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INTRODUCTION 

There h3s been a continuous effort for crop improvement 

over several decades. Significant increase in grain yield has 

been attributed mainly to optimization of agronomic inputs 

(Gifford. 1987), maximizing light interception by optimising 

canopy architecture (Nelson, 1988) and by enhancing partitioning 

coefficients (Austin et al., 1980). Further improvements in 

either dry matter prodllction or grain yield is possible only 

through an increase in single leaf photosynthetic rates as a 

plateall has been reached in r")ther physiolngical paramet.=ors nf 

canopy photosynthesis. 

Although considerAble genotypic variation in assimilation 

rates has been reported in various crop plants (Fischer et al., 

1981; Mohan and Hobbs, 1 981 ; Hobbs and Mohan, 

gl., 1986; Shankar et aI., 1990 and Najareddy, 

1985; Austin e t 

1992), progress 

in exploiting this variation for improving photosynthesis to 

achieve higher yield has been slow. Because of the multigenic 

control of photosynthesis, breeding for higher rates either 

through conventional breeding techniques or by recent genetic 

eng i neer i ng have not been enCOllr ag i ng . 

However, at present much of the research effort is being 

diverted to ev.='Ilu.'lte and lmlerstand v.'lriolls limiting factors nf 

photosynthesis. If a few impnrtant limiting factors of 

photosynthesis are identified, incorporation of those traits can 

be achieved 

prodllctivity. 

with a higher degree nf success to enhance bio 



Though 

photosynthesis 

essentially 

can be considered as 

biochemical phenomenon, 

a diffusive process also. 

Assimilation rate is controlled by the diffusive characteristics 

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 us a step ahead in 

improving photosynthesis. 

Apart from these intrinsic factors, photosynthesis is 

modulated to a large extent hy the existing environmental 

factors. Sin c e c r 0 p pIa n t sex per i en c e a rillm be r 0 f t=> n vir (\ n m t=' n t ,'1 1 

stresses during their growth pt='riods, assessing the impact of 

various environmental variables on assimilation rates is also 

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 ft='w C3 and 
C4 plants under non stress conditions. 

3. To quantify the relative limitrl.tions of 'fl.' 1lrhler differpnt 
abiotic stresses 

4. To evaluate a ft='w mt='sophyll subcomponents rt='sponsible for 
the high mesophyll limitation lmc1er moisture stress. 
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REVIEW OF ~ITERATURE 

Crop i mpr ovement f elY enhanced dry matter pro(11lctinn was 

achieved either by incre,:'!sinij the harvest index (ir hy increasing 

Flirther in h Y the light intercept ion by the canor~y. 

matter procl1!ction (;,"!n bF=' ''ichieved only by improving trlfC' 

photosynthetic efficiency of the crop canopy. 

is a biochemical process, it i :':: 

often referrerl to as a diffusiv p process (Kriedman and 

1981). 

carboxylation site ~t chlnlopl~sts occurs alw~ys downward 

a concentration gradient. 

consid.pred as ~ diffll~3i\JP pr1v'pss. This iiffllSi(lrl of (~()2 ,j(:rCI'::S 

the leaf from thp ambient air to the chloroplasts experience a 

nllmber 

under 

of resistancps. These resistance~ can bp classifie3 

stclmatal an 'I non stomatal or mesophyll resistanc p ::; 

(Kriedman and Downton, 1981 ) . Photosynthesis, ,"tpar t fr om 

i n t r ins i cst £] mat a 1 and m F' sop h Y 1 1 reg 111 at i (In. has a 

degree of environmental modulation. 

tremendous 

It has he F' n c 1 ear 1 y ,::, S t db 1 i 3 h edt r, at var i Ci 1l S P n if i r I) n ill e n t a 1 

of photosynthpsis either hy their (, r 

mesopl-Iyll factors. 

i n t p 1 S P ,-, c i f i c· ,=t n J i n t· r rj ~3 p p ,-' i f i I~ V ,'1 rid r i (\ n :0: i n 

b"" hrn,3Jly 

f,:'!ctor:::. 



of limitations imposed by Assessment 

·.esophyll factors becomes a prerequisite for crop 

for yield through increased photosynthetic rates. 

stomatal and 

improvement 

It is also 

essential to probe into the limiting factors of photosynthesis 

when plants experience abiotic stresses. 

If the cause of low assimilation rates in normal and 

stressed conditions could be quantified, manipnlation of the 

causative component either genetically or through agricultural 

management techniques cOl.lld be attpmpt ed with the int ent ion of 

minimizing the losses in productivity. The present status of 

understanding the limitations of photosynthesis both nnder non 

stress and abiotic stress conditions is reviewed in this 

chapter. 

Limitations to photosynthesis under non-stress condition 

Under a specified unlimited resource condition, 

photosynthesis is 

characteristics. 

regulated more by the intrinsic 

The diffusion of CO 2 through the 

plant 

stomata, 

diffusion of carbon in the mesophyll cells, the efficiency of 

the photochemical machinery to sl1pply the 

power, factors associated with RuBisCO 

required redllcing 

and the subsequent 

utilization of triose phosphates for end product synthesis are a 

few of the most important plant factors that constitute the 

major limitation of photosynthesis. 

Limitation of photosynthesis due to diffusion of CO 2 

At ~mhipnt ro_ lpvpl~ (~~~ nnm). nhntn~vnthptir r~tp~ ~rp 



predominantly limited by the diffusive characteristics for the 

C02 transfer. These include the resistance to CO 2 diffusion 

through stomata (.Jones, 1983; Schlllze, 1986 and Ball, 1981) and 

the aqueous phase of the leaf. Among the two diffusive 

processes, the stomatal factors offer the 

photosynthesis. 

maximum limitation to 

stomatal limitation of photosynthesis 

It is well documented that 'A' can be enhanced by 

increasing the stomatal conductance (gs) under unlimited water 

supply conditions, especially in the C3 plants (Jones, 1986). 

Occurrence of a positive correlation hetween 'A' and gs 

was observpd among variolls 

physiological treatments (Wong 

others have since, when the 

spe~ies and 

et aI., 1979). 

among different 

They noten as 

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 variation in 'A' was positively correlated with 

variations in gs. They further concluded that stomata limit 'A' 

under well watered r::onditions. Based on carbon isotope 

discrimination Ehleringer (1990) suggested that stomatal 

conductance is related to photosynthetic rate of crop plants. 



They confirmed that the variation in assimilation rates were 

due to thee possible variation in the extent to which stomata 

limit the photosynthetic gas exchange rates. 

Recent evidences clearly suggest that when the crops are 

stomatal grown under unlimited resource conditions, the 

limitation to photosynthesis predominates (James Jacob, 1988; 

Kirschbaum and Pearcy, 1988; Xu and Xu, 1989; Ephrat et al., 

1990; Jacob and Lawlor, 1991 ann Heitholt et al., 1991). 

It can be concluded that the predominant limitation of 

photosynthesis comes from the stomatal diffusive characteristics 

under non stress conditions. 

Limitatlons of photosynthesis due to mesophyll factors 

Once the snbstrate CO 2 is made available at the site of 

carboxylation. the limitation of photosynthesis occnrs at the 

metabolic level. Fixation of CO 2 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 400 to 500 /.t 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 

intensities with the existing ambient CO 2 levels. 

light 

Experimental evidences on the following three aspects 

substantiate to conclude that the photochemical 

not pose any limitation. 

rpactions may 

a. C02 rpsponse curves 

b. Increase in' A' wi th increase in temperatures 

c. Increase in 'A' with altered end-product synthesis. 

a. CO 2 response curves: 

An increase in 'A' with increase in intercellular CO 2 

concentration (Ci) is one approach to infer that photochemical 

reactions do not pose a limitation at moderate and high light 

intensities. It is assumed that an increase in 'A' at a given 

light intensity by increasing Ci would impose a grpater demand 

for ATP and NADPH for CO 2 reduction process. An instantaneous 

increase in 'A' with an increasp in Ci substantiate the fact 

that a feed back stimulation of electron transport chain occurs 

to generate more ATP and NADPH to meet the 

fixation. 

demand of carbon 

A large body of literature support the fact that 'A' 

increases with increase in Ci (Caemerer and Farquhar 



1981.Brooks 1986. sage et al 1988.1989. c.:i.mpbell et a1.. 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' with increase in Ci varies 

amongst species and with other environmental factors. But it is 

essentially the same for many C3 species. A mere douhling of 

Ca has been shown to increase 'A ' at a given light intensity 

though the range varies any where from 20 

(Jarvis et al 1981). 

to 300 per cent 

In studies where "A' was me.=t.sured at high or satllrating 

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 Cit substantially increases "A' from 

15 ~ moles.m- 2 .s- 1 to as high as 32 f.l moles. m- 2 • S-l • Simi lar 

instances of increase in "A' has been shown by Caemerer and 

Farquhar (1981), Sage et a1. (1988) in Phaseolus vulgaris, and 

by Brooks (1986) in spinach. In five different C3 species also 

a significant increase in 'A ' was shown with an increase in Ci 

in a recent st1ldy by Si3.ge et rl1. (1989). EVen a significant 

increase has been shown in C4 plants like maize (Canvin et al 

1980) and Amaranthus (BlechschmUH et al. 1989). 

The observe~ increase in "A' at high light can not be 

attribllted 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 100 to 200 

per cent increase in 'A' with increase in Ci in C3 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 1980). 

Both in r3 plants Helianthus annus, Helianthus incarna 

Phaseolus vlligaris anC! also in C4 plants Zea meWs stimulation of 

oxygen evolutinn with increase in Ci has he en shown at high 

light intensitiP8 (C,::mvin pt "'II 

such a response W"'IS nftpn nnticej when 'A' W"'IS not ro-limitej by 

light intensity When gas exchange rates were measured at low 

light intensities the respons p to increase in Ci was marginal 

(Canvin et al 1980, 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 (Am.x) significantly increases, when 

measured at saturated light intensities, thus substantiating 

the fact that there is a feedback stimulation of photochemical 

reactions whpn carboxylation efficiency was enhanced by higher 

substrate levels. 

b. Increase in 'A' with increase in temperature 

When temperatllre is enhanced from suboptimal to optimum 

level the kinetic properties of R1IBisCO will be Altered favoring 

higher assimilation (Badger and rollatz, 1977; Caemerer and 

Frquhar, 1981). A significant increase in 'A' at higher 



lv 

temperature h.:ts been shown in Ph.:tseolus species with increase in 

Similarly a stimulation of oxygen evolution with increase Ci. 

in temperature has been clearly demonstrated in a recent study 

by Stitt (1986) in spinach. This in turn has been attributed to 

better inorganic phosphor 1.ls (Pi) recycling at high temperatllres. 

Irrespective of the reasons for increase in °A' it clearly 

substantiates the fact that when other limitations imposing on 

'A I are removed there will be 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 utilization of end products. Several 

studies have shown an increase in photosynthetic rate either by 

shading (Herold. 1980) or defoliation (Sweet and Wareing. 1966) 

or DCMU s p ray tot h e ear h e ad (K i n g eta 1 . J 1 967 ) . Wh e n ear h e ad 

photosynthesis was decreased by DCMU an increase in OAf 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. 

point the actual processes Hence, it is difficult to pin 

associated with observed increase in OAf. More recently it has 

been shown that the decrease in leaf number increases 



1 .. ratf' 51.lb5tantially" !~8i.i atlOD .~.~ 
in 5unflower and soybean within 

4 h rs after imposition 
~-; to ou of the treatment. However, no 

other measurements except gas exchange characteristics were 

recorded in this study (Annonymous, 1989-90). 

Bvidences 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 2 • 

4. Differences in 'A' at a given light intensity between species 
and varieties. 

SF?veral researchers have l1sed the natllre of CO 2 rpsponse 

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 2 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 'A I even at ambient 

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 

initial slope of CO 2 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 inadequate response to increase in Ci (Taylor and 

Terry, 1984) may be due to the fact that the plants were 

acclimatized at 800 p moles.m- 2 .s- 1 of light intensity and CO 2 

response curves were taken at 3000 p moles.m- 2 .s- 1 

achieve The importance of the photochemical reactions to 

high 'A' has been shown in a study by Malkin et al. (1981) in 

four desert species differing in total photosystem II (PSII) 

reaction centers. The high 'Af in Camissonia at high 

irradiances was attributed to higher PSII number. There was a 

good correlation between 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 CO 2 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 in photosynthesis, 
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because RuBisCO and soluble protein did not show any correlation 

with photosynthetic rate. 

End 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 

Qu i c k , 1 9 8 9 ) • 

The partitioning of carbon between starch and sucrose as 

the two important end products of carbon assimilation has been 

clearly understood. The carbon fixed in the Calvin cycle in 

chloroplast is exportpd to thp cytosol as triose phosphate. 

This export occurs across a phosphate translocator protein with 

a strict counter exchange with inorganic phosphate. The triose 

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 also facilitates the 

release of Pi. From these sequences of events it can be 

envisaged that inadeqllate rate of end prod1lct sYllthesis mainly 

sucrose could imposp a limitation to Pi recycling and indirectly 

on carbon exchange rAte (CEB). 

The mechanisms involved in regulating the reactions 

involved in sucrose synthesis from TP in cytosol has been 
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extensively reviewed (Stitt and Quick, 1989). 

The two enzymes,sucrose phosphate sysnthatase (SPS) and 

fructose 1-6, pis phosphatase have been considered as 

regulatory 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, 11- bisphosphate a potent 

inhibitor of Fr. 1,6 hisphosphatas e . a conseql1ence of this 

triose phosphates are not metabolized and gets accumulated. 

The TP accumulation in cytosol may occur due to higher rate 

of influx compart='d to its convt='rsion into Sllcrose via SPS or due 

to intrinsic low SPS activity or due to lack of efflux of 

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

Inadequate pi levels in the stroma as a consequence of 

decreased Pi recycling from the cytosol is the major factor 

affecting the ATP generation from photophosphorylation (Stitt, 

1986; Sharkey et a1.. 1986). Such a phenomenon will have 

several direct and indirect t='ffect on down stream mechanism of 

photosynthesis, for instance a marked decrease in the activation 

state of RuBisC(). AccllmlllAt. ion of PGA r'tnd r't rpsu1tr'tnt decreAse 

in stroma'l pH has been attributed to be ODP of the reasons for 

decreased activity of RllBisCO (Sharkey 1985).The decrease in 

photosynthesis by low rate of end proiuct synthesis and thus Pi 

recycling has been shown to OCCllr llnder a few specific 



_situations like (a) under conditions 

1986) , (b) decreased efflux of 

5 1. 

of saturated CO 2 (Stitt 

sucrose due to decreased 

activity of sinks, (c) in mlltants and possibly in some genotypes 

with low intrinsic SPS activity and (d) 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 under ambient CO 2 and saturating light 

intensities. There are two types of evidences to show that Pi 

is not a limitation. 

1. CO 2 exchange rates are highly sensitive to oxygen 

concentrations under ambient CO 2 levels. 

Recently oxygen insensitive photosynthesis has emerged as 

an important criterion to assess the relative Pi limitation on 

"A'. It has been shown that in oxygen insensitive zone of CO 2 

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 2 concentrations 'A' is sensitive 

to oxygen concentration and hence Pi recycling is not a 

limitation. 

2. Other evidence i.s that a substantial increase in 'A' .::l.t 

higher levels of CO 2 suggesting the maintenance of adequate 

Pi recycling even at elevated C02 concentrations. 

UNIV RSny c-
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In leaves exposer') to high '-:;ODcpntrat ions 

instantaneous increase in 'A' has bpp[J shown by many workers 

(campbell et al.. 1987; S.'ige Pt .'il., lCl87; Sa.ge ~p..:-t_--"!.a...!....1., 1988) 

and maintenance of 

(steady state) has 

the rate even for a period of 20-30 minutes 

been reported (Annonymolls, 1989-9fn. A 

substantial increase in '_'A,' and its maintenance at high CO 2 

levels in plants acclimatizpd to high CO z has bPE'D shown (Sage 

et al. , 1988; Campbell et 031., 1987). From such evidencps it 

can be inferred th.'it at ambient CO 2 , high light intpDsities and 

optimum temppratuyp rpcycling of inorganic prJospbate may not 

pose a significant limitation to photnsynth~tic ratp (Stitt, 

1986). 

RuBisCO characteristics 

Rl1bisco is the most important pnzyme that catalyses the 

primary carboxylation reaction of photosynthesis. This enzymp 

gets furtber importance bpC·::ll1se of the f.=:tet that it also 

catalyses the wastpful process of oxygenating RuBP, the primary 

reaction of the photorespiratory cycle. Thlls RllBisCO pinys a 

very prominent role in the regulation of photosynthesis. Thp 

photosynthetic inf11}x of CO 2 ilpppnds on thp r.=:ttp at which CO 2 is 

being fixed into organic mo]pclllps by RuBisCO to maintain thp 

Rec·~113P of thpsp c:onspicllollS rolps of 

the pn;;;yme, ntner' of thp tPsPri.rch effort hAS oppn pllt to 

understand the possih]e mechanisms of limitations by RuBis('(l, 

Thollgh t her p .=:tr p contradicting pvidpnc:ps .=:tnd hypothesps 



answering this quest. ion, it is st.ill t'plpvant ."tnd rpwAn'ling t.o 

probe carefully furt.her into this question to arrive at bett.er 

or more realistic sollltions. 

The plants allocate over 50 per cent of its solnble 

proteins towards RuBisCO protein. 

importance of this enzyme. 

This further reiterates the 

Many early stlllies prior to 1975 showed a good positive 

correlation betwppn light saturate~ CER, and R 1.1 B i !3 CO act i v i t y 

particularly when the relAtion was 

ontogenic stagps and pnvironmpntaJ history, CorrpJation 

coefficients to An extent of 0.9 werp nbtained hetwpen a langp 

smEd ] grain c~'r('al cll]tivars of Rye grass 

(Tr.eharne, 1972) . stlloies clAimpd correlations 

between flag ledf RuBisCO activity and grain yie11. Whethpr such 

correlations physiological significance is "'in oppn 

question, 

Dornhoff "'ind Shibles (1970) "'ind Frey and Moss (1976) showed 

that much of the variation in RuBisCO activity per un it 1 p a f 

area simply reflects the lpaf thickness. However, Randall pt.al 

.,(1977) discovered a iacaploid tal] Fescue which has very high 

RuBisCO activity "'ina low levels of other leaf en7ymes ppr unit 

leaf protpin. They also showed two timps more assimilation rate 

per unit leaf .ctrea in sllch varjptjps nf ;'lpcaploid t"'ill FeSCllP. 

Examining the relationship hetween kinetic properties of RuBisCO 

in wheat sppcies and genotypes Evans .ctnd Seemann, 

demonstratej a relationship between carboxylase activity and 



carboxylation efficiency. The two factors ~ssociAted with 

higher carboxylation 

activity. 

was RuBisCO protein content and specific 

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 of soluble protein 

allocated to RuBisCO has heen shown to be onp of the important 

factors associated with higher FuBisCO activity and hence drawn 

attention of several workers examining the interrelation between 

RuBisCO content and carboxylation efficiency. 

Recently. Sung and Chen, (1989) related ontogenic changes 

in apparent photosynthesis to the variation in the amount of 

RuBisCO per unit leaf area. The y flIrt her concluded that the 

increased °A' in lanceolate leaf types of soybean is associated 

with more enzyme content which 

chloroplast number per cell. 

in tllrn is due to an inc[edsed 

In rice, Shich dn~ Lido,(1989) showp~ 

significantly corrplated with RuBisro activity 

was shown to corrplate with RllBisCO protein 

that 

This 

. A' was 

activity 

content an~ total 

soluble proteins. The ratio of RuBisCO activity to RuBisCO 

content r pma i ned const ant t hro1lghollt the growth of the plant 

sUggesting Ulat . A' wa s regulated via the RuBisCO protein 



content. Keebt':'rg et . ,=t 1 .• ( 1 989 ) observpj 

biOsynthesis of RuBisCO in blup light with a correspondillg 

increase in assimilation rate. 

Although Frey riDd Moss, (1976) concluded th,=;t Hl1BisCO 

activity per unit leaf weight can be used as a selection 

criterion to ident i fy high 'A' type s , Gifford, ( 1987 ) 

that such a sejpction probably CdUSP ri='1istribution 

.=trglled 

of N away 

from o the r I? hot ,) S Y nth", tic 

undesirable imbJ1 ancps in ('()2 fiYdticm. The fact 

still rem,=tins that the infl1H:'fJl~:f:' of 

content on °A' an~ the pffect on other protein components of 

photosynthesis HlllSt bp l')ok""d 

any conclllsions. 

i n t () v pry c.=; ref 11 1 1 Y t) e f (\ r '" 'I r rl win \) 

Activation state . 

Activ"ltion of the enzymf'! to bee om.=: catalytically 

functional is the most important and widely studied aspect of 

the enzymp reg1llrttion of prwtosynthesis. R Il B i s C () i s k now n t Cl 

be in thp inactiv r:' ur in the "jPdctivatej" form in the absence 

of CO 2 and light. Since, thp overall ~ctivity of the pnzym p 

d e pen j son i_ t s ,:-; c: t i v.':I t i_ I) n s t ,1 t p , it is worthwhile t() lln,'Jerst~wJ 

the mechanisms of 

of thp ~cti_v,:-;tion. 

of thea! ies ,:-;n1 hypotheses to 

how thi=' enzyme is activated in vivo (Salvucci, 

Activation state of the enzyme is jpfined as the 

pxplain 

1989 ) . 

number of 



active sites th~t 

either carhoxylation or oxygenation procpss. This Dl1mber is 

sitE'S actllEdly presf:"nt on trit=' enzyrne. 

The activation process involves the initial binding of an 

activator CO 2 covalently to the epsilon amino group of a 

specific Ly:::inp 

the c I eft ,-, f I- h'"' i C + i \l P S j t p f fv1 i ? j i~\ r k" ,:n.1 1 T, r:iY j )1) p:r. 1 q P, ~ ) • Tl! i. ~ 

carbamate is furmp~, 

which is then ~~pahlp 

,:l:"j- i u,'\t i'-in nft- "'n t F'rlll~''1 

'carhamylation' . 

But this mechanism of activation requires thrpe times 

high CO 2 concentration as in the atmosphere and the process 1S a 

relatively slow one (Portis et.al.,l986). Recently a new stromal 

protein has been identifipj that ~atalyses the carbamylation 

procpss at the physiological c () 2 C r~1 rw p n t r .=d, i (l n (1 0 P [' m ) . 

(Strpl1.-:~an'! an'] 

Portis, 1 9 i~ 7 ). M a i [I t- C" n .3, n I" P n f t 11 F' .l r: tilT ·3 tin n s t .'1 t pin rl i <3 h R 1 ) h P 

s ppm s t n h p t lJ P n r i rn a r v f lJ rl ,~ tin n ... • - - J. .. . 
nf 

RllB i s('() ( p" r t i::-~ p t ."1 1 .'1 I~ t i \I d tin n ,---

Thl?lP ar F' evi3ence:3 to clp,-nly :::;1\99Pst t:ht? rolp nf 1 i 'j h t 

and pH of the st i edna in IDPiiating the activatinn of R1_lB i sCO 

( Cam p b I? 1 1 eta 1 ., 1 9 8 8; !J( r) t tan j p. p r r 'j, 1 ') p, f, ) . 



very important for the activation. 

what is the minimum concentration 

Howev""r, it is not clear 

of CO 2 rpquired for the 

purpose. Campbell et al. (19813) working with soybean, conc:luJPj 

that .=tctiv.'3.tion in vivo is effectively CO 2 

concentrations 

But Capmprer 

RuBisCO to be 

less than 110 ppm mei=ls1ued extprn"l to the lpaf. 

and EdmondsofJ (1986), fourd Baphanus sat i vus 

50 per cent activatej at a Ci approximately 10 

ppm. 

Nr.:~vertheless, the activation of PllBisC'() 1S =t VPTY e:3S~)nt j·"ll 

part of photosynthetic induction in leaves. Bnt 

in lp'1vf?:3 1S i_ n most elf 

This fat rais,c-'s a gupstion whether the 

of th~ ~nzyme is limiting photosynthl':>sis. If so, w01.113 it be 

beneficial to further manipulate an·1 enhance the activation 

state to achieve higher assimilation rates. 

workers 

is clearly demonstrated by Sage and his co­

that the activation state may not pose a 

limitation at elpvate·j CO 2 concentrations, it has an important 

role t 0 ::l F t p r fi1 i n F the initial c~rboxyl~tion FfficiFDCY at 

ambipot CO 2 concFntrations. 

Kinetic properties of RuBisCO 

Analysis of photosynthetic gas Fxchange and RllBisCO 

activity have revealed that the maximum rate 

in plants lmder ambient conditions can be 

assimilation 

predicted from the 

amounts and. "3.1so the kinetic prop.,rtif?s of the F!nzyme (H.=tkino ;::>t 



1 1985,:111<1 EV(,fDS, 1986). a . t ----
The affinity of this enzyme for C02 has been rpcognized as 

a factor limitintj photosynthetic carbon assimilation. 

Therefore, genetically basej variations in the kinetic 

propert ips an ~ dmOll[Jt of t his E"'nz yme may provirlp targets for 

breeding approaches to i11lprc1v P Ipaf photosynt 'nes is. Kel?ping 

this in vipw several attempts 

variaticms 

an'! Ypc1rl, 1987. ,Sepmann pt-

Kinetic: stlliies I.")n Rl1BisCO from taxonomic.111y '1iversp 

plants 113ve rE:°veale'l that Km (C0 2 ) values are associated 

primarily with jifferences in photosynthetic pathways anj 

correlated to sam; extent with taxonomic groupings (Yeoh et al., 

1 9 8 0 , 1 9 8 1 an j Yeo f! a n ,:1 Hat t e r s 1 e y , I 9 8 5 1 • 

be p n s r! 0 w n ·3 m 0 n '] s t J f, cas s a v a C 1.1 1 t iva r S '311 g 9 I" S tin 9 t h ;:j t K m (C ():2 ) 

values havp potential appjicatj0JI in cassava systemat ics (Palll 

and Yeoh, 1(87). 

Tn a similar stq~y, Makino Pt al. ( 1 q 8 7 ) 

assess thp Jifferences in Km (C0 2 ) and Vma "" of RllBisC() in thrt:>e 

distinct types of Ory?a s~tiva L. (J~panica, Indic~ and Javanica 

types) . The ovprall variations in the kinetic constants of 

RUBisCO and its ratio to soluble proteins were very small, 

esp~ci.'jlly the two main cllitivar types japanica and indicCi. 



