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( Panicum miliaceum L.) to WaterStregs^
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1. INTRODUCTION s

One of the basic ingredients of plant production is
l

the availability of soil water. Water is a well known 

limiting factor in plant growth and numerous studies have 

been done t© understand its mode of action. Water is a major 

constituent of a tissue, a reagent in photosynthetic reactions 

and hydrolytic processes, the solvent for and mode of translo

cation for metabolities and minerals within plants and is 

essential for cell enlargement and growth. It is self evident 

that water deficits cause a general reduction in the size of 

most plants. Water dificit occur in the plant whenever 

transpiration exceeds water absorption, or may be due to 

excessive water loss or -reduced absorption or both.

According to Kanitkar/Xl960) seventy seven (77) million
aJ

acres of land in India can be considered as definitely lj^ble 

to drought. These are primarly millet growing areas. These 

areas are mostly dominated by sorghum, pennis^tum and other 

minor millets. Thus in dry land agriculture, a greater under

standing of crop water deficits and their influence on growth 

and development, metabolism and yield is essential.

/Stanhill (1957) found that in 66 out of 80 papers dealing 

with crop response to different soil moisture regimes water 

shortage was related to a depression in plant growth and in 

most cases to a reduction in yield. There has9 also a lot of

t
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work done on the effect of water stress. On plant morphology, 

physiology and Mochendstry (for reviews Maximov, 1929J Crafts
1968; Parker^' 1968;^odd, 1972; Hsiao, 1973).

The integrity of specific protein water structure and

the entire cytoplasm is essential for the continuance of most
%*

physiological process at maximum rates. Most process^ are 

probably not unduly suppressed by the degree of stress which 

exists diaa^irnally in well watered plants, but as soil water 

stress increases, key process will become progressively 

inactivated. Although any factor which affects cell metabolism 

must affect cell enlargement and plant growth, some effect of 

water deficits^plants appear to be more directly mediated by 

turgor pressure. The guard cell turgor directly regulates 

stomata! aperture which ultimately influences both transpi

ration and photosynthesis. Complete or partial closure can 

reduce both process and so ultimately reduce growth.

According to nsiao (1973) the water deficit may be 

expected to have following physical and chemical effects :

T) The chemical potential or activity of Cellular water is 

reduced. 2) Turgor pressure decreases in the cell. 3) Small 

molecules and macromolecules become more concentrated as cell 

volume is reduced by water loss. 4) Macromolecules may be 

affected through water or through modification of the 

structure of ad jus cent water.

/
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HOW WATER STRESS AKFEGTS HELD 8

Water stress reduces plant yield by considerably 

supressing photosynthesis and to some extent, mineral absorp

tion. In addition, water shortage promotes an irreversible 

loss in dry matter and assimulating surface by accelerating 

leaf senescence and death. Two main modes of action of water
i

deficit on photosynthesis can be recognized. In the first 

place,complete or partial stomata! closure and reduced rate 

of CS02 exchange can influence the supply^of C02 which was 

observed in wheat and millet by S^atyer (1973). Second there 

is a direct effect of water deficit on the biochemical 

processes involved in photosynthesis. Thejphotosynthetic rate 

is considerably lowered by water deficit (Jones, 1973; Lawlor, 

1976). A suppression in chloroplast Hill activity in both 

severely and mo,derately desiccation leaf tissue has been
y Siobserved byWoyer and Bowen, (1970). Keck and Boyer/(1974) 

found that the activity of the photosystem II was affected 

more than that of the photosystem I and suggested‘that electron 

transport was inhibited during early desiccation. While photo

phosphorylation was affected at more severe water stress. A 

prerequisite of high yield is a high production of total dry 
matter'^Xoshida, 1972). There is well established experimental 

evidence that water deficit causes reduction in leaf area, 

leaf production and laminar expansion found in tobacco 
^/(Hopkinson, 1968), Sunflower ^(Mar© and Palmer, 1976) and field 

beans (KaramanosV^1978). According toLWardlaw (196^9), Hsiao

f
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JJte ^ x/''

aad AueugSe- (1976) water shortage affects yield mainly hy 

reducing the assimilating area.

