); Speer et al., £1988) showed a reduction in the amount
and  activation state of RuBisfo, Redurt imn in the enoyme
activity was shown *o he Inue  ta the acilification of stroma

(Berkowitz, 1983; Perkowitz and  Gibbsa, 19873,

Anothey group nf workers have  shown 3  simultanecus
inhikiticon of photochemical  teactions under wmoistnre stress.

Ben et al., T1987Y; PBjorkman and Powells, {19

(e}
F=N

and  more

recently, Quick &t al., (199@) suggested that water stress
predisposed the plants for photeo-inhibition.
Phiot ophaspharylation has  been shown to be more susceptible to

woigture stress than electron transport rates,  Thus a  reduction

in ATP synthesis «<an result in  a significant reduction ip "A7

(Caemerer, 1881, Sharkey and Radger, 1982, Forseth and
Ehleringer, 1983 and Lopez et al., 1987). Althaugh there are 4
few reports indicating the ryeductinon in electron transport rate,
recent report s using more sophigticated technigues of
chlorophyll fluorescence prove  that electron  transport i

relatively resistant to  stress (Schriber and Bilger, 12871},

With an obiective to  as
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relative mesophyll limitation, several mesophyll
factors 1like (02 sensitivity, photorespiration, specificity
factor and soluble protein were examined in plants subjected to

moisture stress.

The observed reduction in the in vivo carhoxylation
efficiency (4dA/4Ci) in our experiments could have bheen due to a
reduction in either photochemical reactions orv hiochemical
reactions of the stroma. However,in this study, a few aspects

associated with RuBisC0 were examined.

CO> sensitivity

The lack of increase in A’ at saturated Ci, wmeasured as
the C(CO, sensitivity (Table 13) decreased =significantly under
moisture stress in all the species studied. Such reductions in
CO2 sensitivity of photosynthesis signify a reduction in either
photochemical or other biochemical reactions. However, the lack
of increase in Apax implies a reduced capacity to regenerate
RuB?P either due to a reduced capacity of the photochemical
reactions to synthesize ATP and NADPH (Caemerer and Fargquhar,

1981; Farguhar and Sharkey, 1982).

Although insensitivity of photosynthesis to decreased
oxygen concentrations have been considered as an  indication of
the occurrence of end product inhibition on photosynthesis, lack
of COz sensitivity of assimilation can also serve the purpose to
a certain extent. Therefore, the reduction 1in assimilation

rates under moisture stress c¢ould also be Adue to coupled
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regeneration limitation (James Jacob, perscnal communication).

Photorespiration

Changes azsonciated with the specificity factor leading tn

an increased oxygenation could also be an  important reason for
the rednction in "A’ uwler mnisture afressz, To evamine this
aspect, photorespiration was estimated  in moisture 3stressed

amflower, cowpea and  maize.

The data generated on PR in the present investigation

revealed a contrasting  behavior in sunflower andl  cowpea

experiencing moisture stress (Tabhle 14). When cowpea showed an

increase in the contribution of PR to the total photosynthesis,
in sunflawsr, there was a significant reduction in PR nunder

stress. Though sunflower had a significantly high PR in contiol

(3¢ per ceunt, table 14), it decreased to 5.8 per cent under
stress. Where as, in cowpea, PR increased from 21 per cent in

control to 31 pey  cent under moisture stress,

Sunflower plants alsn exhibited a larger reduction in 00

sensitivity uwnder stress compared to cowpea or  maize.  Thus it

'

13 possible that the factors suppoerting carbon assimilation in
sunflower at the given water status might have been damaged to a
larger extent. Photosynthesis Aoes nnt respond to decvreased
concentrations of oxygen when RuBisCO experiences 3 feed back

control from  lack of Fi recycling. Therefore it would unot be

)

erroneous ta consider that photosynthesis in sunf lower



experienced a strong feed back limitation compared to cowpea

{James Jacob, personal communication)

RuBBisCO characteristics

The other impnrtant factor that influence the reduction in
the in vive carboxylation efficiency are those parameters

assonciated with BnuBisCO.  The ohserved rchanges in the properties

of RubBisCo in leaves of slowly stressed plants  of different
species  inclule the activation state, total artivity, enzyne

content and the kinetic constants of catalysis (Vu et al., 1987;

Apeer et al., 1988; Vu and Yelenski, 1988),.

Specificity factor of RuBisCO

Thecretically a knowledge of the kinetic constants like Kn
and Vpax of carboxylase and oxygenase activities sufficiently

define the rates of carbowylation and oxygenation at a given C03

and 02 conhcentrations, A ratino of these Lkinetic constants of

carboxylase and oxygenase i3 teferved to as the specificity
factor. At a given RuBisCO content and its  activation state,
carboxylation that largely Aetermines A At A given
concentration of CO; and Oz, is controlled hy the specificity

tactor.