Although the Vmax from Javanic~ w~s sl ightly high, this w~s ~lso 

associated with high Km (C0 2 ), 

In addition to the 3ifferences in Km (C0 2 ), the differences 

in specific activity an~ Keat have been examined as the possible 

factors associated with the carboxylation efficiency. The in 

vitro RuBisCO activity for unit of leaf nitrogen was found b) 

be 30 per cent in Triticum aestivum than in T. 

monococcum an4 it w~s attributed mainly to the higher specific 

activity of the enzyme, ::::ince the .=tnlOlmt of FuBisCo protein ppr 

unit leaf protein 'lil not liffer betWf-:.e]J tht' two Sl1b-spr-:.cies. 

The specific dctivity dn~ dlso Kcat hA.ve heen shown to 

signif icant ly vary in SPP(~ i ps ,j i ffpI i [lei in phot (lsynt het i (' 

pathways. 

specific activity and Keat were jess comparej to the C4 plants 

that had higher fm (C0 2 ) r Seeman et ,:Ii .• 1984 nne] Wessingl?r et 

g., 1989J. The kinetic properties of FuBisCO appear to have 

modified to adjust to the changl'?s in substratl'? .3vailability. C4 

plants have a higher concentration of CO 2 available to P..uBisCO 

than the plants (Keys, 1(86). Therefore, the Km (C0 2 ) values 

of the C4 species and also a few Algae acclimatized to higher 

HC0 3 concentrations have DlllCh higher t: m (C0 2 ) vallles than the C3 

plants (KE'Ys. 1986). However, species with high Km (C0 2 ) also 

showed high KC4t 

linked and the variation in Kca~ and fro (C0 2 ) ratios m~y rpmain 

stable. But the possibility of differences in Keat at a given 

(C0 2 ) can not be completely rlllej onto In one of thE' C4 



species, Flavaria vaginata, compar~,j, to F. australasica, the 

Kc.~ was significantly high though the Km (C0 2 ) 

marginal (Wessinger et al,198Q). 

differences were 

Although extent rJ f 1 m j e r s t .=t n 1 i n 9 of VAr i (1)S 

biochemical processes has beeD achjeve4, reports are 

available to explain or attribllte the 'liffer e nces in "'Af to 

variations in particular mesophyl] reactions. Recently, 

however, there are efforts devi:::tted for the q 11.=tntification of a 

possible limitation imposed by the stomatal and mesophyll 

factors. 

Approaches to quantify limitations of photosynthesis 

De vel 0 pm e n t 0 fat pc hIli g 11 p w h j c h w (I 11 1 J en a b 1 e p ·3 r tit ion i n 9 

of limitations of' obselvpd ,'1SSiilli L:ltion rates 11.0:'1 Pt bot}, non 

stress and abiotic stress conditions between stomatal an·:' non 

stomatal factors is of greAt importanc p from the practical anrl 

theoretical stand points. 

The problem of qllantify in9 the limitation ("f 

photosynthesis has been addressed by many workers over the past 

several decadps. As a rpslllt, m,:my methods to apportion the 

relative limitations of photosynthesis betwepn stomatal and 

mesophyll factors have evolved. Among them, the following two 

methods are generally adopted to guantify thp limitations of 

photosynthesis. 

1. Resistancp analysis origin~lly proposed by Ga~stra, 



sensitivity or p~th depFn1ent analysis (Jones, 1985b; 2. 
Assman, 1988) . 

. ResistanCe analysis 

.. _ ,. j. 

Based on the resistance analysis originally propose~ hy 

Gaastra (1959), Farqu}lar and Sl),uk e y (1982) ievf?lClpe'l a strai,}ht: 

forward techniglle tCI gu,::tnt ify thee stomatAl limitation to 

photosynthesis. They proposed that the stomatal limitation can 

be calculated by knclWing the 'A' whF:'n the stomatal condllctances 

are infinite when Ci and ra would eguilibrate. The percentagp 

limitation is then t~ken as !1-A/Ao)100. 

Sensitivity analysis 

The other approach generally adopted for the partitioning 

of limitations of photosynthesis is the path dependent: 

other wise termed as the sensitivity analysis (Carnic and 

Miginiac, 1983; JaDes, 1985; Assmann, 1988 ) , If °A' can be 

described as a function of .':\ nllmber of environmental variables, 

then the sensitivity of °A' to anyone 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 E11rns (1973) and Heintich and Rapaport ( 1974 ), h rt ve 

recently begun to be used for the analysis of control functions 

and to qllantify limitations to photosynthesis (Dietz, 1986; 

Wood r ow, 1 986: S tit tan d Qui c k, 1 989 ) , 

Although sever~l aPPloaches h~ve heeD proposed for the 



quantific~tion of 11m ita t i CI n s, TIl i s con ;~ F P t. i CI n '3 ~,~ til 1 

1 9 8 S &' 1 9 (~ 0 ; F a I '111 r- iH ,'1 Ii 1 

Assmann, 1988). 

Environmental factors dffecting assimilation rates 

p;:.r~",i3t in 

pxtlO"nt, 

It has bepn clearly demonstrated 

that even unJ 01 ~~itlldtjun~; vJ};P)P leaf 

,-'!m0 11nts of '~(jrbon, 

rates of carbon fixation is limitpl or [PlllC;pJ CGnSili=>r.=Jbly by 

the exi~:,tin'J pnvirrlrtni!='nt,"Il 

plant lnoisLll1P ::"tCiln'3, 1 j ') r, t ; ri 1 p n sit Y 11l r i n 9 t'h P '1 ,:1 y, R H (\ f t. rl P 

Effect of water stress on photosynthesis 

Among many of thf::' ,=tbiotic strf?sses, moist 11P? st=ttus of soil 

and air and the light intensity can be considerej as the most 

important factors detprmining the assimilation rates. 

Diffusive lesistances to CO 2 ar p extremely sllsceptible to 

the environmental 

resistances will 

rates. 

conditions. Any change, 

ultimately affect the 

eDvironmental variahle that 

in these 

aJversely 

affects thesE' iiffll?,i\TP r0sistAn(~PS if, d l."\ck nf (\1()istllr 0 in tL,;' 

Soil. 

CO 2 into thp Ip,"lf drd lts fix.'1tlon into ('rgAnic mOle(;111ps hy I'bp 

biochemic,=tl processes in chloropl,-'!:3ts. 



Limitations of photosynthesis under moisture stress 

A lay,}"" bCl,jy eif litoc"ratl1re is aVdilabl,"" to explain trIP 

pOSsible mechanisms i n h i bit ion 'J f photosynthesis 1.1lf? to 

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

The e f fee t 0 f w a t f:' 1 d f? f i cit h .':'t s b f? en 3 t 11) i e 'l b .:=t S '2 d t) Ii the 

inhibition in stomat,'ll mCJvemE."nts, lllt?sophyl] pr)otcsynthet ic 

characteristics ~ni plant growth. 

on these aspects arp largely 

Thp. pffect (if l1loistnr e stress 

such effect, 

plants. Un1prstdnjin~ the effpc~ of wat~r Jeficit (In stomat a 1 

aspects dnd mesophyll capacity is relev~nt ~t t hi:3 jllnct 1ne 

because they in tllrn re~ulate thp photosynthetic carbon exchang p 

rates. 

It is now well est~blished that the rates of CO 2 

assimilation in the leaves is reduced at moderate leaf water 

de f i cit S 0 rev e n be for e 1 e a f w .=t t e r s Ul. t 1l sis c h ,=t n 9' e j in rpsponsI? 

to a drop in air humidity (Bunc,." 1 981 ), or in soil wat pr 

potential (Davips ,=mj ShArp, 1981; Goll.=tn et ,,1.,1986), In 

Such casps tlle stomat3l control of ('()2 jiffllSioY! plays thp most 

important role in contro11i)l~ thp phC!tosynt'hesi:3 nrdF'T mois~llrp 

stress conditions. 

Stomatal control of photosynthesis under moisture stress 

Durin~ the early part of the century it was an acceptp(j 



dictum that stomatal 

extent at low l~af 

scarth and Shaw, 

f~ctOIS limit photosynthpsis 

water potentials (Verduin and 

1951 ; Brix, 1962) . The 

to the largest 

Loom is, 1944; 

l"e:Jllction in 

photosynthesis under moisture stress was considerpj to be due to 

the reduction in the supply of CO 2 beC"111Se of the closl1rp of 

stomata. 

The implications ()f ttle IJ"9l!1~ti(ln of photosynthesis has 

been clearly stlldiP('l from triP timp of Gastraci (1959) Wfj(J for t h p 

first time ~privp~ 4ifferent :iiffll:::ivp 

to tll'~ s t ("I TIl Cl t a ] r psi s tan cps , uptak p gave utmost importanc p 

for photosynthesis and t r a rJ S p j r ,:j t i Ci n all CJ:: 3 () f w a t ,0> r OCC11r3 

throl1gh stc)mata Trl JlS any .::It tempt to 

increase photosynthesis by stomatal opening invariably results 

in a higher loss of water by transpiration (Jones, 1986; 

Farquhar et :ll_. 1987) . 

The effect of !C'nvironmenta1 f.3.ctors likp moistl11f? stress, 

light, CO 2 an·j temperatlJrp OIl photosynthf?sis through stomata 

are c 1 ear 1 y II n d P r 3 t 0 c.d (R>i S G h k e. 1 '3 7 () ; Z e i ~j e r t 1 '3 8 3; f.. S 3 TIl a n .. Hi .j 

Z E' i g E' r. 1 9 8 c.;; M (I t t, 1 9 8 8; S h a i S fl eta 1, 1 '3 8 9 a n "1 C h ave s, 1 9 9 1 ) 

Stomatal inhibi.t ion I-,f ['·h(1tl~\:"'ynt1!p~'.is llfl-ley W.'1ter strps3 is 

more common in pl.:lnts. not m-my, there 

are informat i()n stomat,i 1 inhibition nf 

photosyntrlesis even in ('-1 plants. For inst:trJ('p, Pi.er (1987) 

imposed Jrollght strps:::; ard t e mpfC'ratllre stress I)C! SC1rghllm pl,=ll1ts 

and concluded that water stress inhibitej photosynthesis mainly 



indirectlY to the evaporation of the atmospheric air or to the 

soil water status. Jensen and his associates (1989) working 

with lupins 

reduction in 

and wheat shclwed no significant 

leaf watPf potential for small changes in soil 

• - 1 water pot ent l·:i.;, • B II t t h"" 1 e ,'l f con j u c t ,=m c e dec rea s e :) by f. 0 P p r 

cent 

thought to result 

to the unstresspj leaves (Waltc)n, 198\'71). 

Recent reports mention that rools behave as the sensory 

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 inhibitory effects on 

photosynthesis by lowt?red soil r!l!.)istllre stFttus (.Jensf?n et aI, 

1989; SchuIZt", 1986) . This signal is speculatf"l to be 

transdnced in thp form of -3.bscisir:: 'lci."l synthesizpi) in the rnot 

in respons!" to If''creasing soil moistlHP stdtns 

Devies, 1989; Downton pt ,=1} 1988; ,Jenspn et a1, 1989; Zt.=tng an'l 

Davies. 1991). 

However, it is not yet cleFtr whether, llnder nioistnre 

stress, ABA itself is transmittPj to the leaves after 

been synthesized in the roots or whether a stimulus is 

transferred to leaves where ABA could be synthesized. 



f stomata to abscisic acid 
... _Rae 0 

C02 and ABA are the most important variables that induce 

stomatal closure. stomatal response to these two factors have 

examined although there is still been widely 
some controversy as 

to whether the levels of one can influence the activity of tho=> 

other and vice versa. However, Orton an:l Mansfield (1974) anl 

Mansfield (1976), found that tlH? response of stomati'! of Xanthillm 

strumarium was virtually the same in CO 2 fype and normal air. 

Majority of the :lata are gathered with well watered 

plants, whose response to the applied ABA is not confoundej by 

the endogenous ABA levels. It seems to be a common assumption 

that the plants supplied externally with ABA would respond to 

CO 2 much in the same way as a stressed plant would (Walton, 

1980; Wilson, 1981). 

Robinson and associates (lq88) fed l0- 5 M ABA throngh the 

petioles of detached leaves of Apricot, Sunflower and Spinach. 

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

stomatal conductance. Thl1S reduction in photosynthesis was 

entirely due to the stomatal closure. In Slmflower, tho11gh gs 

decreased significantly, there was no reduction in electron 

transport rate or RuBisCO activity. A similar conclusion was 

made by Downton et al (1988), who reportej that the inhibition 

of photosynthesis in ABA fed leaves was completely explainable 

by the effect of the ABA on stomatal closure. 

A number of reports have clearly demonstrated that the 



~ • h 11 processes are relatively 
aesOP Y 

sensitivity of photosynthesis to 

isolated mesophyll cells (Mawson 

resistant to ABA. A lack of 

ABA has been described in 

et a I. , 1981; Raschke 

Hedrich, 1985), in isolate1 chJoroplasts (Keck afJ-''l Boyer, 1974). 

Th e in v it r 0 act i v i t Y r, f r 11 b i S C Ii 

(Kriedman, I 9 7 5; Rob ins I) n e t ."1 1 ., 1 9 8 8 ) . These reports snggt=>st 

that the inhibitory effects nf ABA spems tn he mpliate(l thr011 gh 

stomatal closure. 

Response of stomata to VPD 

The stomata also respond quickly to the first signs ()f 

drought in air by reducing the aperture when vapour pressure 

deficit increases due to a reduction in RH of the air (Hall et 

aI, 1976; Losch and Tenhunen, 1981; Schulze, 1986) . Recently 

Gantz (1990) reviewed the location ano mechanism of sensing 

humidity in plants. The plant responses to hllmidity was also 

considered. The stomatal response was considered in ~etail with 

reference to data on snybeans, sugarcane and Cnmmelina sp. 

Hirasawa et a1., (1989) reported a re,1l1ction in stomatal 

conductance in rice with an increase in the leaf t() air vapol1r 

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 iss 11 f fie i en t lye x p 1 a i ned t hat the in hi bit ion 0 f ' A I 

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



C02 C
oncentration at the carboxylation site. 

However, at this juncture the question still remains 

whether stomatal closuTP completp]y 

of °A' under moisture stress. 

accounts for the inhibition 

Non stomatal control of photosynthesis under moisture stress 
condition 

It is now well established that the rates of CO 2 

assimilation in leaves is depressed at moderate leaf deficit or 

even before water statlls is changed in response to a drop in air 

humidity (Lange et al., 1971; Bunce, I 9 8 1; S c h 11 I z e , 1986) or in 

soil water potential (Davies and Sharp, 1981; Go11an pt al., 

1986). As discussed earlier, in such cases, stomatal control of 

CO 2 diffusion plays the most import~nt role in controlling 

photosynthesis. 

When the:1 r01lCjht per i oj is 1 engt hened, j ehyd r at ion is mad e 

more severe or other environmental strpsses alP Sllpf?r imposed, 

changes may OCC1.lr in metabolic flmctions (Kaiser, 1987a) and/or 

whole plant behavior (Schul ze, 1987). Classically, the 

importance of stomatAl closllre in reg111atin9 photosynthesis 

under water deficit was recognized by the numerous findings of 

parallel redllctions in photosynthesis and transpiration as 

drought develops (Kozlowsky, 1982). 

Shimshi as p.::n1y as lQ63, calcul.=ttp,'l th.=tt a.lthollgh the 

stomata decreased its aperture sizp, there was a component of 

Photosynthetic inhihition that cn1l10 not bp "ttriblltp'"J to 



stomatal closure. Hl.itm.=tcher and Kr i eg (1983) have shown the 

reductions in mesophyll photosynthetic capacity and redllction in 

stomatal conductance 

deqree , be coupled. 

under water deficit may to a significant 

Farquhar and Sharkey. ( 1982) suggested t hat 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 2 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 'Af llnder well watered conditions. But uMler 

water deficit, the high "Af was related more to the maintenance 

of higher capacity for mesophyll photosynthesis. The redllction 

in assimilation rate of both drought tolerant and susceptible 

species of Triticum was mainly due to a reduction in mesophyll 

capacity to fix CO 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 meaSllrements of 

photosynthesis at high CO 2 concentrations indicate that a 

component of mesophyll mediated inhibition of photosynthesis 

llDder moisture stress llsllalJy occurs (Johnson et al., 1987; 

Farquhar and Sharkey. 1982; Sharkey, 1985) 



The strong correl"ltion bptwPf?D stom.'1t.'11 r::ondllr::t"lncp "Inc'! 

photosynthetic rate seems to represent an adjustment of stomatal 

conductanc e to match thF":' intrinsic photosynthetic (>'l.pacity 

rather than indicating a callsa1 relat ionship. 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 Farqll'har proposp,"! a theoretical 

model of functioning of stomata so that an optimum bAlance 

bet wee n los s 0 f wa t p ran ,1 C () 2 II P t "ll.; p may be m a j n t a i n p.:L 

theory fits the observations of F.=n ql1ha r ,om"! ShA1' key, 

that stomata operatp to kpep the C()2 concentration in 

chloroplast cJosP ttl the transjtjon point between slJbstrate CC)z 

and RuBP regeneration limitations of photosynthesis. 

However most of the investigators assume that the stomata 

respond to the CO 2 concentrations in the intercellular spaces of 

the mesophyll cells. Sensing of the Ci by the gnard cells is an 

attractive hypothesis because as the mesophyll demand for CO 2 

increases, Ci will decrease promoting stomatal opening thus 

increasing Ci (Farquhar pt al., 1978). 

However, Raschke might 

exchange CO 2 along the entire wall of st omat .31 POTeS and 

therefore couLl sense ,"!pproximately the aVf:.rage ()f Ci and Ca. 

But Heath as early as in ]949 had reported that in ~larkness the 



tightly close~ stomata ~o not open even if 

passed on the leaf. This Sllgg psts the stomata respond morp to 

the C02 concentration of the inter-cellular spaces. 

The fact that the guard cells irl'1eed respord tc, C'i WAS 

recently demonstratpj by Keith Matt (1988). In this st 1.ljy 

asymmetric CO 2 ConcentrationS fOI the two slHfaces of ,1.[1 

surface CO 2 concentrations indepenc1E:'ntly in Xanthium strllmarium. 

stomata responded to Ci when Ca at the leaf surface was held 

constant. In .=t.nrlition stomata did not respond tel changps in lpaf 

surface CO 2 concentration when the Ci was hpl~ constant. This 

evidence clearly sllggests 

strictly controlled by the mps(lphyl1 factors. Thus it is 

plausible at this junctnre to prer'lict that thp stomat.=d Cl0S1HP 

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 mesophyl1 factors 

Several data showing inhibition of C02 assimilation at high 

internal CO 2 partial pressure simllltanE'ously with stom.::ltal 

closure led Farqllhar and Sharkey (1982) to cone l1H1e that the 

photosynthetic apparatus were inhibitp~ by water stress ani that 

the stOni<':\t,=d limitation decrease', 1m,lP! stress. A.ccr;rrlingly 

different lines of evidence Where internal partial pro=>ssnyp of 

~O 1- ..:J l)neTlan'gl?D in 1 pa,Tp? clf_ r 1" t 2 11218 remalneu w - - ~ ~n 8 



S tress in spite of a decline in both stomatal r-;onductance 
water 

and C02 fixation indicate that mesophyll c::apacity to 

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

Raschke and Recemann, 

vitro experiments 

recently by Kaiser 

1986; Cornic et al., 1987). In the in 

conducted earlier by Boyer (1976a) and 

(1987a) further confirmed that the capacity 

of photosynthesizing cells was indeed damaged by dehydration. 

In a recent stndy Quick et al., (1990) comparing f01U' 

species showed that soil water depletion over a period of 

several day (4-7 days) ffi."\y result in different effects on 

mesophyll. Simi larly 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 closllre in stressed field grown tomato plants, 

indicating a possible non- stomatal limitation of 

photosynthesis. These data confirmed the previolls findings when 

slow stress resulted in a reduction in the initial slope of the 

CO 2 response Cl1rve as ~-1ell as the CO 2 saturated photosynthetic 

rate suggesting a damage to the carboxylating machinery as well 

as the reg e n era t ion 0 f R 1l B P ( .J 0 n p s. 1 9 7 3; R a (l ina n (l A eke r son. 

1981; Jones and Fanjul, 1983; Bjorkman an,:'! Powels, 1984), 

Earlier, based on chlorophyll-a fluorescence, Sivak and 

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



clearlY pntenti~1 nf 10Af W::t:::. i?xt r f?me 1 y 

Many of thp. preVi0113 wc'rks in the f'Arl'i sev0nties bAsed 

their conclusions un th .. : calculat,::.l int;?rcellular cc'ncentr at i()ns 

of C02 (C i ) . wit 'hOllt 

the mesophyll CApAcity to photosynthesize, the 

decrease. 

at least hi9hpI 

photosynt}p7>S; :c; 

Farq1.lh.::tl '1 i '1 

not show dny if<.:r,::.,'i C"-:' 11!',1"'1 

still hCiVF: 1,;:'''n 

( 1982 ) dnd :~ C' 1"1 11 1 ; ,,' (1 (; 8 p, ) . llslJally intplpretpi to 

indic.:jte a lirect ph c, t ,_::, s y r; t h 1-: t l ,~. !ll.':ii::h i n~:r y by 

dehydrat i(_'i,. also 

for 

Is patchy stomata responsible for the apparent non- stomatal 
1 imi tat ion? 

Sections i :~: low. 

non lmi fcn 11\ C ,j_ Ct 1 'r i 1: ,) i 1i j 1; d () f 

terms of 

stomatal limit,lticn of photosynthesis. F."I1''11.1h''11 pt ."11., (lQP'7) 



Suggested that 
non llniform stomatal closur~ l.lnj er wAter stress 

previOUSlY 

lead to an 

shown by Laisk et a I . , (1980) and Laisk (1983) might 

incorrect calculation of Ci. 

Downton et a1., (1988a) iidoptl'?d thl'? fll1CH>?sc~~ncf? q 11enching 

h 
'sm to compar>? the ABA fej leaves on contlol plants. mec anl 

They 

found that the i n h i bit .i (nl I) f photosynthesis 

studied was ind>?"?'] fully "'IliP to the pffect of ABA on stomatal 

closure. They also in response 

of ABA was very 

(1988b) showPil t }1,3t an 

by withholding water 

Eucalyptus ficifolia. 

f 1 1:"1 m V i tic'. v i n i f P 1 ."1 , NFl i 11.H1 , __ ,l i ,,\n,-l ;:'1' 

In a 1 ] thE'SP sppcips, D()n uniform 

stomatal closure OCCllII pj. 

by Sharkey and Seeman (1989) in PhasE'o111S vl11qaris. 

Thollgh the ·:'l,iscovi?ry of thi? OCCllrri?nCi=> of patchy stomat ,"I 

has been employed in explaining thp non-stomatal inhibition of 

photosynthesis in water stresse1 lp,\vr=:s or thosp sllpplipj by 

ABA, there is no pvijpnce ypt that satisfactorily explains why 

stomata respond in sllGh rl linn 1.1n i form m,'Hl11pr. 

response. They ar(jll P t 'hat in many ] e3VPS t }jP net w,-::_lr k of 

vascular bundles r:-3llSPS thp effect i ve i. s (\ 1 ,'1 t i c:n (if 3pr::t i on ~3 of 

Sp·3C P S an'! that t}, er p is rt'stricte:~ latpral intercellUlar 

diffUSion of 

"Heteroboric" 

s~ct i(Jns. Lp=tvps with :::l1C1"1 

~natomies ~re belipv~j to be more prone for non 



stomatal closure wh i Ie those with well connected 

ltatercellular 
spaces ("Homoboric") providing high gaseous 

aobil ity are not. Therefore patchiness of stomata may operate 

fff 
only in 

leaves with heterobor3c leaf anatomy. 

Mansfield et al. (1990) suggested that the 1.meVf?n 

distribution of a sllbst,:mcl? moving in the xyll?m conld result in 

local differences in transpiration or differences in resistance 

of the xylem cond.llits so th.3.t water flow is favored in some 

areas of the leaf, Thi s may also lead to the patchy stomatal 

closure. 

Iffect 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 

CO 2 , The damage to the biochemistry of photosynthesis can be 

mediated through a dam."!ge cal1sed 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 tW() conflicting views exist abnllt nvtjol site::: 

for a primary interaction of wat er deficit with 

photosynthetic machinery. One view favors thl? thylakoid 

mediated light reactions of photosynthesis as a main target and 

the other ar'Jlles for the dark reactions that occllr in the 

aqueous phase of the chloroplast stroma as thp main factor that 

gets affected llndf?r stress. 



Recent reports p~rtainin9 to the 

photosynthetic capacity of the mesophyll 

affect of stress on carboxylation: 

environmental v."Ir i -'iLl;'- .'tffH~t ir;[J 

through rubis~o. 

RuBisCO in t'he 

species inelll];::' t11 ... · 

of the enzyme 

g. , 1988) , 

progressively stlE'ssei to 

in a 20% 

effect i)f str ess on t hf? 

,':ire [,::.viewe:'! here. 

result,::.'! 

opined that trp~' \,Jdtel strpss ni'''''liat,:,·l. j'JCil"J-::;tulll.jtaJ inLibiti()n of 

photosynthesi:':. W·-'12 prim:nily .lllf~ tC) th"" 1eI'·rf'·~L::P in thF' cilntpnt 

and activation state of t Ii P Y r f:· I) CIt p '1 t L ·~1 +-

the K.::_ t ( :: 5 n[l~ 1 ":' ;::. {~I f 

K"'(C02) .:-: i mil "tl" 1n WP 1 1 

watered an1 strp3SP~ pl~nt3. 

I n a s i m i 1. a r "=' X f!!': 1 i me rl t wit h 

confirmed that nelll-'stomatal inhibition of photosynthesis 

drought s t res sis [, t i Ilia [ i 1 Y IPjUct ion 

activity ani activation state F.i,iS i ~~.CC; .:'in·.l .:,-31 :::·Cl 

carboxyl.3se. 



may not be the 1 i mit in') f ,j c t (n 11 n·J e r s t res s . 

, tal Mayor a 1 e - . ~ . ani 

p~rlier shown th~t r ('J nct ien in 

photosynthetic ratps wad associate} with rpl1JctiO]i in th"" 

ability of RllBisCO an"! PEP l-;:nbcxy1as>? They also lPcorle~ 

significant re~uction 

water potentials. 

Apart 

other Calvin cycl~ [eBctions ar~ also shown to be SllSCPpt) bl e 

for stress effects through al~i'Jifi;::ation of stroma. ReI kt~vJ it z 

et. al. , ( 1983 ) ,l,"'monstrate'l that the iLhibition of 

photosynthe sis lmJ;:' r stress condition was stromal 

acidification in Spinach, Chlamy'lomonas anJ Aphalocapsa, a Blup 

Green AI'].::!. 

stromal acj,lifiC,'1tioy.1 ~11l0 to osmotic in t 1H" 

inhibition of enzyme activity. 