leaf shedding constitugs both a loss in dry matter 

and reduction in the assimilatory area. Premature leaf 

shedding occurs due to water stress. Usually shaded^leaves 
are the tat to die ander watere stress In heane Wamonos, 

1978) and xn cereals/(Boyer and Me Pherson, l^/fe). Reduction 

in respiration due to hydration of tissue and inhibition of 

respiratory enzyme under water deficit observed by Todd (1972).

As soil water content is one of the important factors 

with respect nutrient availability, drought also exert a 

great influence.on ion uptake and translocation \Samuels, 1972;
l/singlf^ i<WJ

., 1979). It is now clearly established that water

stress injury has a metabolic base that is concerned with 

damage to the protein synthesizing mechanism (Stewart et—al.L 

1966;vHuffaker et al., 1970). Further water stress is 

accompanied h. definite changes in the level of free .nine 

acids aad amides (Singh et al., 1973). Water deficit- leads

to release or activation of degradative enzymes (G-enkel et al.. 

1967). Water stress exerts a profound effect on harmonal 

distribution, particularly on the content of cytokinins and 

abscisic acid (El Beltagy and Hall, 1974). lastly the translo

cation of' photosynthetic assimilates is suppressed by water
\s

stress (Crafts, 1968). All the above metabolic disturbances
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finally lead to a retardation of plant growth and a considera

ble reduction in overall yield.

The stage of growth at which water stress occurs can 

exert an important influence on the final yield of some crop 

plants. Particularly in annual cereals. UDenmead and Shaw 

(I960) found that a reduction in yield about 50$ was caused 

by water stress at the silking stage in com. For wheat and 

cotton^ someCwhat similar results have been observed. However, 

each crop has a different period when it exhibits pronounced 

sensitivity to stress.

There is a great variation in drought resistance 

capacity among various crop species. The crops like Sorgjhum, 

Wheat, Chick-pea, Safflower and millet are well known for 

their resistance nature, while rice uomato and other vegetable 

crops are prone to water stress Proso millet is generally 

cultivated on lands where rainfall is scanty and only marginal 

irrigation facilities are available for poor farmers. It is 

evident from literature that not much work has been done on 

drought resistance mechanism in proso millet. However, some 

attempts have been made in the last few years on other speciesP y
of genus. Panicum \-Eamati jet al., 1979 j1" Wilson et al.. 1980; 

Ludlow, 1980). In the present ? investigation, therefore, an 

attempt has been made, to study the mechanism of drought resi- 
stance in common millet (F.miliaceum) which is generally 

regarded as hardy cereal.
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2. WflnffiTAT. »WT1 lUCTHTITig :

Seeds of a local strain of common millet were sown in

earthenware pots in the month of September* The plants were 
h

equally watered aid given equal doses of fertilizers. After 

six weeks, water was withheld from various pots so that at 

the time of harvest there were pots receiving no water for 

4, 8, 12 and 16 days. The plants which recieved regular 

water supply (control) and which were exposed to water stress 

, were harvested seperately and were randomly sampled. The 

methods for estimation of* organic and inorganic constituents 

were essentially the same as described earlier in Chapter-II.

The method for stomatal studies was that of Stoddard 

(1965). The widths of stomatal apertures were estimated under 

the microscope on films1 of clear nail polish. In this method 

nail polish was applied to the middle of the lower as well as 

upper epidermis of the leaf. To avoid errors, maximum care 

was taken to select 3rd leaf of plant from each group of 

plants like control, 4, 8, 12 and lf> days water stress.

The films were made at 11.0 A.M. Measurements of 

stomatal apertures, maximum width and length .of Stomatal 

apparatus were made under precalibrated microscope. Two 

impressions were taken each time and about 10 stomata were 

studied at different positions on the film from each impression.

i



FIG.4-1
EFFECT OF WATER STRESS ON GROWTH OF P- miliaceum .