Based on a gas exchange technique proposed by Brooks and
Farquhar, {1985), the ratio of the kinetic constants Wwas
determined iu the intact leaves of stressed and well wateyed

sunflower and cowpea. The data presented in table 16 indicated

a significant reduction in specificity factor of cowpea RuBisCO,



But neo significant changes were noticed in the

D
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sunflower leaves,

However, cowpea that recorded a larger increase in PR also

]

showed a significant reduction in specificity factor. This
might have beepn e to a larger variation of kinetic ronstants

of oxygenase under stress in this species.  But nn satisfactory
explanaticn can be offered for  the  lack of  any remarkabhle

reduction in the specificity factor of PuBisCO in sunflower.
Total soluble protein content

Total soluble leaf protein content recorded significant
reduction under stress  in all the three species  {(table 15),
This redustion in the total soluble protein correlated well with
the reduction in the assimilation rates of these «crop species.
The ratio of assimilation to unit soluble protein was estimated
with an inteption tio ass

s the efficienc

T

of  assimilation

el

!

{Table 19). The vatio of °

T

per unit protein failed to record
any significant change in sunflower  and cowpea, However, the

vatio significantly decreasel in maize under moisture stress,

The larger yeduction in total soluble protein and a g oo
assopciation  between protein caontent and  assimilation rate
suggest that the reduction in "A’ under stress could have beep

primarily dne to o relduction in total soluble protein content of

Since the apecificity factor alsoc decreased under stress

in  cowpea along with 3 significant reduction  in the protein



content, one must expect a much larger reduction in A/P ratio.
However, the stress induced «c¢hanges in the PERuBisCG content anid

further the proportion of RuBisCO of th

[g]

total solukle protein
is less understood. In the ahsence of proper data on RuBiscCOo

content and its Aactivation state, it wonld be Aifficnlt to Araw

any inferences regarding the role of "B’ per unit protein ip
stressed leaves, Nevertheless, it ran he concluded that the

reduction in assimilation rate under stress in all th

T

species
atudied could be primarily due to a large reduction in the tntal

leaf soluble proteinr content.

Conclusions

The following major conclusions can be made from  the

various experiments conducted in the present investigation.

1. The chlovroplasts have very high potentials for carbon
assimilation

(]

Availability of substrate 0, and photnrespiratinn  seem tn he

the major limitatinns of A under non  streszs conditions.

3. Quntificatinn nf limitations hased mm the CO, 1eaponse murves
- an improvised method over the existing ones- suggested 3
larger stomatal limitation of "A7 ander well watered
conlitions.

4. However, mesophyll factors also seem to regulate the
variation in "A’ among species or genotypes as evidenced by a
significantly positive correlation between obhserved
assimilation rates and the calculated in vive carboxylation
efficiency kased on the COz response curves (dAS4C1).

5. But under any abiotic stress condition, mesophyll factors
appeared to limit "A’ to larger extent thougbh ges decreased to



greater extends.

6. Larger reduction in gs
conditions indicate t

control exertesd by the

2, the majinr

¢

LI

reasmnn

7. Under wnistnre stress conditions
reduction in A7 wids aszsnciated with the
efficieacy {(AA/A01)
8, Further analyvsis of the sub components of mesophyll

that
determinant

the

total

under moistnure

reduction in

of A’

Poszibilities that changes
factors
rate under

and its content as important

reduction in Aassimilation

evidenced,

Futthetr dAetalled evaluation of the

inhibition of photosynthesis nnder

with RuBisCoO in terms onf the

concentration in the cells 13

understanding ~f +the sechanisms.

More detailed  analysia of

variations D _Vivo  carboxy

that Adetermine Amax wolld he worth

improvement via increasing assimilation

soluble protein  as

stress,
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SUMMARY



SUMMARY

The past several Jdecades nf experience in crop improvement
has established that any further increase in productivity has to

be throngh an increase in the assimilation rvates nf norop plants.

Although several workers have identified significant gennmtypic
variations in assimilation rates, this variation has nnt hbeen

successfully exploited for crop improvement owing to the complex

multigenic contral of photosynthesis. The phenotypic expression

of photosynthesis is larqgely regulated by the existing
snvironmental variables. Hence it becomes essential to evalnate
the intrinsic as well as the environmental regulation of

photosynthesis for a better understanding of the limitations of

photosynthesis,

In the present investigation, several experinents Wwere

i ]
conducted with the major obiective to assess the potential of

chlovaplast  and to guantify the relative  stomatal an? mesaphyll

limitations of assimilation rate hoth wunder non strese and a3 few

abiotic stress conditions. Further experinents were conducted
to wunderstand the possihle reasons for a larger wmesophyll

limitation of photosynthesis under moisture stress condition.