Effect of stress on photochemistry 

Ben et. d 1. , X,"!nthilliTl ~"trl1m"!tli!l1! =ltl~ 

tJ) stri':'Ss. 

They conc1llde] the'll thi?SfC? efff?cts w!?re :1ur~ t() th;::' pre 

disposition of waLel strpssPj plants to inhibitiun of primary 

Photochemistry (Ejorkman an:) Pow,~ 11 s (1984). S i 111 i 1 d r 



Sharkey and Badger, ( 1982 ) suggested that RllBP 

capacity was reduced under water stress conditions. 
regeneration 

found that photophosphorylation was more sensitive to 

than stress 

§...tumar i um. 

was the rate of electron transport in Xanthill111 

Caemmerrer (1981) an,j Forsetl, and Ehleringpr (1983) 

IPSlllts where electron transport also got similar 

unaffected at leaf water potentials that completely inhibitp~ 

photosynthetic r.=!tes. 

More recently, Marcel ..;.A-=t...:;._A.:...=..l.;_., hArd wheat 

plants to different soil water potentials an~ attribute,] tlw 

reduction in assimilation rates to changes associated with the 

photo chemistry of the leaf unjer 8tress~ 

Lop e z ;;:_e.:::.t...:.. _ _;a.::.., ;:;..1.:.... , ( 1987 ) 3emonsLratF?d in intact wAter 

stressed sunflower leavps thAt IF?lr'ttively modest decline in leaf 

water potential adversely affecte~ photophosphorylation in sitl). 

The effect of declining water potentia] on photo phosphorylation 

is large enol.1gh to constitllte A irt,'ljnr rate limit,=ttion to npt 

photosynthesis. inlicate trlat t'hp inrlibitory 

mechanism involves the cat"llytic activity of thp cOllpling fActor 

itself, a notion consistent wit'h the in vitro stlldies of YOllnis 

et . a 1 ., (1 97 9 ) . 

Transpir~tion indl.lced stro?ss w.=ts ro?ported in Avicenni-=t 

marina, Xanthium stumarium and several glycophytic species by 

Ball (1981). She concillded that the transpiration induced 

stress was similar to the stress effect envisaged by with 

hOlding irrigation w~tpr. She fOllnj that th!? assimilation ratf?S 



more affected specifically at CO 2 concentrations 
were 

than 
at lower concentrations. 

tum requirement. 
in quan 

requirement was 

A 

There was a significant increase 

similar incrF?ase in quantnm 

by Mo'hant y and An 

a S e in t h p q 11 ant 11 m r e q 11 ire TIl p n tin·3 i r::: .:J. t- p s ." p () :3 S i. hIe '1 a mag p incre -

to the photo chemical react inns nf the thylakoiJ memhranes. 

When moderately stressei or severely stressed plants were 

exposed to normal high light intensities of incident radiatiorJ, 

there was a lowered ratF? of F?lectron transport as well as a 

reduced photo phosphorylation (Boyer, 1971 ; Keck and Boyer, 

1974; Bjorkman and Powells t 1984; Mathews r:lnd Boyer' t 1984). 

Such a damage to the thylakoid membranes of the chloroplasts 

were visualized by thl? chlorophyll'1 flnorescence techniqne ,:l1so 

(Govindjee ""e-=t;,.!,. _ _;;a~l,,--,-., 1981; Bjorkman and Powells, 1984). 

There are also other lepnrts availahle explaining the 

possible damage to the electron transport system by moisture 

stress. Bllt the recent repnrts llsing mnre sophisticated 

techniques of chlor0phyll florescence proves that the thylkojj 

membranes and associ,=t.ted electron transport reactions are mote 

resistant to stress. Scriber and Bilger (1987) mentioneil that 

the rapid wilting of le,:n:F:'S 'it .J im room 1 ight to abollt 50% RWC 

d l' d not l' mpa l' r' thylakoid energization. The observe~ absence of 

uncoupling in osmotically iehyjrated intact chloroplasts or 

protoplasts is consistent with the impression that thylakoid 

membrane integrity WiiS not affected by modeldtp water deficit 

(Raiser, 1981b). On the other hand, Sharkey and BacJger, (1982) 

an 



have a drasticAlly lowerei ATF' cont t='n!~ • A 13(\ , 

increasE' in ATP 1pv p ]s in i SCI] at p.l intact chloroplasts was 

smaller in hypertonic in isotonic mp3i~ ,:1 1. , 

1981b). 

Effects of low light stress on photosynthesis 

LoW ligLt 

stresS condition of teD rps~onsible for cllY Hl"tttpr 

production. 

we 11 st 11d i eo "tn·] itt.rib11tp··~ =t3simil"ltic,n r'::ttr'.3. 

kharif months. 

Although thr' pl,3nL3 '1,:;clinV'tti2P to t-r,'~ luw light conditions, 

many biochemi (~d 1 

the reduced 

from the f Cle''\: 

Ci werl'? low 

( Cae mer r E' an '1 F on g 1_1 L dr, 1 9 r 1; T d Y 1 ("', ran 1 T err y, 1 9 8 4 ) . 

Photochem i c.,,\ 1 

attribute:'! fen t 1)1:" lowpr~'l assimilation rates under 

,." . , ' 

int':'l"isit ips 

low liC)ht 

conditions. Li9ht satll[,=ttion point .=m3 photosynthf?tic c,=tpCJciti p 2, 

are shown to L·P!'" ,,,It;:'r,:''l by growth light intpnsities. 

':1Od Winter, lCJ88). 

in the 1 e Cl fall :l t "m y, t h p II 1 t r a s tIl jet 11 r P 0 f c 1, ] (I r '::-' pIa s t san '1 t r, P 



c r: a r a r:: t P 1 i :3 t: j ,-' ::~ (Chnw ·"In 1 

,'11 . , T r, ,o, r f" f ,:n p it 

major 
factor cont r i bllt i 1<3 f r)l ,~, f t h F' pl.=tnts to 

linht inten~itips. different :J 

noticed in low 1 i gllt "j (' eli mat i 2 ". '1 .:.1-
, l'_ high liyht 

intensities with ~ 11 C r p .3 S t~ in Ci can bp attributei to the 

intrinsic chloroplast chal,,;ctF.::ri~:;tic3, whic1-l were optimi:i?J fer 

growth light conditions, 

In a recent st1!Jy "It C,lll ( 1 991 ) , 

quantified limit,3tiorJs of porPlJti-Jl pr,f)t:(;3yntll l:'sis ii" 

acclimatized 

biochemical limitati(;il"'. WPlf- 1-) j'J}-,Pl 1 1 1 (I W 1 i C(h t 

He also showej that t 'h ,::, ,"1 fJ P ,'1 l F" n t q I j ,'\ n t I) m y i (' 1 ,1 a:"?, w (i 1 1 

Amax at saturatp~ ('1 ",'('rp lClw,c'r irJ,\:ic.':ltin'J ell} iljLihjt;'~"i' e,f th,:.. 

photochemical 'In:'l birY;rl'-"mi>!l r';:"ll~t ir:.ln:.: (>f phcltosyllthesis. 

The reaction lea1ing to thp carboxylation of RuBP catalyzpl 

by RllBisCO ha::o ,"Ils(_l br:oF:'n sb.y,>.m te, b,:-: 

light intensities. TIl'::> .=jctivaLion state of thp enzym0 is 

strongly modlllAt~J by 1i9ht intpnsity ('i>J(lC):J r ow ,=m:'! Sf" It y, 1988). 

A po sit i vee C 1 r pIa t i CIT! bet w ,::, p rl intpDsity an1 FuBiscn 

activity WCiS shown by 'lTq ",t (1 q:3~ j; S,,:>pmann Pt ,::tl., 

Effect of nitrogen stress on photosynthesis 

Pro per nit 1 C"J p n Ii 1 ! t r i t i r) n i s p ssP n t i .'1 1 



development of 
the photosynthetic 

components (eg. thylakoid membranes), enzymes of the 
transducing 

photosynthetic carbon redllction 

of nitrogen metabolism (Farqllhar 

r-:; y c 1 e (p 9. R 11 B i s C' 0) and 

et al., 1980). 

pnzymes 

Deficiency of this essential element has been clearly shown 

to affect plant growth and ·jl;"ve 1 opment . Leaves with higher 

nitrogen content have a max i mllm rate of net 

photosynthesis in bright li~ht with limiting CO 2 supply than 

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

Significant relationships between nitrogen content an] 

photosynthetic rates have been shown in many species (Evans, 

1983; Evans and Seeman, 1984). Makino Pt ,=11., (1985) showed that-

with reduction in nitriJqp)i n11tritinn assimilation rat p ,:; 

significantly decreased in li~p. Similar rell1c:tinn in 'A' with 

decreasing nitrogen levels were also recorje1 in wheat by Lawlor 

et al., (1987a) and Lawle,r et a1., (198C)). 

Recently. Heitholt a1., (1991) showed a significant 

reduction in enzyme cont>~nt espf.:r::i=tlly Rl1BisCO vJhen nitrogen 

nutrition was decreased. They concluded that the observ~d 

reduction in assimilation rates in nitrogen strpssed leaves was 

due to a reduction in the actjvity and activatiun state of 

RuBisCO. 

In sunflower plants grown at ~ifferpnt ]pvels nf nitlngPD 

nutrition, Kumuiia (19ql) shnwe'~1 that thp rPlllct ion jn ','A' was 



the amounts (>f RllEis('o. 

solUble prot~~n i_: h anq (:":~ un1er 

nitrOgen 



MATERIAL AND METHODS 



MATERIALS AND METHODS 

Observed variations in 'A' bptween genotypps ani specips 

can be broadly attriL'l.1t P j to stomatal diffusiv p rhara~tpristics 

(g.) 
and variations in the capacity of mesophyll sub components 

(gm) to fix carbon. 

Crop plants constantly pxperience a randomly changing 

environment. Environmental changes generally result in 

significant redllction in observe') 'Af f?ithfC'r by their f?ffects on 

Hence a knowleige of the extent of limitation imposed 

by stomatal and mpsophyll £"10t('13 on observed . A' i S .'=1 

prerequisite in selecting traits for crop improvement by 

photosynthesis, environmental variables also 

exert a significant modulation of photosynthesis, 

assessing the limitations of 'A' lJlleJer triP mc)st cnrnmon ahiotic 

stresses is also of great importance, 

With these aspects 10 mInd, a series of px~el iments were 

conducted to assess the Amax anj limitations of photosynthesis 

under non-stress and abiotic str~ss conditions. M>:'aSllring the 

gas exchange traits was the predominant approach in the present 

investigation. All the gas ~xchange parameters were recorded 

USing a portable photosynthesis system (ADC LeA 2) in the open 

system. Qn,=mtific.=ttir)f) of tr,,," rel.itivp limitations of phr)trJ--

syntheSis was donp basp~ on thp CO 2 response curvps. A new gas 

eXchange method W,)S 'lPvp1Clpf'~ tCl calClllAtp triP specificity 

factor of rubisc(). Thp r~lt}.':::'l 9.1:':; pxchringe .1pptr-,."!(:h tel pvalllatp 



the streSS effect on the mesophyll fC1ctors was t.o c],,:'vplop VPD 

response curves. The met hO'l ell 0<) y in t liP vario,1::; 

experiments pxpl"ined i nth i:3 r: h " p t '" r . 

Description of the portable photosynthesis system 

A portable photosynthesis system (IRGA) of the ADe, 

England LCA-2 was used for recording of gas exchange parameters. 

Since the instrllment operates in "'In opt=:'t'l system, it is possii:,lf? 

to maintain steady state CO 2 concentration and relative hllmiJity 

in the leaf chamber. Th,.::, instrument i::; I~:omp;)sl::.d of fOllr 

dist.inct units. 

Air Supply Unit (ASU): 

at. a constant rate ran,]in'J frclln 2(10 t_r, (,(!)(lj ml.min--I. Air iz, 

pumped through two 1es1(.:c·=mt tu\)p,-:; 

per chi a rat F" t hat 1 1-" a 4 1 1 y a b :3 (l r h ::; m I) i :; t 1 H e f r Cl m t. h te' -i i r , Thp i i r 

leaving these iesiccant tubes is therefore esseDti311y ~ry. 

selenoid valve 1 e g 11 1 a t I':' S the f 1 (I W 0 f ."1 i_ l' pit rl e r i n t () t h p 

Parkinson's leaf chambel 01' t;) the l' e fer en c e c h a mb e 1 eft h f~ ~1 as 

"nalyzer. 

Parkinson's Leaf Chamber (PLC) : 

6 • 2 5 c m 2 and i s p q i 1 j F P .0 1 t (1 m pas u r f· t 11 e 1 j 91-1f 

PAR h 11 m i J i t. Y h Y "! 

TrJi:.' PLC wittl ,=; 1,~·"' 

i(J(:i Jent 1 i 9h t . /0.. hilt ,:/1 

rubber tubing is 11sel tCl cdlry :lir flom triP ]e·=;f ch:li1'lbt-:'l if! tel 

the leaf chambpl ,=m,'ilY7,"l, 



f 
chamber analyzer (LeA): 

Lea 
IPGA. witt, 

tWO chamber s. ti' which , C 
.L .~. pl1mpf":1 

straight from th'" !>.SU, ,in} ,"J.n iCl"llysi3 chamber to Wtll(,:l, .'til f[(;l1) 

the PLC is Pl.llT!F,Pl, All actively prlc'tc)::::;ynth'::~i2inl,1 It.·af w(;111·1 

deplete C02 from th..:' ,il dfll 

concentration would bF l~ss than that in the referencp chamber. 

This differential CO~ Ci~)rlc.=>ntrati' .. ln is fllrtrl!?r liSP) t() ,::;ompnte 

the ph 0 t 0 S Y nth .> tic rat e:: h y t h F: :1 a t,j 1 c"J 'J i? r . 

Data logger: Imi ts 

explained, thc' 'lata 1 U')]"· 1 (',~'mput:f.,"' the assimilation ratp ('A'), 

concentrat j on (('i). '''1:",. 

Recording gas exchange parameters: 

was clampp'l te, FLC ard ht~ll perp~'liJiclilar tIl thp jnci'],::.nt li9ht. 

Relative hllmiditji '..Jas 11Hint,iin~'1 

to the ambi ent BB t Ci ~"; i in u 1 at: !7' a CeJi"jj it ion very simi .1 aj t (I t h:'it 

of the ambient 3i r F;'l alt. ,~r in9 thF f low l Cit!?3 of .Jr y 3. i 1 from 

the ASU, it 1:: pCls::.::ible to rnalnt 'lin a jesiraL:le RH in trlP leaf 

chamber. satuldtpj 1 ight 

intenSities. 

on i3. b rig }d~ s 11 n n y :1 i Y , 

CO 2 response curves 

CO 2 rfO'spi~inSI'" (:11t'.7":" r,::.f,c·l t,-, t11F' p.=Jttprn ,-,f in 

dSsimilatioo r~tp of in ,'1mbi''''tlt 
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concent rat i i)f!. Fer t lv':' r "" ::: p ,) n ~, P 

-'l • f - ' curve, 'j 1 ,! PI ent. ('(;2 c()nCpntldtions ranging frclln S(:', t Cl 

Generation of different CO 2 concentrations 

An cheap technique was to 

generate different CO 2 concentrations (Sheshshayee, et a 1. , 

1992). This JPViSE" ':-onsi~)t:,:' of a :?S It. aluminum l.YllTIl pLv';=<! in 

its inverted posit jon to f10~t ov~r watpI in·"\ pla!::,tic bl);~:k""t. of 

50 It. capa,~:ity (F.i'j'. 1 i, 

drum moves '1r,Wl i gra1iJ,'il1y trill:-=; PT("porti(lnate]y c'jpclf:.a:3in(J the 

volume of 311 in the JrillTl. 

support thp '1rl1Jll ,=tnl f ,) ':. l ] i +.. ate its PdSY 11[> alll 

movement. 

and brought up te, thp surface I')f water at t}")p 

bucket. 

be pumped into the inverted Jrum. Ani ODCP it is full, air com 

be drawn 01lt t'.'l,sily "lith Ollt any ~ltt'r~tions in the composition 

of the air maint.ained in t]I"" :lrum. 

pre sent in it. Flilt'hpy, l(iwl~r CIT hi ,)1),,:,1' (:n 2 

using an .'1 ir pl.1mp, 

To ()btairi C()2 1 (_'WP r t 'h ,3 r; t h,> 

concentration (330 ppm), the ~mtipnt 



KOH-soda lime tlap. 

This CO 2 frp~ ail was proportionately mixpJ. wit'h ail 

containing iifferent concentrations of 

C02 lower than the ambient 1 eve 1 . 

The following procedurf? was a:'l opt eCl. to obtain CO 2 

concentrations hi~her than the atmospheric 1evel. 

generated using- a Kipp's apparatns by [("acting 10 g. of CaCr)3 

with 20 mI. of 1 N HCl. A known volume of this CO 2 was puropeJ 

i n tot h e j 11.1 m 1] sin ~f 'i n air p 11 )f) P t 1, a t 

Pumping of atmc<3ph p ri t-: .=til ·-lillltps thp 

atmospherir ail. 

instance, 15 m]. of cO 2 wtlPn :lilntp·l tn?') It. in tb,'" ,'\1111ninl.lln 

drum, gives 600 ppm CO 2 gAS mixtule. 

for dilution, different concentrations of CO 2 were genprated. 

In all, six different concentrations, thrt?e above and three 

below the ambient concentration were maintained. 

The CO 2 concentration was continllously monitorej by tj-I'::l 

IRGA which f or illS a c I)nipnn en t of the portable ph (i t (1 :-:; y nth e t i i:: 

cnne pnt 1 at i Of; S remainpc:l system (ADC LeA 

fairly constant 

n. 
for 3 ppriorl of ovpr 20 

of exposllrp of 

than five tn spven min lltp ,"., pos".ibl e lrJ thr:-

concentration of r0 2 

mea~nn in9 'A', 

The ::lrnITis with ,-liffpp::'nt CO 2 concentrations were connectej 

seperately to the ASU, 



lopment of a CO 2 response curve 
oeve 

leaf (all observations WPIP 

unlesS othelwi~e IT!':,nt iOlJ"":1). Th,_' 51':' 1 ect p'J I>=: ,'1 f 

the leaf chambpr .'111,1 [' PIp p n j i '_'1) 1 ,j r t (1 t rl F' 

1 i '31, tin t "n :~: j t y 

\.-JdS 

incilPnt light. 

state level s i m; 1 'j 1 t i) t r, i~ ,:i rn b j ,:-. i J t R H h Y In j nip i j 1 d tin oJ t h P i 1 t ~, 

f f 1 W 1_) f ,11'" 1- ~ If" ,", "II ~,1--", ,:::.: 7'" ,'C,l,,'," , o 0 - '" 'i '1 ,,' i . . 

where 

Baser'l on t11>'-' lTp::"1Sllrp.l 

The 

('" . 1 c: 

E = tI~nspiration late (moles.m- 2 .s- 1 I 

Cc ~C'()2 '''!_'JfJcentr.jti(ln in tl1~ CUV~?ttF' (p[)m) 

fe,r Jn1l1 j. 

equipped with t:r:i':::f' f'~lrnU]3'" jj"jl tl'lP j['j;;;trument ins t -:1 n t 'ilJ P 0 11 :3 1 'j 

calculates Ci 

y = aX 2 + L,X + 

Quantification of relative stomatal and mesophyll limitations of 
aSsimilation rate 

respons f:' 

relative of "fl,' in th,,' t I'll! 



d ~ I--veQ of the. fullY expan r e(.1 1:'..; ..... 
Linear resistdncl'"~ 

analysiS of the C02 response curves as proposed initially by 

Farquhar and Sharkey (1982) was adopted to compute the relative 

stomatal limitations of 'A'. This approach was further modified 

to quantify the relative mesophyll limitation of 'l>,' . Brif':'f 

explanation of the procedures are 9ivpn below. 

Quantification of relative stomatal limitation of 'A' 

CC)2 respc111SP Cl.1r\ref· wer~' 1n the top fully 

expanded leaves (Fig. 'j I '_ , . The observed photOSYGthetic 

saturated light intensity ~n4 ambipnt concentration (3l0 

ppm) was measured an'! 'l""lJotp1 as 'A' on t'he C(;2 II'"-spons e r-:-llIve. 

The inter-cellular CO 2 conc e Yltr.'3tion WOlll·.-l bp jPS3 thc3fl thp 

ambient CO 2 level. 

to the 

mesophyll factors. 

inter-cellular spacps, in OthF'l w(\ld~;, at infinite ~!c, on" wOllld 

expect that the C02 concentrations between ambient air aId 

inter-celllliar 'it 330 ppm. 

assimilation rate at this Ci wnnll of the 

limitation of ,oA' by stl)llldtal I.I")n'lllct.=mr-;e. If ge iops not limit 

, A' • the assimilation ratp increases to a npw st e aly statp 

level, owing to the inC1Pasp in Ci. It is denoted as Ao ;)n the 

CO 2 response curve. It wOll1j hence be correct to aSSllmp that 

'A' is re·jllced from ;"0 tel 'A' jl1e tel thp limit.::ltions i mpose·j by 

stomatal r:onjll.c:t"1nC~ , Th~ proportion of 1(\ 
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assimilation rate from Ao to , A' can bp taken as relative 

stomatal limitation expressed in percelitdge (1 .. ~~). 

where 

Ae> - ,'4 
I .. = -------- X 100 

I .. = relativp stomatal limitation of • > , 
h 

1 imiti n9 bnt 111 ,::, ~, n D t, v 1 1 f ,'1 ,-: t n r ~ 1 i mit 
~'-'-'..i. - .. ~ - -

, ~ f 

I:' 

A - c,bsPr'J>:""l. 33simil-3ti'-lj) r3te it ambi('nt ('0 2 an·] 

s .j t: 11 r .j t e '1 1 i 91, t i lJ t ,:. r; ::_: j t y , 

Quantification of relative mesophyll limitation of 'A' 

At thF' 

of increase irJ . A' per 11 1'1 i t i fJ C If? d :3 pin C i (l.i;/dCi) :i. s max i 1111 1 ITI 

compared tel ·'1ny part of th,~ ,::;lHV'='. It if therefore assllmed that 

the i nit i a Ire S p (i (] S ,-:. (> f . A' t (l C i represents tl,e potentijl in 

vivo carboxylation efficiency of a leaf. If this carboxylation 

efficiency were to remain high at all i n t e r - c p 1 1 111 .:1 r 

concentrations, the C (l 2 res l? () n :3 ;::;. C 11 r v p v~ 0 11 1 1 be.] linear 

function. 

a hyperbol i c function. 'A t: a n g e n t i .3 J ext: f' n s i Ci n n f t h p 

Curve of 'Af fact()r:~ ·'it,::· n,',t_ 1 i mit i n(J 

aSSimilation rat:~, 

If tlle stomata are imposing a limitation to 'A', th,oJ (:i 

Would be lower than thp C3. Therefore to pstimatp the 

factors are not limiting, 



line perpendicular to the X axis was drawn at operating ci (when 

ca=330Ppm). The point of inter section of this line and the 

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

assimilation rate decreased from Ag to "Af due to the limitation 

imposed by t he me sophy 11 fact or s. Thus the mesophyll limitation 

was computed in percentage as follows. 

1m = -------- X 100 

where 1m = relative mesophyll limitation of "Af 

Ag = potential assimilation rate that is not limited by 
mesophyll factors but limited by stomatal factors 

Determination of in vivo carboxylation efficiency (dA/dCi) 

Unlike the stomatal conductance, there are no direct 

methods to measure CO 2 conductance in the mesophyll cells. It 

is extremely difficult to mE'dSUre the mE'sophyll diffnsivp 

conductance to CO 2 transfer owing to a large numbE'r of factors 

determining mesophyll condllctance (gm)' 

Using response curves, a new method was 

standardized to determine the mesophyll conductance. It is 

often quoted that the response of 'Af to Ci is linear when Ci is 

extremely limiting. This linear portion of the 

Curve is often considered as the in vivo 

efficiency (Farquhar and Sharkey, 1982) • 

Carboxylation process actuAlly controls thp entry 

CO 2 response 

carboxylation 

s· ~lnce 

of CO 2 

the 

into 

the mesophyll, the measurei carboxylation efficiency can hp 



COnSidered RS ~n indirect estimate of the mesophyll conductance. 

Two methods were standardized to calculate the initial 

response of 

efficiency. 

'Af to Ci as an estimate of in vivo carboxylation 

The initial linear portion of the CO 2 response curve was 

extended by drawing a tangent to this portion. 

this straight line was measured and expressed 

conductance or in vivo carboxylation efficiency 

The 

as 

(Fig. 

slope of 

mesophyll 

2 ) . 

The second method involved a mathematical derivation of the 

initial slope is as follows. 

As mentioned earlier t the CO 2 response Cl1rves were fitted 

into a second degree polynomial function. 

Y = aX2 + bX + c ----------(1) 

where Y == 'A I 

X == Ci 

Differentiating this equation we get, 

dY/dX == 2aX + b ----------(2) 

Substituting a Ci value (at limiting concs-ntration range) 

in equation (2), we ~et the rate of increase in 'A' per unit 

increase in Ci. This differential coefficient was taken as an 

indication of the in vivo carboxylation efficiency (gm)' 



antification of relative stomatal and mesophyll limitations of g:, under abiotic stress conditions 

C02 response C1Hves were employp·j to apportion the relative 

stomatal and mesophyll limitations of "A' in plants experiencing 

different abiotic stresses. C02 response curves were dpveloped 

as explained earlier. The same approach was adopted for the 

quantification of limitations (Fig. 2). 

Quantification of relative stomatal 
stress 

limitation of 'Af under 

The assimi lation rate of stresse?l le.=tves was measllrpo and 

marked on the CO 2 response curvp as A'. The assimilation rate 

at infinite stomatAl (;Onollctancp wher!=' Ci 

equilibrate with Ca was determined and marked on the CO 2 

response curve as Ao'. This assimilation rate represents thp 

possible assimilation rate when stomatal limitations were 

removed. Therefore, the assimilation rate in a stressed leaf 

decreased from Ao' to A' under stress dlle to stomatal limiting 

factors. Hence, the relative stomatal limitation of °A' nnder 

an abiotic stress condition can be calculated by the following 

formula. 

At:;,' - 1\' 
1. = -------- X 100 

1\0' 

Where Ao' = potential assimilation rate wh!='n stomatal factor ArE' 
not limiting hllt mesophyll factors .=tff? limiting 
under stress. 