1. CONTROL
2. 4-DAYS STRESS
3. 8-DAYS STRESS
4. 12-DAYS STRESS
5. 16-DAYS STRESS
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3. RESULT AND [PIS CITS SI ON !

A. Organic Constituents i

i) Soil moisture and Leaf Water potential :

The representative values of soil moisture $ and 

water potential in prosomillet leaves during water stress 

have been recorded in Table 4.1 and illustrated schematically 

in Tig.4*2-.

It is evident that progressive decline in the soil 

moisture content as the soil dries due to evoporation' and 

transpiration hy plants. It result in progressive decline 

in leaf water potential also. When the soil is sufficiently 

moist (26$ moisture). The leaf water potential is the lowest 

(-3*92 bars). However, when the plants are exposed to 16 days 

stress i.e. when soil is dry (ohly 6.5$ moisture) the leaf 

water potential increases considerably to the order -66.38 

bars to maintain the water flow at the desired level. At this 

stage the plants were wilted considerably . This might be 
resulting * due to loss of water due to transpiration and fiha^y 

at this point partial stomatal closure may retard the demand 

for water absorption. However, by the 16 days the leaf 

moisture $ has also fallen to the level as low as 23$. Root 

and stem moisture level also falls down from 84.52$ and 83.12$ 

in control to 62.80$ and 53*30$ respectively. It is then 

impossible for the leaf water potential to recover. The plant
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is permantly wilted and recovery may foe possible only with
h

soil water recharge.

Water flow through the soil plant system tends to occur 

along the gradient of decreasing water potential. This means 

that plant water potential has to foe lower than soil water 

potential inorder to accomplish the flow of water. This
%

removal of water due to transpiration reduce the water potential

jof Xylem. Thus a potential gradient will exist between leaf

and root Xylem to transfer water from the root system to the
leaves in ihe plant. Gardner (i960) and^Oowan (1965) reported

that the rate of water flow toward the root surface is

controlled1 by the hydraulic conductivities of the soil and the

only water available is that occuring within a few centimeters 
/

of the root, '"'fcilig/ (1973) reported that the rate of water 

uptake reaches to a limiting value as the potential gradient 

increases between soil and root xylem. Therefore, an equili

brium condition may exist between total transpiration and root 

surface with a minimum root potential and optimum water uptake 

under* a normal environments.

ii) Moisture Percentage :
»

The reduction in moisture percentage is essentially
v ‘

the first detectable change caused by water deficits. There

fore, the 16 days stressed common millet leaves retain only 

about 23$ moisture. It was evident that at this stage the 

o leaves were almost dry and rolled. The roots and stem retain
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about 50-60$ moisture (Table 4.1 and Fig. 4*2,). Water deficits
cause dehydration of protoplasm (Levitt1956) and this results

/
in loss of turgor. KMay and Milthorpe (1962) reported that 

growth is reduced by a decrease in relative turgidity,to below
t/

90$ . According tovIievitt (1972) a sufficiently severe dehy

dration leads to a pronounced decrease in respiration rate but
0

this decrease is usually found only after degree of dehydration & 

severe enough to cause.

'Iljin (1923) reported that the first effect of water 

reduction in leaves' is a partial or complete stomatal closure. 

Such a closure shows decreased movement of CO 2 in the as si

mulating leaves, reducing the photo synthetic rate two to ten 

times according to amount of water removal and the sensitivity 

of the plant. Such a water shortage in leaves not only reduces

photosynthetic rate but also retards translocation. However,/
levitv (1972) suggested that metabolic disturbances which are 

not severe enough to injure by themselves may nevertheless 

amplify the other effects of the dehydration strain and 

therefore, the injury. It is obvious that there are corre

lations between drought hardiness and water retention of leaves 

or other plant parts when the later rate exposed to destination 

(Bayles et al.^1937). In pro so millet water retention capacity 

is considerably lost only due to severe water stress (16 days). 