Measurements of  gas exchange traits using a portable
photosynthesis system (ADC LCA-2), was the predominant approach
in this investigation. The following experimental approaches
and methodologies were  adopted to meet the ohbjectives of the

investigation.



1. Quantification aof Amax At saturated CO.

-

. Quantification of relative stomatal and mesophyll
limitations of "A’ kased an 0z response cnurve by  snitabkly
modifying the linear resistance analysis of well watered and
in plants expervimenting several abiotic styess.

3. Assimilation rates measured at normal (21%) and at low (2%)
nxygen concentrations were measured to arrive at the

photorespiratory losses,

4. COz sensitivity as an indication of stres

6]

mesophyll factors was estimated.

. VPD response curves were generated to asseg the effect of
increased gs on TA',

5

6., Specificity factor of RuBisCO was computed from the initial
slopes of 00, response curves develonped at three 1ow 1ight
intensities.

ALhax, apparent photosynthesis and limitations of “A’ under non
stress conditions

Using the experimental approarhes mentioned abnve, Agpax ani
apparent photosynthesis (APS) were measured in 35 to 400 days old

sunflower and maize plants. Further, to ass

g

S the gas exnhange
traits and to quantify the relative stomatal and mescophyll

limitations to "A’, another pot culture experiment was conducted
with a few ¢35 and C,4 species under well water

ed conditions. The

following inferences can be drawn from these experiments.

1. Chloroplasts have significantly higher capacity for carbon
fixation in koth T3 and C4 plants (Table 1),

2. Substrate availability is an important limitation to
photosyathesis. Henre g5 18 an impnrtant component.,



3. Under well watered conditions, major limitationn on "A’ was
imposed by stomatal factors (Table 3).

4. Variations in "A’ between species aomnuld also be Aue tn the
inadequate functioning of the mesophyl] tao utilize the low
COz. A linear relationship hetween in vive rarboxylation
efficiency (AA/4Ci) and A’ exists between species., (r =
.9, Fig. 18).

From these findings it can be concluded that koth C3 and Cg4
plants thave higher potentials for CO, fixation. The stomatal
diffusive characteristics and availability of substrate CO> are
the predominant limitation to achieve the potential A, This
conclusion gets further support from the fact that the relative

stomatal limitations in all the =species studied, significantly

contributed to the total limitations of "A7.

However, the mesophyll factors, though contributed meagerly
to the total limitations, still exerted a Aegree nf contrnl over
assimilation rate unider non-stress conditions, The fact that
the in wvivo carboxylation efficiency (JdA/ACi)Y recnrded a
significant positive correlaticon with okserved A’ (r = @&.9),

reiterates the possibilities of improving “A’ by enhancing

carboxylation efficiency of the leaf.

Since stomatal factors limited A’ to a larger extent,
plants were partially Aefoliated to  enhance the stomatal
conductances, Eoth A7 and gs significantly increased within a
very short period of time in response tao partial Adefoliation.
The COz response ocurves develope?d in these plants indicated an

increase in koth A2/4C1 and Aga=.. Fut in sunflower, "2’ 314 nnt



increase substantially. The increase in A7 by Adefoliation is
attributed to a possible alteration of the mesophyll factors by
partial defoliation. But in sunflower, no such couclusinns can
be arrived,

Quantification of relative limitations of ‘A’ under different
abiotic stresses

To assess the gas exchange traits of a few species

ta

subjected to abiotic stresses, sunflower, cowpea and sorghum

plants were subjected to different degrees of moisture stress,

low light stress and nitrogen stress. Based on COz response
curves, the relative stomatal ani mesophyll limitations were

guantified. The following are the salient findings.

1. Under any abiotic stress, bhoth "A’ and gs decreased,

2. The limitations impnsed by mesophyll factors significantly
increased as the stress progressed whereas the limitation
imposed by stomata 3id not  change markedly.

3. Mesophyll conductance as wmeasured by 4A/4Ci showed a
significant reduction under all abiotic stresses.

4, It can therefore be concluded that in all abiotic stresses

the limitation imposed by gs was marginal and major
limitations were from the mesophyll factors.