A' = observed assimilation rate 1mder stress. 



ouantification of relative mesophyll 
stress 

limitation of 'A' under 

It has been 3u£ficit"::ntly dClcumentec1 in the literatnre that 

any abiotic stress affects assimilation rate by its effect on 

the mesophyll factors. As explained earlier, the initial slope 

of the CO 2 response curve selves as a tool to approximate the 

mes()phyll conduct ance, .ArlY re~uction in this initial slepe nt" 

rate measllred At ambient ('02 

assurned to the thenret ic,=tl1y [>0:33 ih 1 toe 

assimilation rate when mesophyll factols are not limiting 'A' 

(i. e" Ag em the CO 2 respcmse c 11rve). The CO 2 

and the various points markei are depicted in fig 2. 

Tht7 mesophyll limitation of 'A' un,jer an abiotic stress can 

be calculated from the following formula. 

where 

Ag - A' 
1m = -------- X 100 

Ag 

plant 
not 1 imitf',c'l hy the lr,~~,:o~ophyll filet ell::: bilt 1 imitl'<l hy 

stomatal f~rtnrs. 

Estimation of stomatal and assimilation loop gains 

From the calculation of relative limitations, it I' '" ~, evide[Jt 

that the mesophyJl limits 'A' more than the stomatal facten.s 



under abiotic stress conditions. The reduction in g. can 

therefore be attributed to the feedback control of gm on g.. To 

assess this hypothesis the loop gain analysis proposed by 

Farquhar et al. (1980) was adopted. 

Approach and methodology 

There are two important loop gains, namely. stomatal loop 

gains and assimilation loop gains. 

Stomatal loop gain (G9 ): It is defined as the product of the 

physical gains and physiological gains of stomatal conductance. 

G9 = Physical gain of 
conductance 

X Physiological gain 
of conductance 

--- (l) 

The physical gain of stomatal feedback loop is defined as 

the partial differential co-efficient of Ci with respect to g.t 

when 'A' and Ca are kept constant. 

Therefore, 

Since Ci increases with an inGrease in g., when 'A' and Ca 

are held constant the physical gain of stomatal feedback takes a 

positive value. 

The physiological gain of the stomatal feedback loop is 

defined as the differential co-efficient of g. with respect to 

Ci (dg./dCi). It is proved that g. decreases when the Ci is 

increased. Therefore, dg./dCi takes a negative significance. 

The physiological gain of stomatal feedback can be obtained by 



taking the slope of the curve fitted for ge against the Ci at 

the operating Ci (Where Ca = 340 ppm). Therefore equation (1) 

becomes, 

Assimilation loop gain (GA ): 

It is defined as the prod1lct of the physical gain and the 

physiological gain of the assimilation rate. 

GA = Physical gain of 
assimilation 

X Physiological gain 
of assimilation 

--- (2) 

Physical gain of assimilation loop is defined as the 

partial derivative of Ci with respect to 'Af when Ca and g. are 

kept constant. This is obtained by the following partial 

differential equation. 

3Ci/3A = -1.6/g a 

Since, at a constant Ca and ga, Ci decreases as 'A' is 

increased, the physical gain of assimilation loop assumes a 

negative value. 

Physiological gain of assimilation loop is defined as the 

differential co-efficient of 'A' with respect to Ci (dA/dCi). 

This can be obtained by the slope at the operating Ci of the 

assimilation rate curve fitted against Ci. Since 'Af increases 

with increase in Ci, the physiological gain of assimilation loop 

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



GA = (3Ci/3A) X (dA/dCi) 

Quantification 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 n'lative velocity of 

carboxylation and oxygenation. The in vivo velocities of these 

individual processes depend on the kinetic constant associated 

with the enzyme. The ratio of the kinetic constant of 

oxygenation and carboxylation reaction is 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 ~epen~s on the 

specificity factor of Rubisco, CO 2 , and O2 concentrations. This 

is given by the following equation, 

V c . Ko . ( CO 2 ] 

Volvo = --------------

Where, Vc = Rate of carboxylation 
Vo = Rate of oxygenation 
Vc = Vm• x for carboxylation 
Vo = Vmax for oxygenation 
Kc = Affinity constant for carboxylation 
Ko = Affinity constant for oxygenation 

[CO 2 ] = Carbon dioxide concentration 



(02J = Oxygen concentration 

The ratio of kinetic constants is called the specificity 

factor. 

However at a given CO 2 and O2 concentration, ve/vo pntirely 

depends on the specificity factor of Rubisco. Carboxylation 

efficiency which to a large extent jptermines the 'A I , is 

controlled by Rubisco content. activation state and specificity 

factor at a given CO 2 and O2 concentrations, it is essential to 

estimate the spec if ic i ty f actor of Rub i sco to lmd er stand the 

regulatory role of RubisCO in photosynthesis. 

There are different approaches to estimate the specificity 

factor. The traditional and useful method 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 he more realistic under a preVAiling 

environmental condition. Brooks and Farquhar (1985) proposed a 

novel technique for the estimation of specificity factor under 

in vivo conditions. The main assumption in this approach was 

that the specificity factor does not change with the level of 

activation or with light intensity. Using this assumption a 

model was developed for the calculation of the 

factor. 

Derivation of the model: 

s x ( 1 ) 

specificity 



where, S = Specificity factor 

. t assimilation rate is zero. At compensation pOInt, ne 

Since one mole of CO 2 is released during photorespiration far 

two TIlrllr .. C' ;-_11- oXY(jen cClnsumea. every· '_ '"=~ :J 
Hence the equation (1) 

becomes, 

~ 5 v Iv = s.rC0 2 JI fO a ], !u. 0 0 
since vc = 0.')'1 0 

Where the fC02] is the ('i (r"') (internal ('()2 cancentr.'1tion) 

at which Vc is equal to 0.5 

Upon simplification the equation becomes, 

or 

r* can be arrived at llsing gas exchange techniques. Th is is 

the Ci at which initial response of three CO 2 response curves 

taken at three different light intensities meet. This point i::~ 

less than the CO 2 compensation point sinc!? it 

released from processes other than photore8pir~tion. r* ani 02 

concentration should be expressed in molar llnits (I-' 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 light intensity. Low CO 2 was 

generated using KOH-sodalime. The linear model was fitted fOI 

the data. Internal CO 2 concentration at which all the three 



Miles meet .. 
was taken for the calculation of specificity 

f,fPtor . 

tiD response curves 

To evaluate the effect of moisture stress on mesophyll 

factors an attempt was made to enhance the Ci by increasing g. 

.t a given mesophyll capacity. This experiment was conducted 

,1th an hypothesis that if the mesophyll factors are damaged due 

~Q moisture stress, and when more CO 2 is provided by enhancing 

'I!" the excess substrate CO 2 cannot be utilized by the CO 2 

fixing machinery. Thus 'Af cannot increase. To test this 

hypothesis, g. was increased by altering the Vapour pressure 

deficit (VPD) of the leaf. 

The response of g. 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 F.H of 

the air around the leaf in the portable photosynthesis system 

(iDC LeA 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 leaf chamber was increased to 

different levels over and above that of the ambient RH by 

decreasing flow rates of dry air from the ASU. This resulted in 

increased g. to different higher 1 . va ues. 

Gas exchange rlata were recorrled after the g. stabilizerl 



to new steady state values. The assimilation rates and stomatal 

conductance values so obtained were plotted against VPD using a 

personal compllter. 

C0 2 sensitivity 

To assess the mesophyll capacity for carbon assimilation. 

calculating the CO 2 sensitivity is yet another approach. the 

response of assimilation to an increased CO 2 concentration in 

the inter-cellular spaces can be considered as a reflection of 

the functional ability of the mesophyll factors. This response 

of • A I to increased Ci is generally refereed to as the CO 2 

sensitivity. 

The CO 2 sensitivity of a lp."l.f was dptermined by meFlsllring 

the assimilation rate ambipnt and satllrateo CO 2 c;oncpntrations. 

The proportion of increase in "Af from ambient to saturated CO 2 

levels was considered as the CO 2 sensitivity using the following 

formula. 

A66tZf - A33tZf 

cO 2 sensitivity = ------------­
A661Z1 

Photorespiratiou based on APS and TPS 

stress 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 

indllced rerlllction in .3.ssimil.=ttion t.=tteg of crop plants. 



In tbe p-rest=ont investigation, photorespiration was 

calculated based on the measurement of Apparent photosynthesis 

(APS) and Total photosynthesis (TPS) . the .=tpparent 

photosynthesis was measured, as explained earlier, at ambient 

C02 and O2 concentrations. An air mixture of 330 ppm CO 2 and 2% 

02 was supplied to the leaf and the assimilation rate was 

measured using the portable photosynthesis systpm (ADC LCA I. 

This low O2 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 measlHPd and denotpd as true or tot a 1 

photosynthesis which is devoid of photorespiration. The 

difference between TPS and APS is therefore an pstimate of 

photorespiration. The proportion of photorespiration of the 

total photosynthesis was estim.:lted using the following [ormlllCi. 

TPS - APS 
PR = ----------- X 100 

TPS 

Quantification of total leaf soluble protein 

One gram of the leaf material was taken and ground 

mI. of tris-HCl buffer (pH 8.5) in a pestle and mortar. 

with 5 

a pinch 

of EDTA and PVP was added to the leaf m.:lterial before grinding. 

The ground mater ial was centr ifllged at 5000 9 for 10 mins. at 

4o C. The supernatant was used for t=ostimating the tntal soluble 

protein. 

Two mI. of the clear sllpernatant was taken and protein was 



precipit.:tted by ajdin9 2 mI. of 10 per cent TC]l~ (Tr ichloro 

acetic acid). After centrifugation at 10000 g. for 10 min. the 

precipitate 1o>}·:tS redissolved in 5 ml. of 1 N NaOH. FIorn this 

NaOH solution, 0.1 mI. of aliquot was taken and volume was made 

up to 1 mI. with distilled water. The total protein content was 

et al., 1951), 

FeR method for protein estimation 

To the NaOH al iqllot, 5 mI. of rt:'agent C was adjp(:j ,:md 

stirred vigorously for 10 min. Then 0.5 mI. of reagent D was 

added mixed immediately and incubated for 30 min. at room 

temperature. Optical density was recorded at 660 nm and the 

protein content was estimated 11sing a standard cnrve developed 

earlier for Bovine serum albumin (BSA). 

Preparation of reagents 

Reagent A: 
Reag!'?nt p. , . 
Reagent C: 

Reagent D: 

2% Na2C03 in 0.1 N NaOH 

0.5% CnS04.5H20 in 1% sodinm Gitr."lt!='>. 
2 mI. of reagent R mixed with 100 mI. of 
rerl_gent'A just bpfore l1se. 
Folin Ciocalteu reagent. 

Raising of plant material 

Plant materials were raised in carbonized rubber 

containers (20cm X 10cm X 20cm). The pots were filled with 10 

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

to maintain a final population of two plants per container. 



(V 

Plants were grown at field capacity under normal solar radiation 

for a perioj ef Nutrients were supplied to the 

petted plants as per the rpcommen~ations in t'he package of 

practIces. These plants were uspj for all the experiments. 

Different plAnts ~s shall be 

explained under the respective f":<per i rnent: s. .[. .. 11. 1),'1::'; t?xchange 

fully expandt?d leaves of 

photosynthesis system (ADC LeA 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 objectives of the investigation. 

1. Assessment ()f Amax anc') Apparent pliotosynthesi s in sllDflower 

a:nd maize. 

Q lJ ant. i fie A tin n () t r p 1 Cj t iv,'" 1 i m j tat i c' n 2. ,-, f - A ' 

·3 n d C <I P 1 ant s 1111''\ P Y n (l n :3 t Y p S 2. '~'I n d i t .j 0 n :;:: .. 

i Cj ,"c3 ex c han 9 e P .:l[" ,'illt'''· t etc·' ,"\ n -j q 1] ,'nH i f i f:,''l t. inn n f r F' J ,1. t- i \] e 

limitations of 'A' in plants e;<periencing variol1s abiotic 

stresses. 

A=_x and apparent photosynthesis in sunflower and maize 

To assess the potential of the chloroplast, an experiment 

was corducted 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. and nutrients 



(..L 

.. , t J • t . L-non 1 imi tIn'?,' lnpl.l cono 1 . Ions aL normal light intensities. 

The following observations were recorded in this 

experiment. 

1. Apparent photosynthetic r~te ('A') 

2. Assimilation rate at satl1raterl Ci (Amax) 

Determination of Amax 

j nth ,::. s. ,'1. iii e ] e ,'1 f ,1 t 

ambient and elevatej CO 2 concentrations (660 ppm) und er 

saturated intensities. 

increased in the leaf chamber of the portable IRGA by the 

indegenously develo\?f?d CO 2 SOllree (Sheshshayee et al. t 1992) as 

explained earlier. The assimilation rate measured at this 

saturated CO 2 concentration was considered as Amax. 

Quantification of limitations of photosynthesis in a few C3 and 
C. species under non stress conditions. 

To ass P :-3 S t h p g a :::; ex c han get r ,'1 its .'1 n ,1 tog 1] ant i f Y the 

relative stomatal ;md mp 30phyll limitations of • A ' 

A. Gas exchange and limitations of °A' under non stress 
conditions. 

in wp 11 

The following species were grown in r;.'irbonized 11lbber 

Containers as explained earlier fOl 35 to 40 days. 



C'3 species, C4 species 

sunflower (Helianthus annuus) 

soybean (Glycine max) 

Sorghum (Sorghum bicolor) 

Maize (Zea mays) 

cowpea (Vigna unguiculata) Ragi (Elusine coracana) 

The following observations were recorded. 

1. Gas exchange parameters like 'A', g. 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 2 response curves, relative stomatal 
limitation (1. %l and mesophyll limitation (1m %l were 
computed as explained earlier. 

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

B. Effect of partial defoliation on gas exchange parameters 

The major objective of this experiment was to change the 

g. by altering the root to leaf area ratio. Our preliminary 

experiment conducted with sorghum indicated that st omata 1 

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 40 days at 

field capacity llnder satllrated light intensitips. Fifty pprcent 

of the leaves were randomly removed from the pJants early in the 

morning (after sllnrise). The following observations werp 

recorded after four and 24 hours after defoliation. 



Observations recorded 

1. Gas exchange parameters using the portable IRGA 

2. C02 response curves 

a. A vis Ci curves 

b. g. vis Ci curves, as explained earlier, 

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

To evaluate the redl1ction 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 condl1cted on the following three aspects, 

A. Quantification of limitations under different abiotic 
stresses, 

B. Effect of enhanced g. on 'A' in plants sllbjected to moisture 
stress 

C. To evalnate 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 modlllated to a large extent by 

the existing environmental factors. To assess the effect of a 

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 quantify the 

limitations of photosynthesis, slmf lower, cowpea and sorghum 

plants were subjected to mo4erate and severe 

conditions. 

Imposition of moisture stress 

moisture stress 

Sunflower. cowppa and sorghum plants were grown in wt='ll 

watered condition for 35 to 40 days in carbonized rubber 

containers. Different degrees of moisture stress wer e i mpost='d 

on these plants as follows. 

By altering the irrigation schedule, well watered plats 

were brought to 50 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 2S percent field capacity and grown in that 

condition for seven days. This way the plants were subjected to 

severe moisture strpss. 

Observations recorded 

On the top fully expanded leaves of these species 

experiencing different degrees of moisture stress, the following 

observations were rt='corded. 

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



2. C02 rF?spon:=:.F? Cllrves were generated and the relative stomatal 
and mesophyll limitations were quantified as explained 
earlier. 

b. 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 ,::md sorghum plants were 

grown under two low light intensities. 

Imposition low light stress 

Wit han 0 h j e c t i vet 0 ass F? sst 11 p p x t p n t 0 f r p", 11 C t ion j n gas 

exchange traits and to quantify the relative limitations of '~' 

under low li9ht con"ljtions, sllnflclwer and snrahum - -,. plants were 

subjected to different degrees of low light stresses as follows. 

Sunflower and sorghum plants were grown at field capacity 

under natural light intensity in containers for 35 to 40 days. 

A set of these well grown plants were shifted to a poly house 

which decreases the light intensity uniformly by 40 per cent 

(light intensty maintained was 1000 ~ moles.m- 2 .s- 1 ) and grown 

in that light intensity for seven days. 

Similarly another set of wp]l watPle(1 plants were shiftpd 

to a very Jow intensity treatment of 500 p moles.m-2.s-1. and 

grown in that light intensity for 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 recorle;J at the ']rowth li']ht intensities. 

1. Gas exchange parameters like 'A', g. and Ci were recorded 
using a portable IRGA as explained earlier. 

2. CO 2 response curves were genf":?rated in the rpspective growtl! 

light intensity and the relative stomatal and mesophyll 
limitations were guantifiei. 

c. Effect of nitrogen stress 

Nitrogt'?n ~lefjcier)l::y :~:.trp:,:~:=: j" yet ,:;notheL r:r)mrnon ,ib j nt j c 

Tn evaluate the 

qua n t i f Y the 1 i mit ,3 tin n:,:~ l) f 'A', sunflower plants werf' sllbjectp" 

to nitrogen stress. 

Imposition of Nitrogen deficiency 

Tc) dSS~~3f, the effect nitrogen deficiency on 

photosynthetic traits, simflower plants were grown in l1_lbber 

containers with low nitrogen nutrition. These plants were 

supplied with only S0 percent of the recommended dose of 

fertilizer nitrogen r.Sc;1 vg/ha) hoth rJllring basal ap['lic:."ltion an''! 

In ,3notrler c.:,pt of pnt:=: sunflowt?r plants were grown 

with f1111 Jo:=:ps of f PIt iIi z ern i t r 09 e tl (S0 kg/h~) to serve ~s 

cont red. 

Observations recorded 

1. Gas exchan<jt? P,::ll i lnH.:'t er s 1 i k.=: . A' I g .. ,"md Ci 
2. CO 2 response curves wert? (~{I-"?npratej at satlll'clteJ" lig"ht 

intensities and the r~lative stomatal and mesophyll 
limitations wt?re guantifit?d as explained t?arlit?r. 



LOOP gain analysis 

In thp presl?nt invpstigr:ttion, thl? red.llction in g", was finch 

more than the reduction in 9m. To tpst whether gm controlled 

g.t a Loop gain analysis was done using the gas pxchangt=> dr:ttA 

obtained for moisture stress and light stress as explained 

earlier. 

B. Effect of enhanced g. on 'A' in plants subjected to moisture 
stress 

The rl'?sults of the previous experiments clearly s l lggested 

that though the stomatal conductance decreased under stress, the 

stomatal limitation on 'A' either did not changp or showed a 

marginal change in all the abiotic stresses. To further probe 

into these aspects, the stomatal condllctance was enhanced hy 

altering the VPD. 

VPD response curves 

The response of 'A ' and g ... 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 exppriments clearly suggested that the 

relative mesophyll limitation of 'A r significantly increased 

lmder any abiotic strpss. It was r:tlso evidF?nt that though ge 

decreased unner stress, the stomata did not offer any 

significant limitations on '"A' lmnpr stress, An pxperiment was 



conducted to assess the p n S :3 1 h 1 ere,j S () n s n f ,'I 'h j ~1 h ii1 e sop h y 1 1 

limitations of 'A,,' in s 1] 1'1 f 1,-) W p r a rd c: n W pea pIa n t S S 11 b j e c t e::1 t 0 

moisture stress. 

Imposition of moisture stress 

Sllnfiower, cowpea and maize plants were subjected to 

moisture stress by maintaining 35 to 40 iays old well watered 

plants at 50 percent field cApacity for seven days. The 

following parameters were recorded at the end of the stress 

period. 

1 . Rei at i v p W i'\ t e r (; 0 n t p n t ,-) f t h p 1 p rl V P ;-" • 

2. Gas exchan<Je par,'1meters 

3. CO 2 se.nsitivity 

4. Photorespiration based on APS and TPS measurpments 

5. Total protejn content 

6. Specificity factor of rllbisco b,'3sl?d on gas I?xchangl? techniqul?s 

Relative Water content (RWC) 

To assess the moisture statlls of the leaf. relative water 

content was estimated. The procedure adopted was as follows. 

Le(jf p1mche s wer e obt rl i ned from stressed and control 

leaves. After recordin<J the fresh weight of the punches, they 

were immersed in wi'lter in a petri pli1.tF' "'lno kept in (L,ykness for 

24 hOllrs. And the ]paf punches were kept in 1arkness to avnid a 

,After 24 

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

b lot t e j 11::; i n 9 a £ i 1 t e r pap e r ,=; n ,1 t h p t 1) r '] iJ we] '] h twa S r e cor d e d . 

The leaf punches were oven driej at 700 C for 4 to 5 days an~ 



8nntent w.=ts 

determined using the following fnrmulA. 

Fresh wt. - Dry wt. 
RWr. == X 100 

Turgid wt. - Dry wt. 

Gas exchange parameters 

The gas exchAnge parameters like 'A,' g,.. and Ci were 

recorded in the top fully expanded leaf of stressed plants. All 

gas exchange data were recorded llsing a portable photosynthesis 

system (ADC LCA 2) as explained earlier. 

CO 2 sensitivity 

Reduction in mesophyll capacity for carhan assimilation is 

often determined by studying the response of 'A' to increase in 

Ci. To ."Issess the effect of moistnre stress (In the mesophyll 

capacity, CO 2 sensitivity was measured as explained earlier. 

Photorespiration 

Photorespiration has been docnmented .'3.S .'3.11 important 

paramet er that mediates a stress induced inhibition of 

photosynthesis. To assess the role of photorespiration in 

reducing , A ' in water stressed sunflower and cowpea, 

and 330 ppm CO 2 concpntrations. The detAils of the approach of 

quantifying the PH is exrlAinp~ earlier. 



Total protein content 

When plF.t.nts 

soluble 

experience moisture stress, redllction in the 

total protein content is a generally observed 

phenomenon. To test the reduction in total soluble protein 

content of the stressed leaf, sunflower and cowpea plants were 

sl.lbjected to moisture stress as explained earlier. The total 

soluble protein content of the leaves was quantified using the 

Follin Ciocoleu method. 

Specificity factor of rubisco based on gas exchange technique 

Reduction in the in vivo carboxylation efficiency is one 

of the most important factors resulting in the inhibition of 

photosynthesis under moisture stress. The factors associated 

with rubisco SllCh as its content, activation state, specific 

activity and constants of enzyme kinetics have been shown to be 

important determinants of carboxylation. With an objective to 

assess the ratio of the kinetic constants of carboxylation and 

oxygenation, the specificity factor of rubisco was measl.lred 

based on a simple gas exchange technique. The detailed 

methodology of the procedllre 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 under 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 invpstigation was 

to assess and quantify the limitations of 'A' imposed by 

stomatal and mesophyll factors. 

Since stomatal conductance (g.l and mesophyll conductance 

(gml vary greatly between species and also within a species, the 

relative limitation on 'A' imposed by stomata (Is %) and by 

mesophyll factors (1m %) are specific to species. Because of a 

considerable control of g. and gm by constantly changing 

environment, the Is 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 

with the following broad objectives. 

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

conCl llcted 

2. To quantify the relative limitations of "A' in a few C3 

and C4 species under non-stress conditions. 



3. To qn,'1ntify the relative limitation of "A' lmc'ler 
different abiotic stress conditions. 

4. To ev~luate a few mesophyll subcomponents under moisture 
stress 

Amax and apparent photosynthesis in sunflower and maize 

Measuring the m~ximum photosynthetic rate (Am .... :x) at 

saturated CO 2 concentrations of a leaf is one of the approaches 

to assess the potential capacity of the leaf tn fix carbon. 

Am_x was quantified hy measuring 'A' at saturated inter-cellular 

CO 2 concentration in sunflower and maize as explained earlier. 

Assimili'ition rates were mei'islued at saturated and ambient 

CO 2 concentrations in 30 to 40 day old sunflower and maize 

plants. The associated gas exchange data ~re presented in t~ble 

1. 

Both sunflower and maize leaves showed a significant 

increase in assimilation rates at saturated Ci. In sunflower 

Amax was 91 percent higher than 'Af recorded at ambient CO 2 

concentration. Whereas, maize recorded a ~7 percent increase in 

'Af when Ci was at saturated levels. The ~ata clearly indicate 

that the chloroplasts have a significantly higher potential to 

fix carbon both in C3 ,:\DO C 4 plants. A.lthongh the C 4 plants 

have an intrinsic CO 2 saturating mechanism operating, st ill 

respond to increase in CO 2 supply. Therefore substrate 

availability forms an important limitation for assimilation 

under ambient conditions. The diffusive conductances through the 



Table 1: A_ ~ ani apparent photosynthesis (Al in sunflower 
Ul-3. _', 

an'i mAize 

Crop 

Slm£ lower 
Maize 

CD (p=0.(<15) 

A 

20.64 
25.50 

1 . 05 

Amax 

) 9 . C; 

35.0 

% increas>? 

q 1 . 37 
37. 25 



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

watered plants. However, at a given lower inter- cellular CO 2 

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 C3 and 
C .. species. 

With an obj~~tivE' to assess the gas exchang p parameters at 

ambient CO 2 and to quantify the relative stoIDdta1 and mesophyll 

limitations to the apparent assimilation rate ( • A' ), a pot 

culture experiment was conducted with the following C3 and C4 

crop species. Sunflower (Hf?lianthus annuus.L); Cowpea (Vigna 

l1hquiculata. L) and Soybean (Glycine max.L) all C3 species. 

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

millet (Elllsine coracann.G) nIl C4 species. The results 

obtained are presented in this chapter. 

A. Gas exchange parameters and limitations of 'A' under 
non stress conditions 

I::: n rd i t ion. Nutrjpnts were supplied hy appropriately calcl1latin0 

t1-P? requirer'! fertilizers ,"IS re~ommendpd hy the p~ck~ge of 

practices. After 30-40 days of grnwth, the tnp fully expanded 

leaves wl?re llSP:'j to record the g~s exchang p parameters with a 

Portable IRGA (ADC model LCA-2) in the open system. The data are 

presented in table 2. 



Assimi lation rate (. A' ): 

the ('4 plants. But Sun f l":)Wel lecorded an '·11' 
,,"\ 

which was not much different from 

which recorded 2 0 . k1 (21 J.fJn I~I I e s • m - 2 • S - 1 (T a b 1 e 1). 

the 1 east 

highest of 25.5 ~ moles.m-2.s-1. 