However, the root and stem of this plant show a good water
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retention capacity at all conditions of water stress. While 

the plant can retain about 40# water in the leaves at 12 days 

stress. This indicates that prosomillet possesses a good 

drought tolerance potential.

iii) Til (Tit rat able Acid lumber) :

It is evident from Table 4.1 and Fig.Zf.-Q. that 

Titratable leaf juice acidity in proso millet leaves is 

significantly increased when exposed to 4, 8 and 12 days of 

water stress which clearly indicates the stimulation of 

organic acid synthesis due to water stress. Even the leaf 

jiti.ce acidity of 16 days water stressed plants is higher than 

that of well irrigated plants. Our findings are in agreement 

with those of Ramati et al.. (1979) and Ford et/\al.. (1981) 

who reported accumulation of organic acids in Rani cum ripens 

and P.maximum respectively. Further they have also reported 

that organic adds like malate and- succinate accumulate in 

stressed leaves but there is decrease in the level of aconitate. 

No change in oxalate content was observed due to increase in 

water stress. In P.miliaceum, there is slight decrease in 

organic add content when exposed to 16 days water stress, 

but it is still higher than that in control. This may be due 

to reduced rate of respiration in those plants..

Organic adds have been shown to play a prominent role
u/'

in osmotic adjustment (Osmond, 1963). But according to Ford 

•at—aau.. role of organic acids in osmotic adjustment is relatively
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small than solute accumulation, Lawlor nn Pock, (1977) 

observed an increase in labelling in. succinate, fumarate and 

aconitate in water stressed sunflower leaves. Thus an increase 

in organic acid content in water stressed leaves appears to 

be an adaptive feature.

iv) Total Polyphenols :

It is clear from Table 4.1 and KLg.4-1 that even 

the total Polyphenols in the flag and mature leaves of proso 

millet increase to a considerable extent when exposed to 

water deficit. These findings are different from those of 

vTsai and Todd (1972) who observed ^ about 25$ decline in the 

phenolic contents in both resistant and susceptible varieties 

of wheat due to water stress. According to them if phenolic 

compounds are involved in cellular injury following drought 

stress it might be due to release of these substances in to 

cytoplasm rather than to increased synthesis. Ntfodd (1972) 

further claims that such a release might be affecting enzymatic 
activities. However, our cifindingS are in agreement with those 

of^Brachet and Bichaut (1972) who recorded that simultaneous 

action of atmospheric and edaphie moisture deprivation produces 

an increase in the synthetic rate of phenols. \/Talha et al.. 

(1975) also reported that there was considerable increase in 

the alkaloid content of Oartharanthus roseus due to moisture

deficit. The anatomical structure of leaves of Imuatiens 

balsamica suffering from water stress has a greater number of
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\/
tannins and raphide sacs (Todd gt al.. 1974). However, the 

exact role of polyphenols during the water stress is not 

completely understood. The increase in total polyphenol 

content may he possibly due to induction of secondary metabo

lism under stress conditions.

v) Chlorophylls :

The changes in chlorophyll content fresh weight 

basis in proso millet leaves during water stress are recorded 

in Table 4.1 and Pig. 4-3 . The values of chlorophylls 

depicted in the Table 4.2 are expressed on dry weight basis 

according to suggestions of^Sestak gt al.. (1971) for water 

stress studies. It can be seen that in pro so millet the 

total chlorophyll content is reduced due to water stress. The 

values of chlorophyll on fresh weight basis recorded in Table 

4.1 indicate that total chlorophyll content goes on increasing 

as plants are exposed to 4, 8, 12 and 16 days water stress. 

This is possibly due to loss of moisture from leaves and 

increasing dry weight of it with increasing period of water 

stress. This is more clear when we took the values of chloro

phylls when expressed on dry weight basis. It is evident that 

the trend shown by chlorophylls when expressed on dry weight 

basis is exactly oppsite to that when expressed on fresh 

weight basis.
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The stability of chlorophyll molecules has long been 

considered as an essential parameter of drought resistance. 