Although stomatal conductance significantly decreased when

plants experienced different abiotic streszsses, the limitation
nffered by stomata either decreased ar  showed no gsignificant
change. But the relative mesnphyll lTimitation significantly

increased with the dintensity of stress. A aoorresponding



eedot 1 on 1T in ViVo CATDOE Y sfficiency {(Aa/7301) WAaS
noticed. The observed assimilation rates wunder all abiotic

stresses had a positive correlation with the reducticon in AA/4CI
(r = @.62). Thus, it can he concluded that "A' is limited to a
larger extent by the mescphyll factors, especially those

associated with carboxylation process under abiotic  stresses

e

Loop gain analysis

It was nnticed that the extent nf reduntion in gs Was
more than the extent of reduction in "A’ under moderate stres
conditions,  The loop gain  analysis of plants  suhjert
molisture stress and low light stress confirmed that the stomsta

were under a feed bvack control from the mesophyll factors (Tahle

11)

Effect of increased gs on ‘A’ in sunflower subjected to moisture
stress

An attempt was made to increase the stomatal conductanc

D

by altering the VPD to evaluate the role of stomatal conductance
in reducing assimilation rates under moisture stress. The VPD
regponse  curves clearly indicated thar ‘A’ i1 rnot increase
despite a significant increase in gs  (Fig. 14)Y., This «=learly
suggested that the mesaophyll metabolism was incapable of
utilizing the extra substrate 00z provided by enhancing g3

These experiments adeguately explain the increased relatijve

mesophyll limitation of "A’ under moisture stress conditions.

o



CO2 sensitivity as a measure of mesophyll damage

To further clarify the effect of moisture stress on the

mescphyll factors, assimi

.
~
+1]
t
D

ation s were measured at saturated
substrate concentrations. All the three species studied showed
a significant 1reduction in CO2 sensitivity under stress (Table
13). Sunflower recorded the maximum reduction in the (03
sensitivity indicating a relatively larger damage to the
mesophyll.
Assessment of the possible reasons for a high mesophyll
limitations in plants experiencing moisture stress
The reduction in “A’ under abiotic stress conditions  has
been attributed largely to an increase in the mesophyll limiting
factors. An experiment was conducted to assess a few parameters
associated with carboxylation to probe into the reasons for this
increased mesophyll limitations of “A’ in pot grown sunflower

plants subjected to moisture stress.
Gas exchange parameters

A significant reduction in A’ and gs was noticed in  all
the crop plants when subjected to moisture stress. The o0,
response curves developed in these plants indicated a3 reduction
in the initial slope depicting a rveduction in the in _viva

carboxylation efficiency (Table 13),
Photorespiration

Photorespiration was assessed by measuring assimilation



rates  at ambient and 2 percent oxygen concentration (Table 14),

Measurement of PR indicated a contrasting behavior in cowpea and

sunflower mMmder moisture astre

7]

s. Cowpea recorded A significant

increaze Lo 31 percent under stress.

Specificity factor of RuBisCO

The in vive apecificity factor was  estimated fallowing 3

A

9]

gas  exchange  technigas aviginally  propnsed by Bronks  and

Farguhar {(1985%). Crwpea  recorlel a  sjignificant reduction in

apecificity fartor unler stress (Table 163, Wheress, =sunflower
141 not show ‘kable change in the specificity factor.

1t could be possible that the Xkinetic rconstants  of oxygenatiou
were alter=d to a larger extent in cowpea in relation to  its

carboxylase reaction. This assumption gets support  {from the

fact that PR also increased unler stress in cowpea.

Uy

Total soluble protein

All the three specirs rvecorded significant reduction !

the total soluble protein contents ander stress, Rednct ion in

H

A under stiress comvelated well with the reduction in protein

content To  assess the efficiency of  carhoxylation pey unit ~f
soluble praotein,  the  ratin of ATt goluble protein was

computed. The ratio of A7 tn protein 373 not  reveal any
siguificant ~hange undex atress, However, there was a large
variation in the "R’ per protein ratico between species both

nmler well watered  and meisture stress condition.
It can bes conclulded from these ewprriments that

hal

!

i+

:1‘_-



reduction in  total soluble protein was the primary determinant
of A’ under stress, However, the reduction in total solubkle
protein cannct he solely attributed to the reduction in "A7 upder
stress as the information regarding the ztress induces reduction
tnn RnBisCo  content or  the changes in the rvatio of  RuBisCOo to
total  soluble protein  is not  colwearly 'mnderstood, Yetr another

factor that needs further probinag is

2]
-+
oo ad
T
A
0]
ra
T
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+
n
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i
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the activation state  of RuBisdo that Aetermines the  total

O L B SR, T,
catalytic zites of the anzyme.
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