Stomatal conductance ('ga'): 

Thp st (,mat .'1 1 

Howevt"[ , DIll Y SliO f 1 c!wpr 

t hari 

of 20.64 I" molps 

t 'hat of Sorghum 

f;oyb", an showe,:'! 

as Maize had the 

g. of ('O~'JP P."l "1 n ,"1 

(Table 2). The C4 species that are known to have lower stomatal 

conductance recorded 284 mmoies.m- 2 .s- 1 and 340 mmoles.m- 2 .s- 1 , 

respectively in Sorghum and Maize (Tablp 2) 

Inter-cellular CO 2 concentration (Ci) 

All the ('3 species had significantly higher Ci at 

M.'31?:e rpc{lr:~;o.,'l the minimum Ci (If 

140 ppm ,'_is .:ig."! inc,t ?f.0 pPlfi in ~;llnfl(lwpr f(lll(·\l.<l~-'··l hy ?4(~ pprn in 

Soybean. 

Ratio of 'A' to Ci (A/Ci): 

The assimil=ttion tn inh;:.r--('plI111·~n ~n2 ronrentration 

oft en interpreted as the efficipncy of mesophyll (~O]l)pOnl"'nt :" 

(chloroplast efficiency for carbon fixation). Thp C 4 plants ha~ 



Table 2 : Gas exchange parameters in a few C3 and C4 species 

Crop 'A' 'g::;' Ci .~/c i 

Sunflower 20.64 729 260 0.097 0.029 39.S "c: I .> 

Cowpea 1 4 . '78 420 200 0.074 0.035 23. c:: 60 J 

Soybf?an 13.':,0 340 240 0.056 0.039 27.0 49 

Sorg"hum 20.00 284 160 0. J 25 0.070 34.0 1 5 
Maize 25. 50 34,,1 140 (') 1 P. 2 0.01 7 5 "35.0 10 
Finger mil let 12,.60 20(,1 0.09~ ":1,6.0 12. 

CD (p=0,0~,) 4.32 "\(71.8 3 C, • 1 5J 

Ci"* :::: CO,_, compf'nsation point (ppm) 
L 



significantly higher A/Ci ratios compared to the C3 plants 

indicating that the C4 plants have higher efficiency of carbon 

fixation than the C 3 plants at a given substrate level. Maize 

recorded the highest Alei ratio of 0.182 p moles.m- 2 .s- 1 .ppm- 1 

followed by Sorghum (~'j.125 pmoles.m- 2 .s- 1 .ppm- 1 ). Cowpea and 

Soybean ha1 low A/ei ratios of 0.074 ani 0.056, resper::tively. 

It is evident from the data presented in table 2 that the 

plants have higher rates 0f assimilation per -+ 11n 1 ~ intern;:!l 

s tom a tal con (111 c tan r: e (A I g s ) • Thollgh 31mf lower had higher 'A' , 

r::ompared to other C3 plr3.nts, it had the lowest Alga ratio 

indicating lower water use efficiency. 

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

The response of f1ssimilation rate to increasing 

concentrations of inter-cellular CO 2 was recorded in the above 

mentioned crop species. The data are illustrated in figllres 3 

and 4. 

The response pattern of '"A' t,) increasing ('i W,jS similar in 

all the crop plants tested. Assimilation rate in all thp 

species inr:;rt='ase,.1 C'llmost Jine"'lrly the 10wer 

concentrations (low Cil. Further increase in Ci resulted in a 

clHvilinear response and at a partic1llar Ci. the response became 

asymptotic. 

Though the pattern of tf':'sponse of 'A' to Ci was similar in 
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~ll the species, there were, however, 

among them. 

significant differences 

CO 2 compensation point (The Ci at which the 

photosynthetic cons1.1mption of C()2 ,::m:'! photorpspiratnry li?lease 

of C02 we r e E' q 1J a 1 ). srI n wed s i '] n i fie ant va ria t ion t, e t w pen (' 3 and 

C 4 pl~nts. compensation point 

ranging from 12 ppm in Finger millet to le, ppm in SC1rghllm. C 3 

plants, on the other hand, that pquire higher concentrations of 

CO 2 to get a positive gain in carbon fixed typically had hi']her 

T. Sunflower recorded the maximum CO 2 concentration point 

indicating high rate of photorespiratory loss of fixed carbon 

(Ti3ble 2). 

In vivo carboxylation efficiency (dA/dCi) 

Thp ratp (if incrpasp in '"Af per urlit inr~rea3P in Ci, that 

is, the diffF"rent iaJ 

(:'lA/(JCi), is oftpn 

cOl?fficjf:'nt of 'Af wjth re""pec~t 

mea:~~llrp,--1 tn ,=trriv;=. at thl? in vivo -,-,-,,--_"--"-..::...:.c:. 

t (\ C j 

carboxylation efficiency of the leaf. 

plants was significantly higher rompared to thp ('3 

nf t'he 

plants. 

('3 plants sflowed an avprage of 0.it_1757 J.m101es CO 2 .m- 2 .s- 1 .ppm- 1 , 

ranging from 0.072 in sunflower to 0.080 in soybean (Tabll? 3). 

On the other hand m~i2e had the highest r~te of increase in 'A_f 

per unit increase in Ci of 0.250 followed by 0.110 in sorghum. 

The :'lata cleArly Sllg<}est that the mesophyll conductance of the 

C4 plants is always higher than the C3 plants (Table 3). 



Table 3: P;::l."ltive st'::>rfldt.=d aL:1 meso[,hyll limit.=ttion::_::, of '"Af nnJ.er non 
stress condition 

Crop '1\ 'A tl. .-._ 

sunflower 20. 64 25. 70 
Cowpea 1 4 78 1 7 ')c 

£ __ i 

soybean 1 3 50 L 9 . (10 

Sorghum 20.. 0i('1 28 30 
Maize ?c:, 

(.. -' . ')0 1'5.0.0 
F.mi 1 Ipt 1 8. 6 ~~; 24 40. 

CD (p=O. k')c, 
, 

4 (:, I 

'f.. .,., 

oj r • ." 
" 

2;: 8 3 3 .0 
1 7 5 22 • 1(1 

1 f,.O 24 ('I 

22. 2 ~C 2 
3'1 l71 

?1 r., :n 1 

13(%) 1m(~~) 

19.60 8.9 
14.32 15.54 
28.95 IS.Ed 

28.70. 10.1(1 
2h.7f, 20.31 
23.8'21 l3.':;c!) 

? • 47 ") ?c: 
.,. ~, .1 

d'p../jei 
slopp pol. iC'qn. 

0. v.n2 
O. ens 
0.080. 

0. 110 
0,2'50 
c). 0.98 

0.10.6 
0.0.79 
0.07Q 

0. 123 
0..227 



Relative stomatal and mesophyll limitations 

Development of CO 2 response curves is an important 

prereqllisite for the comp'ltation of rel2ttive limit2ttions ()f'1' 

The relative stomatal and mesophyll limitations tn the ohservej 

phot0synthetic r,=ttes were compllte rl.'is prnpnse(l by FarquhAr ~r14 

Sharkey (1982) with certain Dlodifications (for a detailel 

description of the methoc1010<)y refer Material ;mel ~1ethoc1s), Th~ 

computed data are presented in Table 3. 

Qllantification of limitations revealed that in a 11 

species included in this experiment, the stomata imposed 

higher degree of limitation to "Af in relation to the I imitati r J
11 

imposed by the mesophyll factors under well watered conditions 

Except in MaiZe and Cowpea, in the other species test~l 

the stomatal limitations were twice as great as the relatj. 
'I ~ 

mesophyll limitation. Tholl')h Sllnflower had higher stom'°j} 
, 1) 

conductancf?, thf? stomatal limitation was 19.6~~ relative to t} 
I~ 

mesophyl1 limitatinn th,=tt w<-'\s only 8.Q%. The relative stomrtt 

and mesophyll limitatinns were respectively, 28.95% and 15. 

in Soybean; 14.32% and 15.54% in Cowpea anj 28.7% 

Sorghum. 

B. Effect of partial defoliation on gas exchange parameters 

It is evident from the data reported in the 

experiment that the well watered plants experience a 

limitation to photosynthesis from the stornatal 

Therefot p ,:my increase in the stomatal r;nndl]ctance under 

'1) 

~~ 
'\ \ 



watered condition 

photosynthetic rate. 

should result in an increase in the 

With this hypothesis, an effort was made 

to enhance the 'ge' by altering the root to leaf area ratio. 

The r (lot to 1 paf area ratios were altere~ by ran~omly 

defoliating th"" plants. The results obtained arp explained 

bF:'luw. 

'ge' tn partial 4efoliation was 

monitored in Sunflower, a high 'g .. ' type and Sorghum an'l 

Soybean, both low ge types. The data are presented in table 4. 

It is eviient from the 1ata that defoliation increase1 

the stomatal conductance in all the three species. There was 

also a simult·=meons i.ncrease in assimilation rates. The 

increase in • A , was more pr onounc e·:) in Soybean and Sorgh1_1m. 

Sorgh11m recouJed a 17,0; pptcpnt incrpase in ' 7\ , and 28. 99 

percent incre-3se in g .. 
, \l.Jhere as in Soybean, . A I and , 

g .. , 

incre.=tse'l by 40.13% an~ 40.08 ppr~pnt, tPsppctively. 

SlJn f] owpr recorde:1 a marginal increase 0f 13. c:; percpnt in 'g .. ' . 

The 'lata sllggest that under non-strps'3 conditinns, the 

assimilation rates can be significantly enhancp~ by incrpasing 

the stomatal conductance for CO 2 transfer. This was morp 

pronounced in specips that intrinsically had low 'gs'. 

CO 2 response curves were developed in these species to 

evalnate the effect of defoliation on the mesophyll factors. 

The data are illustrated in Fjgs. 5, 6 and 7. Sunflower did not 

show any v,-Hiation in 'A' either in thf? initial linear region or 



Table 4 : Effect of defoliation on gas excange 
in a few C::; dll1 C4 spec:if?S 

---- - - - - - - - -,_- - ~ - - -~ - - _- - _. - .~~ ~ - - - - - - - - - - - - -- -- - - - _- - - ~- -- - _- - - - - - - - - -- -- -~ - - -
Control 

sunflower 17 52 1012 39 

sorgum 23 04 ?85 90 

soybean 0 4~ 623 40 

CD (p=0.0,)) 5 17 127 00 

interaction 'A':= 2.07 
9.:: = 127 
ci= 28 

Ci 

285 1 8 

216 27 

1 S 

('; 

Defoliatej 

Ci 

38 1 534 1 • 296 l.j 

"' ~ <;4 '"\ 5n 'I")") 
I I ) .:-"-L. 

P ('; 1 C15~ 4 (ii 295 

0r;:1 1 ':?l 1 2 ')0 
'- IJ 
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in the CO 2 satllr,'1ted region between defoliated and control 

plants. On the other hand, Sorghum and Soybean showe·:'! i ncr ea ses 

in both initiaJ sJ0pe and CO 2 saturated rate of assimilation 

rate. The in vivo efficiency reflected by 

dA/dCi increase'l fr('\m 0.215 to 0.255 in SGrghllm ,=m"l from 0.080 

to 0.140 in Soybean. The data further reiterated that an 

increase in 'g", ' in species that have an intrinsically low 

stomatal condllctance wi 11 teSlllt in an increased photosynthetic 

rate. It became evident from the CO 2 response curves that 

defoliation brought about certain changes in the mesophyll 

component of photosynthesis, hence resulting in an increased 

initial slope (dA/dCi) as well as in the CO 2 saturated rate of 

photosynthesis. 

From the (lata of these experiments, following conclusions can 

be made. 

1. ChlorGplasts have significantly higher capacity fGr 
carbon fixation in both C3 and C4 plants. 

2. Substrate availability is an important limitation to 
photosynthesis. Hence g. is an impGrtant cGmponent. 

3. Under well watered conditions, major limitation was 
imposed on 'A' by stomatal factors. 

4. Increasing g. by partial defoliation resulted in a 
corresponding increase in 'A', Defoliation treatment 
also improved the mesophyll factors. 

S. Variations in 'A' between species could be due to the 
inadequate functioning of the mesophyll to utilize the 
low CO 2 • A linear relationship between in vivo 
carboxylation efficiency (dA/dCi) and 'A' exists 
between species (r = 0.Q). 



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

Crop plants often expprience A number of bioti~ and abiotic 

stresses that hamper the crop growth and pro,.:1u(:tivity. Among 

many abiotic stresses, drought stress, nutrient stress and low 

light stress are the most common and important ones. It has 

been clearly established that the non availability of anyone or 

more of these variables can significantly reduce the plant 

productivity. Reduction in 'A' llnder stress could be due to a 

reduction in 98 or gm. Quantifying the traits that are affectej 

nnder stress will help to i(lentify genotypes with stability in 

these traits. ThE' measurement of the gas exchange traits can 

hence be Adopted as a potential tool for the assessment of thp 

photosynthetic rates and the effects of abiotic stresses on the 

machinery of phutosynthpsis. 

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 CO 2 , Assessment of the relative reductions 

in stomatal conductance and mesophyll ability for carbon 

fixation paves way for a better understanding of factors 

affecting 'Af in plants experiencing abiotic stresses. With an 

objective te, estimate the photosynthetic characteristics and 

also to assess thp relative limitations imposp~ by the stomata 

and the mesophyl1 factors, Slmflower, Cowpea and Sorghllm plants 

were subjectei'l to variolls abir)tir:; stresses. The reslllts 



obtained are presented in this ~hapter. 

a. moisture stress 

By regulating the irrigation schedule, 30 to 40 days old 

pot grown sunflower, cowpea and Sorghum plants were brought to 

50 percent field capacity and maintained at that water regime 

for seven days. This degree of stress was called moderate 

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

a manner to bring the soil to 2S percent of field capacity and 

maintained for seven days to generate severely stressed plant 

material. (~a s exchange parameters were measured and CO 2 

response curves were generated OIl the top fully expan(lpd leaf. 

The (lata for the gas exchange parameters arp presentej in table 

5. 

Gas exchange parameters 

Assimilation rate in Sunflower decreased by 42.75 percent 

and 79.14 percent under moderate and severe moisture stress 

condition, respectively. The 'A' under moderate stress was II p 

moles.m- 2 .s- 1 and 4.2 p moles.m- 2 • S-1 under severe stress. 

These rates were Significantly less compared to the unstressed 

control that recorded an °A' of 20.09 p mo1es.m- 2 .s- 1 • The 

stomatal conductance for water vapour ('g.') decreased by 71.22 

percent from 788 mmoles.m- 2 .s- 1 in control to 277 mmoles.m- 2 .s- 1 

in plants experiencing a moderate stress. Under severe stress 

g. decreased to 187.6 mmoles.m- 2 .s- 1 (76.22% of control). 

The inter-cellular CO 2 cnncentration (Ci), recorderl an 



Tablp') : Gas pxcha1JC!p paldmetE"ls in plants SUbjf~ct'~·i to varic'll:::;. 
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Control 
Mili sty",,;o;5 

CD (p=0.(?\S) 

Cowpea 

Contr()1 
Mj ld stress 

CD (p=0.0:) 
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inclease for Sunflower pl;:mts exppriencing mnistllrp strpss. The 

Ci increased from 26~ ppm in contrn] to 283 ppm under severe 

stress conJition. 

Assimilation rate decreased from 13.25 # moles.m- 2 .s- 1 in 

control to 6.84 p moles.m- 2 .s- 1 in severely stressed 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 moderate water stress. The 

. , g .. , on the other hand, decreased from 265 mmoles.m- 2 .s- 1 in 

control to 155 mmoles.m- 2 ,s-1 11n;ler m01eratp strpss which W."lS 

58.47 percent of control. 

decreased to 88 mmo1es.m- 2 .s- 1 (6('.61 pprr-;pnt re111ction from 

control) when plants pxpprienced .=t s",vetp mnisture stress. 

Assimilation rate per unit stomatal conductance, a qualitatjvp 

measure of thp water use efficiency, 

stress to 0.091 p moles.mmole- 1 from 0.051 # moles.mmole- 1 in 

control. Under severe stress, although the A/g. ratio decreased 

to 0.077 p moles.mmole- 1 , 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 

plClnts rHe subjectf?;l to a moaeratp watpr stress. 

The inter-cellular CO 2 conr-;entration (C'j), incrpaspj from 

150 ppm in SnT<]hnm grnwn in wpl1 watprei'i r-;r)n'lttinn t_n lfi5 ppm 

under moderatp stress and 19fi ppm in seveyp moi stlHP stress 

cond. it ion. 

There was a significant rpdllc:tion in both 'A.' and 'g .. ' in 



decreased by 34.3 pprcent from 14.78 J-t. moles.m- 2 .s- 1 in control 

to 9.71 J-t. moles. m- 2 • 3- 1 in mod~rately stressed r()wp~a plants. 

Though a C 3 plant, Cowpea had an intrinsically low "ga' of 418 

mmoles.m- 2 .s- 1 under which decreased to 154 

mmOlI?3.m- 2 .s- 1 under med. era t est res s . The "ga' under stress was 

63.08 percent of control. As in other two species, the Alga 

ratio increased under stress in Cowpea also (Table 5). The Ci 

in Cowpea decrease~ compared to control 

moderate moisture stress ~ondition. 

to 21') pprn llndl='r 

Relative limitations of 'A' under moisture stress 

an objective to assess the relative to 

photosynthesis by the stomatal an~ pl.=mts 

experieDl"::;ing different deijrees of moistllre stress, 

curves were developed. The AICl curves of the three species 

experiencing different jegrees of moi st lUe stress are 

illustrated in Figs. 8, 9, 10. Relative stomatal and mesophyll 

limitations were computed from the CO 2 response curves cmd the 

data are presented in table 6. 

The slope of the initial linear to (. i 

(dA/dei) significantly under 1'he JA/dCi 

decreAsed markedly from 0.0')7 in ~nntlol to 0.024 in 

plants pxpeliencing mod er .'it e arl'l spvere Ploistnre st r es:=;, 

respectively. 

relativp limitation imposed by the mesophyll 

assimilation ratp increased significantly (Fig. 

'1 "A / :1 (' i > the 

factors (lm~~) (\n 

8 Find Tab 1 e 6). 



ThE' IE'lativE' ulE'sophyll limitation to assimilation in sunfloweL 

plants were 51.27 percent in moderate stress and 82.85 percent 

in severe stress condition. However,the mesophyll limitation 

was only 11.44 percent in well watered plants. 

Contrastingly, the relative stomatal limitation was 

maximum in weI] watered sunflower plants (21.21%). As 

the 

the 

intensity of the moistl1re stress increased, there was a gradual 

reduction in the limitation to assimilation rate offered by the 

stomatal components. The relative stomatal limitation ~ecLeasej 

to 14.81 percent under moderate stress and to 6.89 percent under 

severe stress conditions. 

Similar trends were also seen in Sorghnm and Cowpea (Tr:lble 

6 and Figs. 9 & 10). Sorghum showed a significant reduction in 

dA/dCi from 0.052 in control to 0.046 and 0.031 in moderately 

and severely stressed plants, respectively. A corresponding 

increase in '1m' was noticed from 3.64 percent in control to r:lS 

high as 51.27 percent in severely stressed p1r:lnts. 

The limitation imposed by the stomata to the apparent 

photosynthetic rate was high in lmst r e sspj Sorghum plant s 

(35.16%). However, as the intensity of the stress increased, 

there was no significant change in the relative stomatal 

limitation in Sorghum (Table 6). In cowpea, the 

of 'A' with respect to Ci ((~A/dCi) decreaspr'l 

rate of change 

from 0.079 in 

control to 0.068 under stress. as witnessed in the 

other two crops, increased significantly from 13.8% to 42.88 

percent 11111!='r str!='ss. Although.the stomatal limitation in 
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Fig. 8: Effect of different degrees of moisture stress on 
assimilation rates in sunflower. 
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T a. b 1 E' 6 : R e 1 at i IJ eli rn ita t ion S CI f . A' i n p i .j n t :" ~O; 1l b j t? (: t e cl t Cl 

various degrees of moisture stress 

sunflower 

control 
Mild stress 
Severe stress 

CD (p=0.05) 

sorghum 

A 

20.09 
11 50 

4. 19 

7.00 

control 13.25 
Mild stress 12.50 
Severe stress 6.70 

CD (p=0.05) 

Cowpea 

Control 
Mi lel stress 

CD (p=0.05) 

5.20 

14.78 
tj • rll 

5. i 

25.5 
13. 5 
4.5 

20.5 
18. 2 
10.6 

1'7.0 
13.~?j 

.:r.g 

2"3.6 
23.6 
23.6 

1 3. 7~, 
13.75 
13. 75 

1 7 . 0~i) 
1 7 .0()) 

1 s ( % ) 

21 21 
14. 81 

6.89 

7. 39 

35. 3 f, 
31 32 
36.79 

3 . 1 

1 3.80 
25. 3 

Im(~4) 

11 .44 
51 27 
82.25 

10. 19 

L 64 
9.09 

51 .27 

1 .~. 80 
42.88 

12.59 

dA/dCi 

0.057 
0.021 
0.024 

0.008 

~?j.052 

0.046 
0.031 

0.010 

0.079 
0.068 

0. ~106 



Cowpea registered an incrpase under stress, the bulk of the 

limitation to 'A' was due to the mesophyll factors which was 

evident from a larger increas~ in '1m'. 

From the data on the gas exchange parameters and relative 

limitations of 'A' computed from the CO 2 response curves in 

plants experiencing various degrees of moisture 

following inferences can bp drawn. 

1. Both 'A' and g ... d e cr pase'1 in plants snbjected to 
moisture stress in all thp speries. 

2. Under moisture stress condition, predominant 

stress, the 

limitations for phntosynthpsis was impospd by the 
mesophyll components. 

3. As the intensity of the stress progressed, there was no 

marked change in Is % where as, 1m % increased 
correspondingly. 

4. The in vivo carboxylation efficiency (dA/dCi), 
exhibite(j a significant redl.lction as moisture stress 
progressed. 

S. Therefore, thOllgh g", ;iramatically jecreased lmdF>r 
stress, redllction in 'A ' was mort=' t1llP to the redllction 

in gm' 

6, The greatpr rF>dl.F::tion in \}'" th.=m 3m l1rd.er moistllre 

stress, clearly indicates that gm pxerted a feed-back 
control on stomatal factors. 

b. Low light stress 

Slmflower and Sor,}hum plants were grown lmder normal light 



intensity for 30 to 40 d~ys. One set of plants were transferred 

to low light intensities of 1000 # moles.m- 2 .s- 1 and another set 

to 500 P moles.m- 2 .s- 1 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 1 i ght 

intensities. The ~ata are presented in Table 7. 

Gas exchange parameters 

Low light acclimatized sllnflower plants showell significant 

reductions in photosynthetic rates. 'A' decreased from 20 p 

moles.m-2.s-1. in high light to 14.75 p moles m- 2 . 8- 1 i D 

plants acclimatized to l!£10f1 pmoles.m- 2 .s- 1 The ri=>duction in 

'A f was 26.25 percent in moderately low light intensities 

whereas the reduction was 67.S percent in plants acclimatized to 

very low light intensities. The st om at a 1 conductance of 

Sunflower plants decreased from 940 mmoles.m- 2 .s- 1 in high light 

to 620 mmoles.m- 2 .s- 1 and 340 mmoles.m- 2 .s- 1 in plants 

acclimatized to 1000 p moles.m- 2 .s- 1 and 500 P moles.m- 2 .s- 1 

light intensities, which constituted 34.04 percent and 63. 83 

percent Ied1lction. respectively. 

Assimilation pF='I unit stomatdl cOndllctdnce (A/g a ) (lid not 

reveal any marked variation under low light intensities. 

However the Alga ratio marginally increased to 0.024 compdred to 

0.021 lmder control. It decredsed to 0.019 when plants were 

acclimatized to very low light intensity of 500 p moles.m- 2 .s- 1 



Tablf? 7 G.=ts exchangi=> p.=tra.mf'O'tpl= in plc"lnts Sllbjf?r:tf?.J to 
variou2 4~grpes of light stress 

stress 
level 

sunflower 

Control 
Mild stress 
Severe stress 

CD (p=0.0S) 

Sorgum 

control 
Mild stress 

. A' 

2121 00 
1 4 7S 

6 ~;kl 

4 08 

21.00 
19.00 

) . 39 

940 
620 
"J H ; 

1 98 

271 
188 

.... ,., 
Ii.. 

~ Ig 
I:\. S 

(~ 021 
0. 024 
0. ~n 9 

0.077 
~'j • 1 01 

Ci 

220 
290 
3':H) 

1 7 

170 
1 51 

20 

A/C'i 

0. 091 
0. 051 
0 (122 

0.124 
0.125 



The inter-cellular CO 2 concentration (Ci), increased from 

220 ppm in 

300 ppm at 

high light to 290 ppm at 1000 p moles.m-

500 P moles.m- 2 .s- 1 light intensity. 

increase in Ci was noticed llnder moisture stress 

and 

Such an 

conditions 

also. The 'Af per unit Ci (A/Ci ratio). progressively decreased 

from 0.091 in high light to 0.051 and 0.022. respectively in the 

two low light intensities. The reduction in the A/Ci ratio 

indicates d possible damage to the carboxylation efficiency of 

the chloroplasts (Table 7). 

Sorghllm plants also showeCl a similar trend in response to 

low light intensities (Table 7). 'Af decreased by 26.19 percent 

from 21 p moles.m-2.s-1. in high light condition to 19.0 p 

moles.m- 2 .s- 1 in low light (10Qi0 /.I mo 1 e s. m- 2. S -1 ) • Stomatal 

conductance also decreased by 30.63 percent. As in sunflower. 

since 'Af and ga decreased by similar proportions in Sorghum. 

the ratio of "Af and gs showed only a marginal increase in low 

light intensities. However, the A/Ci ratio in Sorghum plants 

p moles q 11,:mt.::i.m- 2 .s- 1 li<jht intensity did not 

show "'1ny significant re(111ction comparen to pli=mts grown high 

light intensitips of 2000 p moles.m- 2 .s- 1 • 

Relative limitations of 'A' under low light conditions 

The relative stomatal and mesophyll limitations were 

computed based on the C02 response curves developed in low light 

dGclimatized sunflower and Sorgh 11m plants (Figs. 11 & 12). The 

data are presented in Table 8. 
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Table 8 :Felative lirnitatiClns ()f 'A' in plants sllbjecteJ to 
various degrees of light stress 

---------------------------------------------------------------
A A 

'J 
1 s ( ~~ ) Im(%) dA/dCi 

--------- ---- - --_ - ----- - -- - --._ -- - -- -------~----------.-------- ------- ~-

sunflower 

control 
Mild stress 
severe stress 

CD (p::::0. 0S ) 

sorgum 

control 
Mild stress 

CD (p:=:0.0S) 

20.00 
1 4 75 

f, :,0 

4 08 

21 ,00 
1 9.0.0. 