There are various methods to determine chlorophyll stability 

index (Mathew and Ramadasan, 1973). The validity of such 

methods has been doubted by ^Levitt, (1972). One thing is 

certain that loss of chlorophylls during drought is harmful 

to the plant. Wilson Jl968) noticed that occurence of single 

drought during grain filling stage of maize hastened leaf 

senescence. In the experiment of Asana and Basu (1963)» the 

yellowing of the ears due to water stress was also evident.

According to Virgin (1963)» even rather small water

deficit caused strong inhibition of chlorophyll §. formation.

He further stated that this effect was due to decreased rate

of formation of proto chlorophyll g. Further it was found

that such inhibition was reversible. *>Maranville and Paulsen

(1970) also found that drought reduced chlorophyll content as

well as light absorption. \yBourgue (1971) studied then effects

of small water deficit on chlorophyll accumulation in elongated

leaves of Canavalia enoiformis L. He observed that at the low

relative humidity (25$) very slow chlorophyll accumulation
occured.V^Singh et al.. (1973) and^Bnysen and Freeman (1974)

also noticed an impaired synthesis of chlorophylls due to

water stress in barley and wheat respectively. t'Tfcachur and

Aerov (1974) investigated effect of drought on optical and 
0/radient energy absorption of winter wheat leaves; It was
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observed that due to sudden drought a 12$ decrease in radiant 

energy-absorption took place. These workers considered these 

changes to be related to change in chlorophyll content of the 

leaves.

The state of Plant plastid apparatus under the condition 

of water stress was investigated by jCusfanirenko et al.. (1971)* 

They found that drought conditions affected to lesser degree 

of quantity of segments strongly bound with the lipoprotein 

complex particularly chlorophyll b. According to them the 

drought resistant plant are characterised by least changes in 

the pigment content especially of the strongly bound chloro
phyll form. ^Sanchez^^1985) reported that water stress in 

maize leaves reduces chlorophyll content, stomatal conductance 

aid photosynthesis but the nitrogen content of the leaves is 

not affected. Evidently, the stress induced loss of chloro

phyll is not mediated by a lack of nitrogen, losses of upto 

40$ of leaf chlorophyll content were insufficient to affect 

the rate of photosynthesis. In proso millet also we can see 

that the plants exposed to water stress (16 days) the flag 

leaves and mature leaves still retain about 76 and 65$ of 
chlorophylls respectively. Thus such retention of chloro

phylls even after stress can be considered as a drought 

resistant feature of the plant and insufficient to affect the 

rate of photosynthesis. It may be useful in the process of 

drought recovery when water becomes available.
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vi) Carbohydrates :

The effect of water stress on reducing sugars 

and starch contents on fresh weight basis and dry weight 

basis is recorded in Table 4.1/4.2 and Hg. 4*4 respectively.

It appears that both reducing sugars as well as starch content 

increase under conditions of water stress. It appears from 

the Table 4.2 (on dry weight basis) both reducing sugars as 

well as starch contents slightly increase when plants exposed 

to water stress (4 and 8 days) therefore, it is decreased 

when exposed to 16 days water stress. This ;might represent 

a gradual fall in the overall metabolic order of the plant.
1

When expressed on dry weight basis however, "stem and to some 

extent leaves show deviation in the effect of water stress..
i

It can be seen that with increasing the intensity of water 

stress there is continuous fall in the level of reducing 

sugars in the stem which can be observed it in the leaves also
1

but only under severe drought conditions.