3 • 39 

24 .:: ') 3,0 -) ~ 

1 n 0 ) '.~ 0. 
" • ('j 23 0 I 

3 ~7) , c: ~) 3 C,0 , 
2 3 C, 2 3 ') C?) 

1 8 3; 1 ') ".-, 0.085 '- I f 

7 81 3 c" 87 0. 036 
7 1 4 71 74 0.01 1 

,~ n n. 8 0. 01 ') 
£, 

3 1 1 5 10. 64 0 108 
i4 . 00 19 . 1 5 0. 054 

4 ') S. 2 0. 009 "" 



In Slmf lower, the st omat,'11 limitation of , A I was 

relatively more compared to the mesophyll limitation in plants 

grown in normal high light intpnsit ips. The stomata imposed 

18.37 percent limitation wr)ere as me30phyll contribution to the 

limitdtion W.-3S only 12.77 percent tn hilJh light grown sunflower 

plants. When thp plants were IJrown in 

intpnsitips, the J imitation shifte~ prp~ominantly towar1s thp 

The rel at ive mesophyll J imit,3t ieln inc!pased 

to 35.87 percent at 1000 p moles.m- 2 .s- 1 an~ 

to 71.74 percent in vpry low light intensitips. 

hand the 'Is' decreased to 7.81 percent in plants acclimatized 

to 1000 P moles.m- 2 .s- 1 and further decreased to 7.14 percent in 

plants grown in 500 # moles.m- 2 .s- 1 light intensity 

The initial slope of the CO 2 response curve (dA/dCi) was 

0.085 for sunflower plants grown at hilJh light 

The ~A/~~i iecreased significantly to 0.036 

plants were shifte) to 1(-:lwpr light intensitie~3. 

intensities. 

ano 0.011 whF:'n 

This indicated 

a reinctiuo in the in vivo '~>"!rboxylatinn pfficiency un'lPl suh 

opt. j rna IIi ght intpnsitjps (Fig. ]1). 

A :3 i mil a r.: t r (::. n d w ,"I S n () tic p '1 inS 0 r g h II m p 1 ant sal so. L (\ W 

light significantly increaspi thp relative mesophyll 1 i mit at ion 

of 'A' from 10.64 pelcpnt in control to 19.55 percent in plants 

grown at 1000 # moles.m- 2 .s- 1 The relativp stomatal limitation, 

on the other hand, margin"lily increased from :\1.75 percent in 

control to 34% in low light. The concomitant decrease in dA/dCi 

fl () nl ~, . 1 08 to 0. 05 4 1m d e r s t res s rei t era t e j the red 11 c til) n in 



carbon fixing ability (Fig 12). 

From the experiments conducted with sunflower and Sorghum 

plants acclimatized to different low int ensi.t i es, the following 

inferences can be made. 

1 . 

') 
(.. . 

With decrease in light 
in both the species. 

intensity, 

On quantifying thp rplative limitations of 'A', it 
became pvident that mesophyll factors imposed greater 
limitations where as the stomatal components were 
important in high light intensities. 

3. The in vivo carboxylation efficiency (dA/dei), 
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 50% of 

the recommended Nitrogen to develop plant material stressed for 

nitrogen. Gas exchange parameters were recorded in 30 to 40 

days old plants. Care was takeD 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 OAf 



T'3.l::1t=' 9: Gil? ;=;;~::::h.'!ng>? paramet.;::'rs in pl,'1nts sllbjected, t,} 
l'i j t r '~l'Jpn st. r ess 

'A' q~ 
- .;:;. 

J!../q .~ - .::. 
Ci A/Ci 

Sunflower 

Cunt.r()l 26.00 633 94 0.041 261 0.099 

St.ress 21 . 50 600. 0S il . 036 ?..., .. ) 
f... I ~ 0.079 

CD (p=0.0S) qr c, 1(1 

Table 10: Hf?l,'l.t.ive limit .. :1tiollS c:-f 

A AD 1 s (%) Im(%) jA/JCi 

Cent.lol 26.0Ql 31. ('\ H ,0 16. 1 ~ 23. c;') 0.085 - ~ -' 

Stress 2 I . 5 S 24.0 J4.0 10. 42 36. 76 0.069 

CD (p =0.0 c, ) c, , 9 6. 4 0.008 
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1 (, t 

of 26.0 P moles.m- 2 .s- 1 • The stomatal conduct~nce on the nther 

hand, decreased marginally by 5.34 percent under stress. 

Therefore the assimilation rate per unit stomatal conductance 

slightly decreased from 0.041 

experiencing nitrogen stress. 

in control to 0.036 in plants 

indicating a reduction in the 

efficiency. The Ci in nitrogen stressed leaves 

increasej to 272 ppm from 26] ppm in control plants. 

ratio which was 0.099 in control declined tn 0.079 in nitrogpn 

stress condit inn. 

Relative limitations to "A' under nitrogen stress 

As explained in the other two ~biotic stresses, CO 2 

response curves were developed in plants grown under contrnl 

conditions as well as in plants grown in nitrogen deficiency. 

Based on these CO 2 response curves, the relative stomatal and 

mesophyll limitations werE' compnte). The data are presented in 

table 10 and the CO 2 response curves are illustrated in Fig. 13. 

The relativE' mesophyll limit.:'Ition incre,=tsed under nitrogen 

stress from 23.53 percent in control to 36.76 percent. The 

limitation imparted hy the stomAt~l f~ctnrs, on the other h~na, 

deereaspj lln:ler strpss (Tahle HIl). The Assimilation ratps of 

sllnflower plants 9rnwn in (-;nntrnl 

relative stomatal limitatinn of 16.1"i percent. Tl'le L" :,:.li,}htly 

ThllS mesophyll decreased to 10.42 percent in nitrn~en StYE'S3. 

factors play an ililport,-1nt role in limiting "Af 

deficient plants as seen in other abJotIc stresses. 

in nitrogen 

A dec 1 ine 



in the rate of increase in 'A f with respect to Ci (dA/dCi), 

further supports the importance of the mesophyl1 factors. The 

slope of the initial part of the CO 2 response curve which was 

0.085 in control condition decreased to 0.069 under nitrogen 

dpficienr;y. This indicates a reduction in the carhoxylation 

efficiency of sl1ch plants. 

The salient findings of the experiment with nitrogen stress 

can be summarized as follows. 

1. Though both 'A f and g. decreased under stress, the 
reduction in 'A f was more pronounced. 

2. Relative mesophyll limitation of 'A f significantly 
increased under stress 

3. dA/dCi also showed a considerable reduction under 
stress. 

From the data on the gas exchange parameters and the 

quantification of limitations from the co2 response C11rves in 

plants experiencing various abiotic stresses, the following 

findings can be high lighted. 

1. Under any abiotic stress, both 'A f and g. decreased. 

2. The limitation imposed by the mesophyll factors 
significantly increased as the stress progressed. 
Where as the limitation offered by stomata did not 
change markedly 

3. Mesophyll conductance as measured by dA/dCi showed a 
significant and correspondjn9 redlJ(::tion lmder any 
abiotic strl".'ss. 



4 It (:,j{l t)"", tr,21f',fC'L2, ('!~,nCl1])2-1 that in ,'ill ,=thi(;ti_r:.: 

str~3SPS the limitatinn imposed hy ~s is marginal and 

major limitation was from the mesophyll factors. 

It J. 

:>, ThF:' rejl1ction in g .. was more than the reductic>n in 'A' 

in many cases 

gm. 

indicating a feej back control of ge 

Assessment of stomatal and assimilation Loop Gains 

As::;imilation rat p, stomatal ~onductance 31'1). 

t , " .l 

intr ic,"!tely When gs increases, ri also increases 

resulting in an enhancpl 'A' . If 'A' remains high, consumes trIP 

On the other han~, 

any rpdur::tion in 'A' fPslJlts in ,=m increasl? in Ci. Th is causps ,3 

feed back stomatal clnsnrp. i nt erar:t ion ,=trn()ng 

these three parameters can br-" stlldie!'l by analysing the loop gains 

of .=tssimilation and condllct,-Hlce. 

It was noticed that. un-jer abiotic str>?sses, g", dE'creF.lsed 

to a 0reatE'r extent compared to thE' reduction in gm' To tE'st 

the hypothesis that stomata are under a feed back control from 

mesophyll factors. the gas E'xchangE' par.=tmeters and CO 2 response 

pxperiencing abiotic stresses were 

11.3 e j t (> ass e sst he ,'1. :=: s i 'In j 1 at inn ,"lTd) S t Ci Tit a, t ,'1. 1 1 (-; n P '3.=t 1 n s . 

The results of the loop gains are presente~ in Table 1] 

assimilation lnnp fJains 1.m'ler feE'dback 

control of gm on go' 



Tab 1 ell: S t 0 TIl a tal ,3 :3 S i mil ,3 t i (1 n ] ill,) P iJ a i n 3 ins 1m f ] (\ W f'" r 
,-'{ n ,1 s () r 9 h 11 TIl 1; n ,"'1 F' r v "t ric, 1) 'c:; il. hit j c ::; t l' e S :3 P ." . 

Sunflower 

Cuntrcl 
Mi Ll stress 
Severe stress 

Sorghum 

Control 
Mi Ll :;:,tress 
Sevpre stress 

--iLi. \) 21 
-0. 108 
-0.0](1 

'-0.0':) 7 
-0.380 
-0.F,28 

Light stress 

,~ 

I·JA G." 
j", 

-~i.l]l -('.Oc:.P2 -0.145 
-0.029 --0.0610 -0.093 
-0.196 -~i.0360 --~1.(1S2 

-(,:1.314 -0.08[, -0.1)38 
-0. 47:, --0. i3S -0.459 
--0,C,F,0 



B. Effect of enhanced g. on 'A' in plants subjected to 
moisture stressed plants 

Moistllre strpss rps111te:j in c1 lP,lnctinn in both "P_' -=In·:'! 9 ... 

To test whether thp re~ucti0n in 'A' WAS in fact 'lUI? to d 

cal?a(~ity. 

Assimilation ratf? ShOll1d Yf?spond to changes in g .. if stomatal 

conductance regulates It is a well established fact that 

stomata responds to changes in VPD. 

increases. S'uch an increasp in g .. would hence incrf?ase the CO 2 

concentration at the carboxylation 

substrate CCinr~entr;:tt ion for the photosynthetic procps~- ~.J i. t h 

this hypothesis, thp g~ of the stres3e~ plants were selectiveJy 

incre~seJ by apprnpriatpJy :'le~reasing the VPD of the lec1f in the 

leaf chamber of the portable photosynthesis system (ADr LCA-2). 

Since sunflower recorc1e3 the highe3t rer1llction in 'j"" llrder 

stress, an attempt was made to increase the g8 of this crop 

only. The data are illustrated in fig. 14. 

The stressed sunflower leaf at 24 mbars vPD recorded a gs 

of 360 mmoles. At lower VPD valul? of 12 mhars, g .. was 

significantly incr~ased to 800 mmoles which was equal to that Cif 

the llnstrf='sspj pl.=tnt. 'A' w~q reenrded after the g .. stc1bilized 

The assimilation rate which was 16.5 p 

mc)les.m- 2 .s- 1 in stressed plants di1 shnw remark.=ll:-.!p 

twn times (fig. 1 4) • 'T'his 

l~ck of inCYPASe i :n 
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111 

increase in gs and hence Ci, c:learly sllggests a diminished 

capacity of the mesophyll factors to utilize thE' enhanced 

substratE' levels. 

C, Assessing the reasons for a high mesophyll limitation of 
'Af in plants subjected to moisture stress 

It is evident from the results presented earlier that in 

plants experiencing abiotic stress. 'Af did not show marked 

increase even at S d t lJr ate j inter-cellular CO 2 concentration 

( C i ) . The co2 response curve developed under severa] abiotic 

stresses revP:><'lled a significant reduction in dA/dei, <'l measure 

of the irL_vivo carboxylation efficiency and a concomitant 

increase in These datA cleArly suggested a possible lirect 

inhibition on the mesophyll components of photosynthesis. T() 

examine the reasons for this increase in mesophyll limitation, 

an experiment was coniuctpd by suhjecting 3unflowpr, COWPpd and 

maize plants to moisture stress. Leaf water stat 1ls, gas 

exchange characteristics, leaf protein content was determini=>d. 

sensitivity, photori=>spiration and specificity factor of 

rubisco t as ~ measures of mesophyll components were ~lso 

determinej, 

Relative Water Content (RWC): 

Slmflower t C'owppa ,'lW1 H.'3.izp plants were sllbjected to 

moistllr p stress by growing the plants at fie 11 

capacity for seven ~ays. The rpldtivp water rontent of the top 

fully pxpanJed the stress 

pi=>riod (L'1ble 12). 



T F.I b 1 e 1 2: R e 1 .:t t i v p W ,'1 t p r (~~ 'J n t F' n t. rJ f p 1 .=t D t S S 11 b j pet p:'] t () 

moisture stress 

Crop StreS2. 

Sunflower 72. 4 C;'1 ~ J ~ • -

Cowpea 74 • (1 57 4 

Maize 84 0 66. 7 

CD (p=0.05 ) 3 8 5. 1 
Interactie>n 1 (1 ~ 1 



The relative water content of well watered sunflower, 

cowpea dud maize were 72.4, 74.0 and 84.0 percent, respectively. 

Water stress reduced the RWC of the plants significantly to 52.3 

% in sunflower, 57.4 % in Cowpea and 66.7 % in Maize. 

Gas exchange parameters: 

Both assimilation rate ( • A ' ) and stomatal conductance 

decrpased under stress in all the three species. 

Assimilation rate decreased from 20.08 p moles.m- 2 .s- 1 in well 

watered sunflower to 12.76 p moles.m- 2 .s- 1 lmder stress. The 

stomatal conductance, on the other hand showed a [eduction of 

76.07 percent in stressed sunflower. The 'A' at saturated. C'j 

(Am.x) also showed a significant 

1 3 ) 

Similarly. cowpea also showp~ a significant reduction in 

'A' under stress. 'A' i;,'3S 9.52 in stress;;;:.:') 

cowpea which was 34.83 percent less than the control. Stomat31 

conductance decreased from 418 mmoles in control to 154.32 

mmoles under stress. Amax decreased significantly from 23 

moles.rn- 2 .s- 1 • C) 1 1 In w·_~< ... ,jatered plants to 14.5 p rnoles.m- 2 .s- 1 in 

plants experiencing moisture stress. 

Mi'iize followed a similar trend in all the parameters 

studied. The plants grown in well watered condition recorded an 

'A' of 25.19 p moles.m- 2 .s- 1 mmol;;;:.s.m- 2 .s- 1 , 

Un de r s t res s , . A' an j , g s' ., e c rea sed to 9 . 9 7 P mol P S • m - 2 • S - 1 and 

123.46 mmoles, respectively. The re.juction in' A ' 
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Table l3: Gas ,:=.xchang>=, F,ardInf':'ters of plants subjected to moisture 
~=:t ress 

'A' 

Sunflower 

Cont r c' 1 ;20 0° (_I 

Strps:~ I 2 76 

3 (j 

Cowpea 

Cuntrol 14 61 

Stress () C:'i 
::J ,I,:..,. 

S 4 

Maize 

,.., c 1 9 ~ -, 

Stress 9 9 7 

CD (p=0.(:1<=",) 5 9 

72E: jf, 0 

1 74 1 S ':1 1 

1 2 f, F, <=", 

418 23 0 

154 1 4 S 

93 

27(, 3 5 (1 

1 
.-, 

'3 1 '! 7 i. . 

7 1 (, 9 

.:lA/1Ci 

0.144 

0.07Cl 

0.068 

3 

CO,.., 
sensitivity 

0.793 

0.215 

0.523 

(i 3 8 9 

0 ')'7 
'- ' 7 
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pprcent And 54.28 percent, 

respectively. The Amax showeii a significant redllction under 

stress. 

d l? ere asp:j l_m d e r 

Thnnr;tl t tIP r !=',llict i ()11 j n g '"' 
w,=t?, nWl1" p than t- b ~, r P11Wt- 1 nn i n 

A 
, the pr esent ,'lat- ,"! ( t,::;hle l "3 ) S1l991':~:3t 2. t b,::;t thp t P01Wt- J on i n , 

'A' llrdf"r moistlut=' strpss was mnre ,:111P tn the stress effF-'ct on 

mesophyll factors of photosynthesis. The ratp nf increase in 

'A' per unit increa.se in ci (dA/jCi,l, consi:1ered a;3 an indirpct 

reflection of carboxylation efficiency, recorded, a significant 

reduction in sunflower and cowpea subjectej to ml)isture stress 

(Ta,bl.: 13). This fnrther supports the conclusic)(J that mesophyll 

factors are affectej during stress. 

CO 2 sensitivity under moisture stress 

another apprnach tn asspss whether the Yt'='ijllct i mi 1 n 'p, f llnner 

stress is dlle to me~'lophyll CO 2 sensltivity is 

the response of 'A' to increase1 CO 2 concentratinns (saturate"! 

The dat,,,,! on the CO 2 sensitivity presentei in table 

1 3, cle~rly suggest that 'A' ~id not incre~se even when Ci was 

SunflovJer showed the highest reduction 

The well watered sunflower plants showed a CO 2 

saturated. 

sensitivity. 

sensitivity of 0.793 that decreased to 0.215. Though CO 2 

sensitivit'l 

nl,::n gin rt 1 . It decrpast::"'l from ,,').')74 in contull to 0.523 under 

.-. ~ .... ,-_ .......... "'II" -, ~ r~ ,_., 
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co2 sensitivity from 0.38Q in well watere~ plants to 0.277 unrler 

moisture stress. 

These data clearly indicate a damage to the mesophyll 

factors. Further experiments were conducted to study a few 

subcomponents of mesophyll lmder moisture stress condition. 

Effect of moisture stress on Photorespiration (PR): 

Photorespiration WetS determined by inhibiting the 

oxygenation process by providing low oxygen (2%) in the gas 

mixt1lIes 11sej for the meaS1Jrement of exch,=mge 

characteristic:3, 

Well plants showed et significant 

increase of 30.3] percent in assimilation rate at 2% oxygen. 

'A' increased from 20.08 p moles.m- 2 .s- 1 at 21% oxygen (ambient 

air) to 28.81 p moles.m- 2 .s- 1 at 2% oxygen. Interestingly on 

the other hand, there was a very marginal increase in 

assimilation rate at 2% O2 in water stressed sunflower plants 

(5.8%) • The apparent photosynthesis (APS) was 12.76 

moles.m- 2 .s- 1 at 21% oxygen and TPS increased only slightly to 

13.55 P moles.m- 2 .s- 1 at 2% oxygen (Table 14). 

Cowpea showed an increase of 21.36 percent in , A I 11r1'3 eI 

control condition. Assimilation rate increased from 

moles.m- 2 .s- 1 at 21% oxygen to 18.58 p moles,m- 2 .s- 1 

]4.61 JJ 

at 2% 

oxygen. The water stressei Cowpea plAnts showed an APS of 9.52 

# moles.m- 2 .s- 1 ~t 21% oxygen. The tot.=il photosynthesis (TPS) 

at 2% oxygen, devoid of photorespiration, increased to 13.86 p 



Table 14: Effect of moistllYP stre3S on photorespiration 

Sunflower 

cont red 
stress 

CD (p=--Ql.0S) 

Cowpea 

Control 
Stress 

CD (p='3.0S) 

Maize 

C\Jntrol 
stress 

APS 
(A21}~ CZ) 

0.08 

') . 1 2 

14.6l 
9.52 

3 . 9 

25. 19 
9.97 

7 . 3 

TPS 
(A"Oi (;')) 

~ /.. 'pO!_.. 

?R.Rl 
P.SC;, 

1 8 . :>8 
1 3. 8 f 

26.62 
10.75 

pp 
( % ) 

l0. i 1 
S. 8 ~~ 

2l. 36 
31 . 31 

7.26 



moles.m- 2 .s- 1 which const i t ut ej a 3].31 pprc>2nt increase 

suggesting a role of PR in the inhibition of photo- synthesis 

under moisture stress conditions in cowpea (Table 14) 

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

significant amount of PRo In accordance, Maize failed to show 

~ny significant increase in assimilation rates at 2% oxygen 

either in contro] (5.38%) or in the ]paves experiencing moistllrE' 

stress (7.~6%), 

Total protein content 

Thp total solllble protein contf':'nt WA.S estimate(j fed lowin'} 

Lowry's methoJ. The mean total protein content of the three 

species is presented in table IS. 

There was a significant reduction in the total soluble 

protein in all the three species studied under moisture stress. 

Well waterej Slmflm..Jer plants had 22.5 mg of protein. g-l FWof 

leaf. The 

respectively, 

protein content 

19 • 38 mg. g -- 1 FW 

in 

and 

corresponding total soluble protein 

Cowpea and Maizp were 

23.75 mg.g- 1 FW. The 

in sunflower, cowpea and 

maize plants exppriencinl] moistllre strpss were 15.81 ffi'J. g-1 FW} 

10.0 mg.g- 1 FW and 13.13 mg"J- 1 FW, respectively. T1-1P redl.1ction 

in' A' 11 n d e r stress corresponded well with the redu~tion in the 

total soluble protein content. 

The reduction in the total soluble protein seems to be the 

major mesophyll factor responsible for the decline in the 

assimilation rate of leaves experiencing moisture stress. To 



Table 15: Eff€ct of moisture stress on total soluble 
proteins ani the efflci~ncy of assimilation 
expressed per unit protein 

Control stres:: 
protein A/protein protein A/protein 

Sunflower 22. '50 4 1 
,.., 

I 5. 81 4. 1 4 ,;_ ~ 

C(lWP!?3 1 q '38 ':l 63 10.00 3. 98 - _) . 

Maize 28. 7S 4. 82 1 ':l I 3 ':l 42 -' . _} . 

CD (p=0.0S) 3.01 0. 98 2. 96 O. 91 

CD Interact i C)rl A/Protein 0. 2] 



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 unit soluble protein 

recorded a significant difference between the species. Maize 

recorded the maximum ratio of 4.82 J.l moles g-l protein.s- 1 

followed by slmflower with 4.11 J.l moles.'J- 1 protein.s- 1 compared 

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

assimilation rate between these ~rop species correlated we 1 l 

T1H1S with the ratio of assimilation per unit soluble protein. 

the low assimilation rate in cnwpe,.'3 can be attribilted to the 

protein content of the leaf. 

However, though assimilation rate expressed per unit 

protein was altered under stress in sunflower and cowpea, the 

changes were not statistically significant. The data clarified 

that the reduction in 'A' under moisture stress was more due to 

thF? reduction in the protein contF?nt per se rather than its 

efficiency in sunflower an~ cowpea. On the other hand, 'A' 

decredse·J by fi0 percpnt in maizF? which could be at t rib 1] t p n to 

botfl r""dnction in protein content and its efficiency for carbon 

assimilation. The 'A' per unit protein decreased to 3.42 

mo]ps.g-l protein (Tab]e 15). 

A high reduction in the total soluble protein could also 

enzyme mean a significant reduction in the most important 

protein, namely, RuBisCO. In the absence of data regarding the 

changes in the content of RuBisCO under moisture stress, an 



exchange methods. 

Specificity factor of RuBisCO: 

Thf? f?nzyw? lHbnlr)se 1-5, Ris phosphate Carboxylase/ 

Oxygenase is a very essential protein that occupies a pivotal 

position in photosynthesis. The enzyme content, its activity 

and activation state and the kinetic constants aSSoclated. with 

the enzyme catalysis are the most important characteristics that 

determine the photosynthetic efficiency of crop plants. Since 

the en Z y iii e R li B i S C () C ,=to n [>i tal y? e apr ():1 n c t i v e C~ ,''1 r b C)'x y 1 at ion 0 f 

RDBP and a wasteful oxygenation of the same substrate. the 

apparent net ex~hange nf ro 2 • therefore depends on the relative 

vt='lc)cit ies of carhoxylat ion and oxygen.,t inn of RllRP. The r.'lt io 

GxygeTids e t:>xp 1 a i TIS t l!e net 

carbon gaine~ by plants. This ratin is often referred to as the 

'Specificity factor' of RuBisCO. A higher specificity factor 

implies better carboxylation and vicf?-versa. 

A gas exchange technique for the measurement of t}p? 

specificity factor as explained by Brooks an~ Farquhar (1985) 

was adopted with certain modifications (See Materials and 

Met hod) . The specificity f.:leU:n wa.s calclllrited for Cowpe., .,rd 

sunflower suhjectei to moisture stress~ The data nbtained ale 

P l' e sen t e'1 i n tab] elf, .=i n ,1 illl1st-ratpr'! in Fig:=~. le, .=inc',! 16. 

There was a markeJ re~uction in thp specificity factor of 

cowpea F1iRisCO lln:'le[, stre:3:=;. 
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Table 16: Effect of moisture stress on 
factor of RuBisrO in cowpea and 

Control 

Sun f 1 OvJE'r 86.09 

Cowpea 110.00 

CD (p=0.0S) 1 2 . 1 

Inter,'lct ion 17. 2 

the specificity 
sunflower 

Stress 

84.25 

66.00 

10.6 



value of 110 in control plants that decreased to 66 in plants 

experiencing moisture stress. On the contrary, 

significant reduction in the specificity factor in Sl1nflower 

RuBisCO under moistl1re stress. The specificity factor for 

Sllnflowf?r IU1dpr control w.=:t.s 86.09 thi'lt Clecrei'lspj only to 84.25 

under stress indicating either a proportionate change in 

Carboxylase and Oxygenase activitips or no chang p at all 

stress. 

From the 4ata generatpd in this experiment, the following 

important inferences can be drawn. 

l. The reduction in assimilation rate under moistllre 
stress is predominantly due to a reduced mesophyll 
conductance as evidenced by a decrease in dA/dCi. 

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



DISCUSSION 



DISCUSSION 

Significant increase in grain yield in recent years is 

attributed mainly to optimization of agronomic inputs (Gifford, 

1987), maximizing light interception by optimising canopy 

architecture (Nelson 1988) and enhancing partitioning efficiency 

of crop plants (Austin et aI, 1980). It hCls hef?n recognized 

that a plateau has alrf?ady been achieved in these aspects in 

most of the crops, especially in cereals. Therefore, further 

improvements in canopy photosynthesis is possible only by 

enhancing the unit leaf area photosynthetic rates. Though 

considerable degree of species and genotypic variation exists in 

single leaf photosynthetic rates (Fischer et al., 1981; Mohan 

and Hobbs, 1981; Hobbs and Mohan, 1985; Austin et. al 1986; 

Shankar et al., 1990; Nanjareddy, 1992), progress made in 

improving photosynthesis has not been rapid and encouraging. 

Owing to the complex multig e nic control of photosynthesis, 

conventional breeding for high phnto- synthetic rate has not met 

with greater success. In recent years, research effort is being 

concent r at ed on eva 111at i ng v ar i ous Sllb component s that r egu 1 at e 

or Ii mi t photosynthetic rates. If a few important limiting 

"1re identified, incorpor"1tion of these factors to factors 

enhance assimilation rates by either conventional breeding 

technique or through molecular biological techniques would 

enable us for 

photosynthesis. 

a quicker and assured success in improving 
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Though essentially a biochemical process, photosynthesis 

can be regarded as a diffusive process also (Kriedman & Downton, 

1981). The movement of C02 from the air into the carboxylation 

site and its assimilation experience a nllmber of :'Iiffllsive 

resistances that are broadJy classified under stomatal anrl 

non--stomatal factors. The non-3tomat~1 or mesophyll fac~ors, 

though a highly complex phenomenon, determine the diffusive 

gradient for CO 2 transfer. Once CO 2 is made available at the 

carboxylating site, further fixation requires, electron 

transport, RuBisCO, Calvin cycle enzymes, end product synthesis 

and its export. 

There is considerable variation between the potential 'A' 

when CO 2 is made available at the carboxylating site and the 'A' 

often realized at ambient CO 2 . Assessment of potential 'A' 

(Amax) and apparent photosynthesis will give some 

identify the import ant limit"'ltioDS imposed for Achieving 

pot ent i a 1 ' A' . 

Therefore, one of thl? objectivps of the prpst".'nt 

investigation was to asspss Amax and apparent photosynthesis, in 

~unflower and maize plants. 

Am.x and APS in Sunflower & Maize 

To assess the potential of the chloroplast to fix CO 2 , an 

experiment was couducted to quantify the Amax of 

Maize plants. 

3unflower and 

at satll[,-':!te'l CO 2 was si1nifir::antly hi9h in hroth 
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species. The increase in "A f from ambient CO 2 to 

was very high in Sunflower, compare~ to Maize. Increase in "A f 

was 91 percent in sunflower ,=tn"l in Maize it was 37 percent 

(Table 1 ) . This clearly inferre~ that the chloroplasts have 

vpry high ability to fix c"'lrbon if S11bst r at p CO,;;: i 3 not 

limiting, Altho1J']h thE' ,., plants have evolved an efficient CO 2 ~., 4 

concentrating mechanism in the Bundle sheath cells, 

photosynthesis positively responded to the increase in substrate 

CO 2 lpvels. 

Any increase in the substrate levels in the mesophyll cells 

will increase carboxylation apart from significantly decreasing 

the oxygenase limitation. Therefore, the CO 2 difflJsive 

processes assume grater importance under ambient CO 2 levels. In 

a recent study, Shivashankara, (1992), based on light response 

curves in sllnflower an;'! cowpea, concluded that the primary 

Ilmitatinn to 'Af comes from CO 2 diffusive characteristics and 

photorespiratory limitations. 

However at a given CO 2 level, the rate of carboxylation 

efficiency further depends on the mesophyll characteristics 

especially the factors associated with RuBisCO and also other 

mesophyll traits like ATP and NADPH generation. In this 

context, it is essential initially, at a given CO 2 level, to 

quantify the extent of limitation imposed by CO 2 diffusive 

processes and the intrinsic mesophyll factors. 

One of the major objectives of the present investig"1tion 

was to 1.eve lop a new approach to qnantify thE' relative stc)matal 
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(ind mesophyll limitations of '" , ~ lu:tder both non stress and 

abiotic stress conditions. 

Partitioning the stomatal and mesophyll limitations of 'A' 

With the intention of partitioning the limitations imposed 

on 'Af many approaches have been developed and standardized in 

the recent past. Most of the approaches developed have been 

based on the following two methods, 

1. Resistance analysis 

2. Path dependent or sensitivity analysis 

Resistance analysis was originally proposed by Gaastra in 

1959, which was base·:] on the assumption that photosynthetic 

response to CO 2 would increase in a linear fashion. Recently 

Farquh-:lr and Sharkey (1982) slightly ulodified the -:lssllmption and 

pointed out the possibility of an over estimation of stomatal 

limitation by linear resistance i'inalysis. Instead of the 

originally proposed linear resjstance analysis by Gaastra, 

(1959). Farqllhar and Sharkey (1982) proposed that at infinite 

stomatal conductance, theoretically Ca and Ci would equilibrate. 

The Assimilation rate measlued at Ci = 330 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, Priolll et al., (1984), ,=md ,10nps ( 1985) 

developed a path dependent methed to qlJantify the stomatal and 

mesophyll limitations of photosynthesis. The path of ,'ler;line in 



photosynthesis due to an environmental variable can be 

quantified using this method. The sensitivity of either stomata 

01 mesophyll to the changing environmental variables 1S 

considered in this methodology. The reduction in 'A' of control 

leaf to a lower value under stress could be 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 mesophyll followed by the 

reduction in stomatal conductance (Fig.17). Assmann (1988) gave 

a detailed 

method of 

evaluation of these methods. The path dependent 

quantifying limitations to 'A' is based on the 

sensitivity analysis. If assimilation can be described as a 

fllnction of various parameters such as 

'A' = f(g.H, T ........ ), 

then, the sensitivity of 'A' to anyone of the variables can be 

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 variable. 

Though this procedure can be adopted for quantifying 

stomatal and mesophyll limitations of photosynthesis. the method 

is useful only 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' llnder a giv!='n 

condition. 

relative 

For instance, it is nnt 

stomat a 1 and mesophyll 

possible to qllantify the 

limitations of OAf of -3n 



nnstresseo leaf. 

The path dependent mptho~ can describe only the relritivp 

stomatal and mesophyll limitations of a stress indlJCed declinp 

in 'A'. The resistance analysis can q 11antify only the stomatal 

limitations. However it is essential to quantify both stomatal 

and filesophyll 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 techniques. 

Quantification of mesophyll limitation - A new approach 

The stomata) limitation was computed hoth under non stress 

and abiotic stress conditions as explained hy Far!)llhar .:=tnl 

Sharkey (1982). Based on the assumption of the linear 

resist.:=tncp analysis, the response of 'Af to Ci is m.:=tximllm at low 

internal CO 2 concentrations. Thus, it is assumed that the 

carboxylation response to increaSing CO 2 concentration is 

maximum at the initial region. This initial response of the CO 2 

response curve (dA/dei) is often considered as the carboxylation 

",fficiency or sometimes as the mesophyll condllctance. This 

linear response becomes curvilinear and asymptotic with further 

incre~se in Ci beyond that of the ambient level. This 

plateauing of the response has bePD attributed to the lack of an 

pgllal cap,'1city for IhlBP regenpY3t ion an:'} therefr)re the mesophyll 

inability to utilize r;o;z (Caemmerer an:) Farquhar. 1981; Farquhar 

and Sharkey, 1982). 



In thp method proposed for quantifying mesophyll 

limitation, it is assumed that if mesophyll factors were not to 

1 i mi t 'A' then the initial linear region of the CO 2 response 

curve would not have become curvilinear. Hence an 

extrapolation of this linear region 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 

extrapolated point based on the initial slope of the CO 2 

response curve, suggests that mesophy1l factors limit 'A' . At 

operating Ci, if mesophyll factors were not limiting, the 

assimilati(AJ rate s}-j()1l1d hav"" been at the same point as on the 

In cases where ohserve~ 

is less th."1l1 A<;J it is aSS11me." that mesJ:Jphyll factors 1 i.mit 

, A ' . The relative mesophyll limi.taticms iHe qll;:tntifip{'! .=!s 

fClJlows. 

1m (%) = -------- X 100 

This method sufficiently explains the limitations offered 

by stomatal and mesophy11 factors on 'A' at a given condition. 

This method can be conveniently used for 

of stressed and unstressed plants. 

computing limitations 

Quantification of mesophyll limitations under stress 

It has been shown that the stress induced reduction in 'A' 

is primarily JllE' to 3 rp11lctioD in thp DlPsophyll 

ThllS un]er any abi(1Tic stress con·'litinn the initial slope of the 

CO 2 response curve significantly "t='crF'ases res l l1ting in t},p 



inhibition of photosynthesis. Thprefclre it was aSSllmp('j that the 

reduction in 'A' under strpss was due to a reduction in the 

mesophyll conductance as f':>vij""nce(l by a (lpcreAsP in the initial 

slope of the CO 2 response curve. This reduction in dA/dCi would 

therefoIF: correspond to the increasing mesophyll limitation. 

Hence, for the computation of the mesophyll limitation of "A' 

1m'Jer abiotic stresses, the linear initial slope of the 

unstressed leaf was considered. 

The observed assimilation rate (A') lInner stress is a 

reSlllt of both stomatal and mes()phylJ limitations operating at 

ambient CO 2 levels. Rased on the assumption made in t his 

approach, if mesophyll limitations were not operating, thp 

assimilation rate of the stressed leaf should havp been on the 

extrapolated line (the point Ag in Fig. 2). 

that the observed reduction in assimilation rate under stress 

from a possible Ag to A' is a result of the mesophyll 

limitations. Thus the mesophyll limitation of 'A' under stress 

can be computed from the following formula. 

Ag - A' 
1m (%) stress ::: X 100 

Quantification of relative limitation of 
condition in a few C3 and C4 species 

'A' under non stress 

To assess the gas exchange paramptpls in relation to their 

potential, and to quantify the relative stomatal and mesophyll 

limit.=t.tions of 'A', an eXpPf iment WdS cnn,-1llcte(l with.=t. few Ci 

and C4 species, 



J n t) 
\) t 

There was a significant variation in "A' an~ ge between the 

crop plants tested (Table 2). computation of Amax in these 

crDps further indicated that in both plants the 

chloroplasts have higher capacity for carbon assimilation. 

Based on the CO 2 response curve. the relative stomatal and 

mesophyll limitations \.Ilere q 11antified in these C3 and C~ plant 

(Table 3). 

In ,::111 the sppcies studien, stomata seemed to impart hi9hpst 

limitation tu ".l>,' lHJder well watered condjtions. Of ttlP total 

limitations, stoma.tal factors sharp;l the highest contriblltion in 

limiting 'Af, In all the pJant species except cowpea, stomata 

contrib11teo ovpr 60% to thp totril limit,"ltion of photosynthpsls. 

Stomata have been clearly shown to limit "Af undpr well 

watered condition by several workers (,Jones, 1986; Peluma1 et 

.9l.., 1989; James ,Jacob, 1988; Xl) &, Xu, 1989; Ephrat et. a1 1990; 

James &, Li3.w1or. 1991; Heitholt 1991). 

Both among C3 and C4 species the plant that had a high g. 

showe1 higher "A' (Table 2). 811Ch a positive relationship 

between "Af and g. has been reported by many workers (Wong tt 

.9l.., 1979). Though such a positive relationship between 'A' and 

9& was noticed, still stomatal limitation was more than the 

reli3.tive mesophyll limitrition pvpn in plants with higher ga' 

For instancp, sunfJowpr that recorded the highest gc of 729 

mmole, had a high stomatal limitation compared to its relative 

mesophyll limitation. 



Since in all the species observed 'A' was much less than Ag 

it infers that mesophyll factor also limH 'A'. This was further 

confirmed by the fact th.=.it the calculated in vivo carboxylation 

efficiency based on the initial slope of the CO 2 response curves 

shows significant positive corrplation wit h observe.j 

assimilation rates (R2 = 0.8). Thereforp, though the Is (%) was 

high in all the crop plants, mpsophyll also had a significant 

control OVPy • A f 

Effect of partial defoliation on gas exchange character 

Since stomatal factors impose0 the maximllID limit.':ttions 0n 

• A " an at t f:"mpt was made to enhancp gs an~ st1l4y 'A' in a few 

crop plants. The root to shoot ratio was enhanced by partial 

J e f 0 1 i at ion to inc r pas p t_ 11 e '] '" i n pot 9 row n :31m flo w I'? r! soy b E' "1 n 

and sorghum. 

StomatCll conijuctance incrf.'lased significantly in "ill 

defoliated plants within 4 hrs. of treatment and was persistent 

even "ifter 24 hrs. (Table 4). This increase in gs resulted in "i 

concomitant increase in 'A' as 

not in sunflower. Slmf lower 

well in sorghum and soybean 

that intrinsically had high~r 

but 

comparei to the other two crop sppcies, although thp stomatal 

cond11ctancp incre.':tsP"'l 

'A I. 

si.gnificantly, 

Thp results clearly indicate that 

minimiziw) or CO 2 diffusive 

increAsed 'A' in soybean and sorghum. 

incrl'?asp in g. "ind thus 

limitation S II b s taD t i ::'l 1 1 Y 

HowE'v!='r, it is not clear 



~nd no explanation can be offered ~Jhy 'A f :'Ii:'! not inc:rease in 

sunflower with increase in g •. 

response curves developed in these species 

indicated that both the initial slope and the Amax increased in 

soybean and sorghum. The increase in OAf at saturated Ci is a 

clpar indication of the involvement of a mesophyll factor dlle to 

defoliation. If only stomata were responsible for controlling 

plants. On the other hand the increase in the initial slope of 

responsi'> (:'IlI/.-'lC'i), 

possibi 1 it l' of an incrprts p in the mpsophyll COD'lllr:t.=tDCP (in vivo 

carboxylati(Jll efficiency) W'hPD plants were subjected to partial 

,1 "2 fo 1 iat ion. 

Such increase in OAf by defoliation was also observed by 

Wareing Pt a1. (1968); Neals et al., (1971); Thorne and Koller, 

(1974); Peat and Kramer, (1981). Mote recpntly Caemmerpr ,:jnd 

Farquhar, (1984) observed an increase in dA/dCi and CO 2 

saturated OAf when Phaspolus plants were defoliated. Sincp 

:'IA/dCi corrpIatp0 wpll with carboxyla.s p activity, they concl11(lp~l 

that ~pfoliation enhance0 carhoxyJation efficiency. Earli!?Y 

working with the samp plant nVitp[ ial, Jpnkins ."in:'l Wc,()lhOllSt=>, 

(1981) ha:J jpmonstrate rl an increase in in vitro electron 

transport rate in primary leaves after defoliation. 

SWjgested that the incrpase in plectron transport rate was most 

likely the consequence of an increase in the amounts of 

intermediate carriers of the electron transport chain. They 



~lso opined th~t the electron tr~nsport capacity to regenerate 

RuBP changes almost proportionally with RuBisCO. 

In the present investigation also soybean and sorghum 

recorded increases in Amax and dA/dCi. However. it is necessary 

to probe into the factors responsible for such increases in 

mesophyll factors within such a short period. 

These set of observations ~learly injicate the possibility 

of further improvin!] trle observed assimilation rates by 

enh.=mcing the S11bstr-ate 1evF!1 'J i '\fen amI:" i ;::.nt 

cone entr at i on by enhanc i ng the d i f fus i ve condllct.anc p 

transfer. Yet another factor that could be attempted to improve 

the assimilation rates at ambient CO 2 is to enhance the in vivo 

carboxylation efficiency of the plants. The in vivo 

carboxylation efficiency showed a significant relationship (r = 

0.9) with 'A' in well watered plants (Fig. 18). This suggpsted 

that the mesophyll factors also have a considerable control over 

assimilation rate. Enhancing 'A' via an improvement in the 

mesophyll factor would, therefore, prove more beneficia] un'Jer 

limited Wi'lter conditions as it can help in conserving moistlue 

in the pJants an~ result in a more efficient 11se of water for 

dry m,:itter pro,lllction. 

Gas exchange parameters and relative limitations of 
different abiotic stresses 

'A' under 

Despite the fact that photosynthesis is controlled to a 

significant extent by the genetic make up of the plants, the 

genotype and environment interaction complicates the phenotypic 
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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 moi sture in soi 1 and leaf, 1 ight intensity, temperature 

(j[jd humidit.y of air and nutrient statl1s of the soil a.rp a few of 

the important environmental variables determining assimilation 

A lett')e bo'1y of 1 iteraturp hrts clpar ly establ ishp,"l the 

close coupling of the environmenta1 variables with 

photosynthesis. T t hFls ,:1 1 so bppn shown t hi=\t l.ln,j eI i=\ny strpss 

environment, °A' significantly decreases. 

The stress associated reduction in OAr has been shown to 

be mediated through their effects either on the stomatal 

diffusive characteristics or on the chloroplast metabolism 

(Kaiser, 198 7 ; Chaves, 1991; Jacob and Lawlor, 1991; Gimenez, et 

.3.l.,1992). Though not unequivocally accepted, there are stron<J 

arg1lment s Sllpport i ng the f.;v::t th.'3t the stress inoucP0 reduction 

in 'A' is due to 

fi'lct or s. 

mesophyJ1 factors more so than the stomatal 

Stress inr'llk:e1 redllction in .=!:ssimilaticln rates hC'ivP hpen 

amply attributed to a reduction in the mesophyJl capacity for 

carbon assimi]~tion. Mesophyll limitations have been shown to 

be responsible for the reduction in photosynthesis under 

mo is t 111 est r e 3 s (Johnson et al. t 1987; l{aiser, 1987; Ch~ves, 

1991; Gimenez et al. t 1992), deficient nitrogen or phosphate 

supply (Lawlor et ..::11., 1989; Heitholt et -:11. t 19'H; ,Jacob and 



Lawlor, 1991; 1992) . Low light stress has also been shown to 

reduce 'A' through a reiuction in the mesophyl factors. 

Howevf>r, There is no ql1antitativp cJata in the lit"?ratllre to 

prove that the mesophyJl factors are getting affected under 

stress since there ar p no ~pproaches to q1lantify mesophyll 

limitation under abiotic stresses. 

i mpor t: ant ohjpr-::tive of thp prF'sent 

j [1 V est i <J a t i () n 5 therefore, was qnantification of relative 

stomatal ~nd mpsophyll limitdtions in plants subjected to 

diffpu'nt abiotic stresses. Pot grown sunflower, sorghum and 

c.:uwpei'l plants Wf?re 31lbjecte:1 to moisture stress, low 1 ight 

stress and nitroqpn deficient condition and gas exchange 

p.Cl.ramet€rs were measurei from which the limitations were 

comput;::od. 

Tn the present investigation data were generated to prove 

that tlH" major limitation to 'A' abiotic stresses was d1le to the 

inflllencp nlPsophyll [Actors. Thp following gas pxchange 

associated parameters prove the point that the mesophyl1 factors 

WI2IP -"1ffectpd. 

1. Increase in Ci 

2. Decrease in dA/dCi 

3. Rp(l1.lction in Am .. ,., 

4. Q1lantification of limitations (1. and 1 \ 
J_m) 



· .:.; 
't I. 

1. Increase in Ci 

Both 'A' ~nd g. decreased significantly under all ~biotic 

stresses imposed (T~bles 5, 7 and 9). Though the Assimil~tion 

to 1.mit stomatal conductance increaspd undpr moderate stress, 

the ratio tended to decrease when plants were subjected to 

severe stress conditions. The calculated intpr cellular rn 2 

concentration with the intenSity of stress 

(T~bles S, 7 ~nd q). An increase in Ci is possible when ''A' 

decreases faster than the stomatal conductance. An increased Ci 

implif?s a lack of l.ltilization of sllbstr~te CO 2 even when it is 

provided at the carboxylation site. Sllch an increase in Cj 

lmder stress indicates ~ possible d~mage to the mesophyll 

factors rendering it inefficient in utilizing the available 

substrate CO 2 • 

2. Decrease in dA/dC i 

response Cllrvps weI'" '1Pvelope rj in the plants 

experiencing abiotic stresses. The initial slope of these (~() 2 

response curves (dA/dCi) was considere:'J as the in vivo 

carboxylation efficiency. A sigrdficant linear relationship was 

sP~n between ob3erve~ ~ssimil~tion r~te an1 1A/1Ci un1er non 

stress condition and thus it was asserte:'l that dA/dCi reguJated 

the v;:J.liatic)D in "A' (Fig. 18). The relationship between dA/dCi 

and 'A' was also examined in stressed leaves. 

The slope of the CO 2 response curve (j~'!dCi ) 

progressively decreased with increase in the intensity of stress 



(Fig ... 8 to 13). When the relationship between observed 

assimilation rate and iA/dCi was plotted (Fig. 19), it revealed 

a positive inter~ction (r ::: 0.62) suggesting that the in vivn 

carboxylation efficiency ~etermjDes "A' even unjer stress. 

3. Reduction in A_ax 

Yet another parameter often considered to assess the effect 

of stress on mesophyll factors is to quantify the A "',,:x at 

saturated substrate levels. Less increase in "A' at: saturated 

CO 2 implies a reduced capacity of the chloroplast to fix CO 2 

thus resulting in a lowered Amax. It was evident from the CO 2 

response curves that the assimilation rates did not increase to 

larger extends under strl'?ss. The Amax recorded at sdturated Ci 

progressively jecreased with the intensity of the abiotic stress 

(Fig s. 8 to 13). Thf? r f"":1l.lr:t ion in l<omax an:1 the 

slope of the CO 2 response curves clearly suggested a possible 

damage to the mesophyll factors of photosynthesis. 

Quantification of limitations 

Since the earlier experiments showed an indication of 0,,\ 

reduction in mesophyll ability for carbon assimilation, an 

attempt was made to quantify the relative stomatal and mesophyl1 

limitation of "A' under abiotic stresses. As explaineoj in the 

material and methujs, CO 2 response curves were adoptf?d for the 

ql1ant if icat ion of limitations. Quantification of tOhe relativp 

limitations of 'A' an increasF> in the mes(lphylJ 

limitations of photosynthpsis as thp strpss progtPS3P~. Th i :: 
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type of increase in the mesophyll limitations of "A' was noticed 

under all the abiotic streSSF?S studied (Table 6, 8 ani 10). 

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 r:onstituted 

of total limitation under non stress condition. Where as its 

contribution progressively decreased with increase in the 

intensity of moisture stress to a very low value of 8 per cent 

when severe stress was imposed. On the other hand, mesophyll 

limitation progressively increased to 92 per cent in the same 

plants (Table 17). Such a trend was noticed in sorghum and 

cowpea also. As the intensity of the abiotic strF?SS increased, 

the limitations of photosynthesis shifted significantly towards 

mesophyll factors. These experiments clearly demonstrated that 

tht:> preClominA.nt 1 imitA.t ions to photosynthpsis were impospd hy 

the mesophyll factors when 

conditions. 

plants experience abiotic stress 

Patchy stomata - An objection to mesophyll limitations 

Although several workers have reported an increase in 

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 closnre on 

the leaf surface in plants subjected to moisture stress. 

Owing to this ·p.=ttchiness' of stomatal r-:losnIe, t 1,e 

validity of stress induced inhibition of photosynthesis by 

m f::' sop h Y I 1 f A. C t I) Ish ave h p F' n q 11 pst ion F'."1 h Y s n m p r p r p n t 
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C'onr-r(lj 
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Sharkey ~nj Seeman, (198')) rll1i 'l11 initial rppr"r t hy flownton pt 

31., (1988). (19891 reportpj that, in he an 

., "" fie i l: s, 

s tom a tal c 1 () sur e w " S f", V j '1 "" 1 J t_ 

w'1t'·r lJsin9 

autoradiography analysis of 14('0 2 fpj Ipaves, they deduced that 

stomata at these 

. A' W d::~ z t:-: t (~i • ( 1988 ) 

} ,. iT! r) n s t rat e·j t h d t t }H:~ pat c h y 1 4 C I) ;.,: up t d k pun j e r m 0 i s t. 1) r f" stress 

to the 

j iff c'r en r:; P 2· i II t h p e f f (' C t () f \,J d t e r p Cl t e r! t i a 1 s r) n .) iff e I ':-J n tar e a '3 

pat.cby 

area-basel :3t ')mat a 1 C nn 'll,lct ,j ne p mp as 111' f?rn • ."nt :=; , 

HE-cently, E>?rkowitz, (1992) Sllbj,::'cted 

spinach, wheat and bean plants to different regimes of water 

strl'?ss. Based on t11>,,:,il compalison of the .'llltcnadigraphs of 

14C0 2 fed leaf laminae of the stressed and well watered plants, 

inJuceJ p.,tchy stomatal clos1lre 

Not all stress regimes 

indnr:f:?J patchiness, nor vi i 1 } plAnts ~pmonstratp this 

response to water stress. 



Hore over the occnrrertcp of p,"Itchy stomatal i-'lo::nne hctS 

only he en demonstrated on a microscopic scale, an1 it has been 

shown to be a random phenomenon 

Mansfield, 1990). 

(Downton et al," 1988; 

\-Jhen lar'}e areas of a leaf (more than 2 cm2) are 11sed for 

gas exchange measurements, the apparent photosynthetic rates and 

stomatal COnd1.1ctance represent aVf':'rage values over that area. 

Thus avoiding the possibility of an error component creeping 

into the analysis of A-Ci relationship. 

patchy stomatal closure has been reported 

The occurrence of 

only in moisture 

stressed leaves. Since identical 

larger mesophyll limitation wele ::1rawn nnner other stresses 

Also, it can be conclnded th"t st omat ale lOSl11P in pat ches ,1n 

not hamper the inferences drawn from gas exchange analysis. 

However more r1ptailed eva 1 11 ,"It ions of the OCCllrrence 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 did not show any significant 

variation. The reduction in assimilation rate under moistl1re 

stress was predominantly attributed to a larg'>:' increase in the 

mesophylJ limitation of 'A'. Similar results where mesophyll 

limitations were mainly rF'sponsibl e for the strF'SS inr:l1l1:pn 

reduction in 'Af was also reported by Jacnb, (1988); Jacob an~ 

Lawlor, (19Ql). These ohservations ':1e.=tr1y inr'lil~.=ttei'l that the 



·;. 

factors. 

The stomatal movempnt h~s been clearly shown to he 

regulated by the inter cellular CO 2 concentration (Mott, 1 988 ) . 

Thp control of stomatal movement by the inter 

concentration is an attractive hypothesis to effi(-:;iently 

re<Jul,'lte transpirationdl loss of water, especially llnd,,,r 

moisture stress conditions. 

1 • ana.ysls originally prnpospd by Farquhar et a 1 . , ( 1 q 80) was 

adopted. The dat a ,)pnerat eel on ('()z response Cllrvps at different 

abiotic stresses wpre 11<~pn f(lr this analysis. 

stomatal Joop gain (GgJ was higher than the assimilation loop 

(GAl in all the stress However, signific."Int 

\.ncr clase in stom;jtal loop g,'1in was observed under moistnre 

stress. A highel stomatal loop gain indicated that stomata 

W t? I I? mo r 1':' strowJly cOllpled with the chan<jes in . A' d.nd C i than 

the coupling of assimilation rate with changes in gs and Ci. 