According to^latyer (1969) carbohydrate metabolism is 

affected by drought through direct and indirect effect on 

photosynthesis and through several intermediate components

and processes. Attempts have been made to explain the role
£ 1

of sugars in drought tolerance. Maximov, (1929) suggested 

two possibilities (l) the accumulation of sugars might protect 

the protoplasm from coagulation and dedication and (2) the 

high concentration might prevent visible wilting for a long time
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inspite of an increasing water deficit. H^ljin (1929) 

suggested that plants grouped ecologically, their sugar 

content increases with the dryness of the habitat. ^Maranville 

and Paulsen (1970)'studied alternation of carbohydrate compo-1
i

sition of com seedlings during moisture stress. They found 

that water stress decreased starch concentration markedly.

They further observed that this was due to acceleration of 

• starch hydrolysis and not due to impairment of starch syn

thesis. It is evident from the results of proso millet that 

the starch, content of the root is slightly increased and 

that up to the 8 to 12 days of water stress (fresh and dry 

weight basis). However, when expressed on dry weight basis 

the starch content of all parts continuously decreases the 

lowest value being in the plants of 16 days stress.

i

\Aee al* > (1974) reported that drought stress

decreases reducing sugars, sucrose and starch concentration
in both drought tolerant and su|ceptible varieties of pea.

BazQ.ow et al», (1976) found that in com seeding suffering

from induced water stress the increase in soluble carbohydrate

concentration was inversely related to both rate of leaf

elongation and total dry matter accumulation. A decrease

in starch content' due to water stress was evident in the
J y/ /

experiments of Parker (1970) and Stewart (1971). Murty and
S$&nivasuiu, (1968) observed that the drought resistant rice

variety had higher sugar concentration than susceptible variety
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even raider conditions of drought. Thahur 4t al., (1980) 
studied the water stress effect of carbohydrate metabolism 

of resistant and susceptible cultivars of zea mavs. They 
observed that at 1st leaf stage, starch content of the 
resistant cultivar was lower than that of susceptible cultivar 
but reducing sugar content was much higher. At the 3rd leaf 

stage starch contents were similar in two cultivars but sugar 
contents were higher in the resistant. Differential changes 
in root and shoot carbohydrate as affected by increasing 

levels of stress were also observed. According to^Vora et al.. 
(1974) accumulation of sugars^,under water stress indicates a 
protective role of sugars. v/ickerson (1981) found that increase 

in leaf carbohydrates helpSin osmotic adjustment during water 
stress in cotton. Considering the above views it appears that 
proso millet also possess a moderate drought resistance poten
tial as the sugar content registered increase when plants are 
subjected to water stress. HPord get al., (1981) observed the

I

accumulation of reducing sugars and total sugars in stressed 
leaves of Panicum ma-rimum and considered that, contribution of 

carbohydrate to the osmotic adjustment was relatively small 
than accumulation of solutes.

v±i) Total nitrogen s

It is clear from Table 4-2 and Pig.4*3 that total 
nitrogen content is increased in proso millet stem and roots, 
but there is a slight decrease in it in flag and mature leaves.
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There is extensive literature regarding the effect of water 
stress on nitrogen metaholism. Wadleigh and Bichards (1951) 
have reviewed the literature on this point for several vege
table crops and concluded that most experimental evidence 
shows that for a given level of fertility, decreasing moisture 
apply is associated with a definite increase in total nitrogen 
content. Several workers (Barnett and Baylor, 1966; jRahman 
et al«, 1971) have shown such increase in total nitrogen content

At the same time there are few reports where decrease 
in total nitrogen content due to water stress has been recorded. 
Povov (1969) stated that drought has a deleterious effect on 
the biological removal of soil nutrients by the plants 
especially of nitrogen. M?ande and Singh (1969) observed that 

limited moisture supply reduces nitrogen content in rice. 
''Samuels (1972) observed a varietal difference regarding the 