This type of a loop gain analysis clearly established that the 

stomata were llnder ~ feed hack control hy mpsophyll f~ctor:'). 

it is Accppt~blp that thOllgli c;tom3tal 

the stomatal limitation of photosynthpsis did not fecarJ 

,'j ll.Y s i g II i fie ,3. n tin ere rl S P 1) r1'1 P r 11j("1 i ~3 t IlY F' S t r p s s . 



Effect of increased g. on 'A' 

To ev;:duate ann -=!pportion the rp-=!sons for triP rpaur::tion in 

assimilation rates betwpen stomatal and mesophyll factors. an 

attempt was made to pnhance the stomatal conductance by altering 

the Vapour Pressure Deficit (VPD) in moisture stressed sunflower 

plants (Fig.14) 

By this appro~ch stomatal coniluctance was increased from a 

very low value to a value as high as that recorded in we 1 J 

watered plants. It was noticeil that there was no cnncomitant 

increase in 'A f with increas p in CIs, This clearly suggestpd 

that stomatal factoys werp If'>sS responsible for a styPSS indllcec3 

reduction assimilation rate, Thp lack of increase in '~f whpn 

more substrate CO 2 was provi,:lp,j to the ml='sophyJ 1 cPlls sllggestE'1 

that the mesophyll metabolism was not capA.ble of lltili7.ing this 

extra substrate. This clearly suggest a damage to the 

functional efficiency of the system. Such a lack of increase in 

'A' when g. was enhanced further supports the earlier finding 

that predominant limit<:ttions to assimilation comes from 

mesophyll factors under moisture stress. 

From variolls pxppriments conollctpo with pl<:tnt species 

subjectpd to different abiotic strpssps, folJowing 

i.nferencps ct)lll i l be "Jrawn, 

1. Under .=tny abiotic strpss, both assimilation TA.tp and 
stomatal condllctanct'" dl"creaspil.. 

in vivo c.=:trboxyl,':Ition pfficiency ,':IS measllreo by the initiFlI 



s lop P 0 f t h p C (J 2 r P S P 0 n s p r; 11 r ve (J A / :'\ C' i ) 

:3 i 9 n i fir; <] n t r p d net ion l_m -:'I e r s t res s , 

3. With increase in the stress level. the stomatal limitation 
remaioec1 lHlr:hdngej wherl=' as the mesophyll limit.=ttion 
substantially increased indicating a damage to the 
mesophyll metabolic processes. 

4. The stomatal limitation did not significantly change 
'Jespite 'l. Llrger rf?duction in stomatal condllctance. 

5. The larger re,hJction in g13 comparp-l to the rp111ction in gm 

(dF<_IdC'i.) Sl.l99pstp(l that the stomata werp in Ft feed hack 

6. 

control flom mpsophy] 1. 
th.:' L{_lop Gain ,:ul.;:dysis. 

This fact became mOle evident from 

It is thel~fore confirmpj that the stomata mFty not 
any limitation under 
role elf 
loss. 

stomat:ri is 

abiotic stresses, 
IllA in 1 y t c> 

Sll<J9 eM j ng 
thp r.=tte 

th,3t the 
0f W,'1ter 

Effects of moisture stress on various mesophyll components of 
photosynthesis 

The pledominant limitation to photosynthesis c.=tme from the 

mesophyll factors as evidenced by a significant increase in 

rplative mesophyll limitation llnder all the abiotic stresses 

studied, 

Thongh initially ge may pose.=t 1 imit.=t.t ion, P Y '''J r p s s i ve 

altering t1~ie mF>;:nphyl} ability to fix co 2 , Thp damage to thp 

over a 11 an 

wi th t-he 

thylakoid membranps 01 t (_I t h p b joe 1i e m i c a) rea c t i em s t h .J t 0 (: C 1.1 r 



i.n the strcm,"\ ( F ':" i set > 1 9 8 7 ) . controversies persist rpgarding 

the importance of these two factors under moisture stress 

con j i t _i ,'.lD S • 

biochemistry as the primary target of inhibition of 'A' under 

tot d l hdve emphasized the rp.Jur;tion 1 n 

carboxylase activity. VI] et aI" (1987); YeJenski, 

(1988); Speer pt al., (1988) showP'.l a rpoll(:tion 

in tl,e pn;~l'm" 

act i v i t Y w d <-; s},·) \~ l"J t (l b P .11) P tnt }1 t'" acijifjcatio~ of strom~ 

Anot ]",er workers have shown 

in h i b.i t i (' n Cl f ph ot oc 1t e m i c:: a 1 moi::tnrF' stress. 

Ben f:'t a J • , (198 7 ); Bjorkman and Powells, ( 1984 I 

Qllick i?t al., ( 1 990) water stress 

predisposed the pldnts for photo-inhibition. 

P 11 a t (; P h (1 S r> h ,YI Y 1 a t i Cl n has b e p n ~~ h « W )j t (I b e m c> r p .s 11 S C P P t i b 1 pte, 

'nl0 i s t I) t ,::. S t r p sst h {-j n F"" 1 p (: t t 0 tl t_ r d n s POt t r·=t t p s • 

in ATP synth p :3is can rf"slllt in a si,]l"1ificdnt 

1. 981 ; 

1987) . 

Thus ,j r F"j net ion 

[P:"luction i lJ • A ' 

Forspth ,'in') 

few reports indic.=:ttin(_J thp rp:illr~tinr: in pler:tron tr.=mspnrt r,:irp, 

reports using more sophisticated techniqnes of 

chlorophy1.l electron ttB0sport 

rplatively resistant to stress (Schriber and Bilger, 1987), 

v] i t h a lJ 0 b j e c t i vet 0 -3. sse S 3 the p 0 S sib 1 erE' ii S i~l nsf f) r 



increase in the relative mesophyll limitation, sever~l mesophyll 

factors like CO 2 sensitivity, photorespiration, specificity 

factor and solublE' protein were examined in plants subjected to 

moisture stress. 

The observed reduction in the ..:;..i.::..;:n __ v;_1=-·V..;_C.::...1 carboxylation 

efficiency (dA/dCi) in our experiments could have been due to a 

leduction in either photochemical reactions or biochemic,"!l 

reactions of the stroma. However,in this study, a few aspects 

CO 2 sensitivity 

ThE'? lack of increase in 'A' at saturated Ci, measnred as 

the CO 2 sensitivity (Table 13) decreased significantly under 

moisture stress in all the species studied. Sl1ch reductions in 

CO 2 sensitivity of photosynthesis signify a reduction in either 

photochemical or other biochemical reactions. However, the lack 

of increase in Am4x implies a reduced capacity to regenerate 

RuBP either due to a reduced capacity of the photochemical 

reactions to synthesize ATP and NADPH (Caemerer and Farquhar, 

1981; Farql1h.=tr and Sharkey, lQR2). 

Although insensitivity of photosynthesis 

oxygen concentrations have been considered as an indication of 

the OCCllrrence of end prod1lct inhibition on photosynthesis, l.:=tck 

of CO 2 sensitivity of assimilation can also serve the purpose to 

a certain extent. Therefore, the reduction in assimilation 

rates under moisture stress could also be due to coupled 



Inl-,lbit ion in tliosE' phosph~te utilization l~,=1')ing to Pi 

regeneration ] i mit at jon (.J am e s J a cob, per s (' n a 1 c (\ m m 11 n i c: at ion ) . 

Photorespiration 

rhanges associatej with the specificity f~ctor 1 !? ad i n g t fi 

an increasej oxygenation coulj also be an import ant reas()n f'-Ir 

photo]espiration was est j mat p·l in moi st IH"::' 

1ll."I i ;;: e . 

The jat~ generated on PF in the present invpsti9,=ttinn 

revealpl a contrasting behavior in sunflcJwer 

exper ipncin9 moistllre stress (T.=tble 14). toJhen cowpeA 

increaSE" in the contribution of PR to the total photosynthesis, 

in slmflow.?r, thf?re WdS a significr:tnt r f?d llct ion i. n PR llnj ,~~ r 

stress. Though sunflower had a significantly high PR in contlo] 

(30 per cent table 
, 

4 ) i.t deer ease::1 to c:; 8 , t , 

strps~~ Whel p as , in CClWP'='.:l , PB 1 f2C r t?asf?J from 

Sunflower plants ~lso pxhihjtp~ a 

sensitivity llD(l.='y strps::', comparel tc; cowpea nr 

ppr 

:? 1 

,:;ent lln''lpl' 

ppr cpnt 1 n 

. ~ 
1 1. 

c~rhon assimilatinn in 

sunf10wer at tl-!e given water statlls might havp bepn '1amage~ to a 

l.'u-ger extt=:'nt. Photosynthesis :loes nnt rt=:'spon'J. to del~r~pase~ 

concentrations of oxygen when RuBisCO experiences a fped back 

control ftom lack of Pi recycling. Therl?forp it wonld not 

f2rroneous consider that photosynthesis in sunflow('r 



experienced ~ strong feed b~ck limitation compared to cowpea 

(James Jacob, personal communication) 

RuBBisCO characteristics 

Thf? other lmpnrtant factor that infillen l--:p the redl1ction in 

in vivo carboxylation efficiency are those parameters 

of PuBi3CO in leavps of slowly 

i.nclllle thr.:. activAtion state. tntal 

content an.:'! the kinetic constants of catalysis ('iTn et a1., 1987; 

3p p pr et a1., 1988; 'iTu an,1 Yejenski, 1988) . ..:..__:_ _ _;:..._;_ 

Specificity factor of RuBisCO 

Theoretically a knowledge of the kinetic constants like Kro 

and Vmax of carboxylase and oxygenase activities sufficiently 

~efine the rates of carboxylation and oxygenation at a given CO 2 

and O2 concentrations. A ratio of these kinetic constants of 

carboxylase anl oxysenase i s teferrpj to as the spp~ificity 

factor. At a given FuBisCo cnntpnt alll it 2.: activation state, 

c.=trboxyl<it ion 'A' 

concentration of CO 2 and O2 • is controll!='J hy the spf:~cificity 

factor. 

Basecl on a gas exch.=mge techniq11e proposed by Brc)oks and 

Farquhar, ( 198 S ) , the ratio of the kinetic constants was 

j.:-terminej itl thf:' intact leaves of stressed and wpll 

sunflower and cowpea . The data presented in table ]6 indicate"). 

. 1 si9nificant redllction in specificity factor of cowPt=>."! RllBisCO. 



But no significant changes were noticed in the stressed 

sunflower leaves. 

However, cowpea that recorJed a larger increase in PR also 

showpd a significant rPlllction in specificity factor. This 

kinetic COllstants 

of oxygenase un~~r stress in this species. But no satisfactory 

explanation can he offerej f (i t 

}"edllcti()lJ ill t1'j>" :3p p cificity factnr nf PuBisC'(l in slmflowel. 

Total soluble protein content 

Tot ,=tl S (, 1 n b 1 e 1 e .=t f p r I) t !" i n r:: (\ n ten t record ed si9nificant 

reduction unier stress in ,::il} thE"' three (table 1S). 

Thi:3 reduction in th(' tot,'ll :3011lhle prc:.tein c()rrelated well with 

the reduction in the assimilation rates of these ClOp species. 

T h i? r ,1 tic, I) f ass i mil ,3 t ion t c, 11 nit sol 11 h 1 e p r (> t e i n was ,e:> S tim .=t t p i 

with an intention tn assess the efficiency of assimilation 

1 S ) , Th~' l,"!tiu ()f ';',' p"'"r 1.1.1"1i,t prot;:.in f,"!ilpl tn tPC·C,t'·'l 

,j n y s j g n i f j C ,'llJ t (' r, an 9 e i 1"1 :::~ il n flo W ("1 ·3 n .'] r::: ,~, W pea , HOWF'V,::' r , 

The larger )e~uction in total soluble protein and a 

~3sociation bptwepn protein content and assimil.=ttion rat;:. 

suggest that the reduction in 'A' llnier stress couLl 

primirily J1.i!? tu d re.Juction in t .• )tal 30111b1p protf'.'in content of 

the Ipaf. 

Sin c e t h f? S P p c i fie 1 t y f ,"I C t (11. a 1 sod pel P .=t s p d 1m d p r st r f:' S S 

jn COWpt".:t along Irlitr-; j :31'Jnificant reduction in thp prctein 



content, one must expect a much larger reduction inA / P rat. i 0 • 

However, the stress induced changes in the RuBisCO content and 

further the proport iOll of RuBiscO of the total so 11J b 1 P pro h::· i n 

is less understood. In the absence of proper data on RuBiscn 

content and its activation state, it would bp diffic1l1t to (lJ:'aw 

any inferences regarding the role of 'Af protein in 

(',"\"(.! be C:C:ln('11j~'lP~1 tt,,"!t t tiP 

reduction in assimilation rate lln~er stress in all the specj,::.s 

leaf soluble protein content. 

Conclusions 

The following major cone IllS ions c:,':\n be made from the 

various expel iments conducted in the present investigation. 

1. The chloroplasts have very high potpntials for carbon 
assimilation 

:~. -Po v d i 1 (:! b i 1 it Y 0 f S 11 h s t rat p (' n 2 ,'\ n "I ph 0 t n r p S!? ira t i (Hi S ppm t II h p 
the majc1r limitations of '"A' llrJ,'1pr non strpss c:ondjtil~)ns. 

'1. Qllntificatinn nf limitCitions h,,3pn nn t.hp CO 2 lPS!?0nS p r:1HVPS 

- an improvise"1 metho:'l. over thp pxisting onps- Sllgg p stp!'l a 
largi'r stoma.tal limit,=ttion nf 'A' lHv'lo:=.r well w.=l.t:erp,~ 

con'litions. 

4. However, mesophyll factors also seem to regulate the 
variation in 'Af among species or genotypes as evidenced by a 
significantly positive correlation betwepn observed 
assimilation rates and the calculated in vivo carboxylation 
efficiency based on the CO 2 [esponse curves (dA/dCi). 

S. Bllt 1mjer any abiotic stress condition, mesophyll factors 
appear":"d to limit: 'A' to larger extent tholigh g", jPcrpas":":'l. to 



greater ext':?n'l.s. 

Fl. La r 9 f? r r >? d 11 C t i (.) n i 11 9 '" t h a 11 'A' 1 m 4. era biD tic '3 t. res s 

C I) n d i t i () n sin J i cat t" t h ,"1 t s toni a t a art? 1 E' 9 111 ,4 t ;::. '1 by a 
C (l n t r 0 1 ,.,:.; i:' r t c:, j by t h F m p <" (i P rl y 1 1 fa c t ,) r s . 

7. Un·'lpr 11iciistqr'" str p 3S l;n:'\·'1iti(1TIS, thp mr:tjor lPFtsr'n fnr thp 

rp:l1JI,~tion in 'h' W'iS a:3'::nciatpl wjth thp c,:ubnl'ylatj;:;n 

~fficieory (~A/~ri'. 

8. Fluther <=mdlysis elf thp 3111', (~nmpnnents (,f mE's;~;i?},yll in·:1i,-'atf'o l 

that tLe lp:lllctjon in total so11lblp protpjr, 3:3 an important 

leternlinant of 'A' und.er moistllrp stress. 

9. Possibilities that changes in specificity factor of RuBisro 
and its ccmtent as import'''!Iit factors resulting in triP 
rp~uction in assimilation rate under stress were also 

pvidencp). 

in the 

inhibition of photosynthesis llnJer strpss conjitions associ<3tel 

with 

concentration i lJ l' <-, 
.J lJPcpssary 

i t :3. 

Mur e :J et ail e 'I <'1 n a 1 y s i 3 n f t: he f ,4 ern r s ass n r; i ,j t e:'1 wit 1', t: }, f:O 

vari3tions in in vivo c3rboxylation efficiency ani the f,:'lCtU1S 

that determine Am ... x w()l.llj be worth whilf? in Ftttpmpts 

improvement via il1crpasing aS3imil~tion rates of le3vPs. 



SUMMARY 



SUMMARY 

improvement 

has establish;:..]. that any further increase in productivity has to 

Altholl<}h spveral workprs havp iipntifipi significant genntypic 

variations i n 'i S S i mil at inn t ,'I t p s , this vari~tion has nnt bePD 

successfully exploitei for crop improvement owing to the complex 

111ldtigeni l :_: control of photosynthesis. The phenotypic expression 

of photosynthesis is largely regulatei by the pxisting 

environmental variables. Hence it becomes essential to !?valll·=ite 

the intrinsic as well as the environmental rpgulation of 

photusynth~'sis for a better lmderstanding of the limitations of 

ph,")tosynthpsis. 

In the present invpstig~tion, sevpral wprp 

con·9uctp:l with thp major objective to ass",'s:=: rhF' pnt entialof 

chloroplast 

1 i m j tat j () r J S (\ .f ass i mil a t jon rat p 1', n t}) 1 m dey n 0 n ;::. t r p s ~~ an·, ,3 f P W 

~biotic stress con~itions. Fnrthet 

to un.jPlstanJ the possible rpasons for a lar<:'ler m>:·snphyll 

limit,ition (If photosynthesis llndf~l l11i.)istllre stress '--rJrj rlition. 

M~asur~ments of gas exchange traits using a portable 

photosynthesis system (ADC LCA-2), was the predominant approach 

in this i!1Vest.igation. 

dnd methodologies were 

invpst igation. 

The following experimental approaches 

adopted to meet thp nbjectives of the 



1. QUdntification of Amax ,"It s.=ttnrated CO~ 

2. Quantification of relative stomatal and mpsophyll 
limitations of ";"',' b.:tsed r:m CO 2 respans p (;lHve by sllitably 
modifying the linear resistance analysis af weI] watered and 
in plants exp~rimenting several ahiotir stress. 

3. Ass i mil a t i () n I' ate s m pas 1_l I' e d a t YJCl I' rna] (2 I ~I.) an <'1 a t low 
oxygf~n conr::entrations wpre mei3.3111t='d to ,:urivf? .=:tt the 
photorespiratory losses, 

( 2 ~~ ) 

4. CO 2 sensitivity as an indication of stress effect on 
mesophyll factors was estimated. 

5. VPD response curves were generated to asses the effect of 

increased gs on "Af. 

6. Sp;:ocificity factor of Rl1BisCO was compute::) from the initial 
s lop P S 0 f CO 2 r 1'" s P I) n sec 11 r ve s i eve lop e d at t h r eel 0 w I j g h t 

intensiti p c3. 

Am • x , apparent photosynthesis and 
stress conditions 

limitations of "Af 

Using the experimental approarhes mentioned ahove) 

under non 

apparent photosynthesis (APS) were measured in ~S to 40 Jays old 

slmflower rl.nd, maize pl,·:mts. Fllrth;:or, to asses the <jas pxr;r,,:mge 

traits and to quantify the relative stomatal and mesophyll 

limit.::ttions to "Af, another pot c1l1tlue experiment W·'iS condllcted 

species under well watered conditions. The 

followin,) inferences can be drawn from these experiments. 

1 . Chloroplasts have significantly higher capacity for 
fix at i (I n i n b n t r, C 3 rt rd C 4 pIa n t s (T .=j b 1 p 1). 

carbon 

2. Substrate .:Jvailability is an impClltant limjtaticlfi to 

pllotosynthesis. Hprwp q::; i~ ,;:Pl impnrt.,=:tnt (;I)mponent. 



3. Undpr well watered r;r)r]ditions, major limitrltion on 'A' W<'1S 

imposed by stomatal factors (Table 3). 

4. Variations in 'A' bptwepn sppr;i_es (-;mlld also bp 11lP hJ the 
inadequate fUDctioning of the mesophylJ to utilize the Jow 
CO 2 • A linear TPlationship between 
efficiency (iA/j('i) and 'A' exists 
0.9, Fig. 18). 

in vivo r;arbnxylation 
between species. (r = 

From these findings it can be concluded that both C3 .::tnd C4 

plants have higher potentials for CO 2 fixation. The stomatal 

diff11sive characteristics and availability of substrate CO 2 are 

the predominant limitation to achieve t'he potentia] 'A'. This 

conclusion gets fnrther sllpport from the fact that the relative 

stomatal limitations in all tr)e species studied, significant ly 

contrib1!ted to the total limit . .3.ti(:ms nf 'A'. 

However, thi=' mesophyll factors, tho1lgh contrihute" meagerly 

to the total limitations, still exprte.j a iegree nf contrnl over 

assimilation rate Ilnier non-stress conditions. The fact that 

the in vivo carboxylation pfficiency (.jAnCi) 

significant positive correlation with observed 'A' (r = 0.9), 

reiterates thp possibilities of improving 'A' by enhancing 

carboxylation efficiency of the leaf. 

Since stomatal factors limitecl 'A' to a larger ext ent , 

plants wer~ partially ~pfoliBted to enhance the stomatAl 

condnct anct"s. Both 'A' anl g3 significantly increase~ within a 

very short pprio~ of time in response to partial lPfoliatinn. 

The CO 2 response Cllrves ieve]Clppl in thpse plants iniicatPl an 

Fllt i 11 31 In f 1 G W P r, ''A' ,i i i n ,d-



increAse sllbstantially. The increase in 'A' by nefoliation is 

attributed to a possible alteration of the mesophyll factors by 

partia.l defoli,"Ition. Bllt in sllnflower, no sllch con(:;ll~si(lns can 

be arrived. 

Quantification of relative limitations of 'A' under different 
abiotic stresses 

To Assess the gAS exchange traits of a few species 

subjected to abiotic stresses, sunflower, cowpea and sorghum 

plants were subjected to different degrees of moistllre stress, 

low light stress and nitrogen stress. Based on e0 2 response 

curves, the relative stomatal and mesophyll limitations were 

gllantified. The following are the salient findings. 

1. Under any abiotic stress, hoth 'A' and gs decreased. 

2. The limitations imposed by mesophyll factors significantly 
increased as the stress progressed whereas the limitation 
imposed by stomata did not change markedly. 

3. Mesophyll conductance as measured by dA/dei 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 stom.=ttal cnndllctFince significantly deereaser! when 

plants experienced different abiotic stresses, the limitation 

offered by stomata either de~rpased or nn sign i f ic;,'1nt. 

change. But the relative mesophyl1 limitation significantly 

incredse-] with the intpnsity (\f A cnrrespnnding 



c~rboyyl~tion efficiency IdA/jei) w~s 

noticed. The obsprved assimilation rat"?s llnder Cill abiotic 

stresses had a positive correlation with the reduction in dA/dCi 

(r = 0.62). Thus, it Cdn be concluded that °A' is limited to ct 

larger extent by the mesophyll factors, especially those 

.=tsS(lcidtec1 with carboxylation pror::;ess 1mder abiotic stresses. 

Loop gain analysis 

It was noticed that was 

more than thp extent of redl1ction in o~' under moderate strpss 

conditions. The loop gain analysis (i f P 1 .'1 n t S S 11 h j p (. t p j t I) 

moisture strpss and low light stress confirmed that the stomata 

were under a feed back control from the mesophyll fCictors (Tahle 

1 1 ) 

Effect of increased gs on "A' in sunflower subjected to moisture 
stress 

An attempt was made to increase the stomatal conductance 

by altering the VPD to evaluate the role of stomatal conductance 

The VPD 

response curves clearly injicate1 that 'Af :1il not increase 

jPspite a significant increase i.n gs (Fig. 14). This c]e-=lr1y 

sugg e st pi that the mpsnphyll metabolism was incapable of 

utilizing the pxtra 

Thesp experiments adequately explain thp increased relative 

mesophyll limitaticm of 'Af 1.Jrj"ler moistllIe stress conditions. 



CO 2 sensitivity as a measure of mesophyll damage 

To further clarify the effect of moisture stress on the 

me30phyll factors, assimilation rates were measured at saturated 

substrate concentrations. All the three species studied showed 

a significant reJuction in CO 2 sensitivity under stress (Table 

1 3 ) . Sunflower recorded the maximum tedllction in the CO 2 

sensitivity indicating a relatively larger damage to the 

mpsophyll. 

Assessment of the possible reasons for a high mesophyll 
limitations in plants experiencing moisture stress 

The reduction in 'Af under ~biotic stress conditions h~s 

been attributed largely to an increase in the mesophyll limiting 

factors. An experiment WdS 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 'Af anj g3 was noticp(J in all 

the crop plants vJ1-len sl1bject",d to moisture stress. The 

response curves developed in these plants indic.3ted a re'lllction 

in the initi.=t.l slope ,'lepictin9 .=t rec111(:tion in t 11 e i n v i v (l 

carboxylation efficiency (Table 13). 

Photorespiration 

Photorespir.=ttion w.=ts asspsseCl by me asllring assimil.'3tion 



at ambient and 2 pprcent oxygen concentration (Table 14), 

Measurement of PR injicatei a contrasting behavior in cowpea ani 

slmflc)wer lm'3er moist1Jrp stress. Cowpea recorded a significant 

increase to 31 percent unjer strp3S. 

Specificity factor of RuBisCO 

The in vivn specificity factnT was pstimatp~ 

F,rllnk::~ ,'1n·4 

C('wF,pa le'~11'-:;tjnn in 

~, p p c i f i " i t- Y f·"1 (' t ,-, r 11 n J p r S t T ,"';:, .:; (T ."j ! \ 1 P 1 (, :' . 

were alterei to a larger extent in cowpea in relation to its 

carboxylase reaction. 1'1',i3 ":ISs11mption gets S11ppC.yt f[()m the 

fact that PR also 

Total soluble protein 

F fe' j 11 C' t i 011 i n 

1 n p r ("f 1'" i n 

cont t::.nt , To ass P sst [i P t~ f f i (: i t? n C y Ci f (II--_' t-. . , liO it (" f 

~)l)lnble t h,c '" , .~ :"_; ,~, 1 li h 1 e 

Th I? rat i '~'I () f . A ' pTntpin 4i··~ not 

However. there was a large 

variation in thE:' , ], ' pel prntein ratio between species both 

I! r13 p r w f':' 1 1 w" t e r p j ,::m'l moistlHt.' stre:,;:s con:1ition. 

It can b.=- concluJE":1 from these experiments that the 



; , 
i 

rednctiolJ in tot,'ll soluble plot""in was the primAry detf?rminant 

stress. However, the reduction in total solubl(-

protein cannot be solely atLr ibuted te, the (edllction in 'A' qrder 

stress as the information regarding the stre3S induces reduction 

in Rl1Ei ~_;co content or In the ratio of FllBi~-;(,O trl 

t 'Jt a J soluble prntpin is not c]parly ImJerst(;o:l. 

t lJ ~;. jet iva t j () n 

c.'!t,-:tlytic 2it P 5 nf t'hp 
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