nitrogen content on exposure to drought. Thus tobacco, Tomato, 
and com exhibited increase in nitrogen due to water stress.
On the other hand in sugarcane, 'the nitrogen level was consi
derably lower due to water deficit. Affinity of key enzyme 
in nitrogen metabolism nitrate reductase is also considerablyJ / 0affected by water stress, (Slukhaiag et al.. 1973 and Piaffe, 
1974)• In proso millet leaves perhaps such inhibition of 
nitrogen metabolizing enzymes may occur. Which may be result
ing in decrease in nitrogen content. The form in which nitro
gen accumulate in stem and roots of proso millet plants under 
water stress is not investigated. However, high nitrogen 
content can contribute to synthesis of aminoacid like proline.
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Alternatively it may be true that nitrogen accumulation in

stem and root systems and the corresponding deficiency of

this macronutrient in the leaves indicates that probably

the transport of nitrogen metabolites from the root to ostem

ancf finally to the leaves might have affected by the water

stress conditions. Thus it is the translocation process

which is affected by water stress,
*

vlii) Broline ;

It can be seen from Table 4.2 and Pig. V4 that

free proline is accumulated continuously during the water

stress period in all three parts of plants. Water stress

not only influences the nitrogen uptake but^also affects

the protein metabolism. It was observed by Stutte and Todd

(1969) that water deficit causes qualitative changes in

proteins. According to Gates (1964) protein synthesis may
14be interrupted in stressed plants, feeding with C labelled 

serine. Morchiladae°^(1969) observed that lack of water 

hindered the aminoacid incorporation into the protein'of 

grape leaves but increase its transformation in to the other 

free aminoacids.

Proteolysis is a common feature in cut plaits that

are allowed to wilt (Dove, 1968). Thus the content of free 

aminojacids is increased considerably due to water stress 
(Barlow et al., 1976). According to Iaylor^6-972) there is

T?F. U

„ (. l.U.KAlS'Wi
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no uniform hydrolysis of proteins due to water stress because 

the number and amounts of the aminoacids do not reflect hu 

hydrolysis of the "average1' protein of the cell. There is an 

especially marked accumulation of free proline, (Barnett and 
laylor, 1966; Singh <et al., 1973; fiajgopal et al^T 1977; iwai 

et al.. 1979; Bichard and Thurling, 1979;'^*alfi and Pinter, 
1980; Thakur and Eai, Ll982; Ilahist?^^,5982) when plants 

are exposed to water stress.

Prom Table 4.2 it is clear that the prolme increases

to a significant extent in all three parts of proso millet

plants following exposure to water stress. The effect of

water stress on proline content in proso millet plant is so

significant that the proline content has increased 50 to 100

fold over that of control in the plants exposed to 16 days

watersstress. This is not surprising because Barnett and
laylo r^(l966j noticed a 10 to 100 fold increase in proline

content due to water stress in Ovnkon daotvlon. JlBaskin and
A

Baskin (1974) reported a 115# increase in the total amount of 

amino acids due to water stress in Astragales tennesseensis 

of which proline accounted for about 30# increase. t'Pal£L 

et al.. (1974) carried out extensive investigation regarding 

the effect of dehydration on proline accumulation. They 

observed that not all species accumulate proline under water 

deficit. These are i Beta vulgaris. Sbinacia oleracea;

Cheho podium album. Bumex scutatua. Cucurbit a pepo« Cunumia
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sativus, Zea mays* Bhaseolus vulgaris. Allium sativum. A.cepa 

and Bactuca sativa. Among the 60 plants studied majority of 

herbaceous mesophybic, cultivated plants belonging to families 

Solanaceae, lugumino sae, Cruciferae, Umbelliferae, Gompositae 

and G-raminae accumulate/proline under water deficit. Depending 
on these observations'/Palfi et al.. (1974) classified the 

species as "proline accumulating or proline'1 type if the 

stage of microsporogenesis with accumulation the amount of 

free proline in the leaves at the time of a strong water 

deficit attains at least 1$ of the dry matter. Prom present 

observations in proso millet it can be Concluded that proso 

millet belongs to proline accumulating type.

The proline accumulation is not merely a product of

proteolysis but it may be arising from synthesis and inter-

convertion of other amino acids. In stressed green leaves
glutamate is generally considered as a major carbon don|r to

LS !/
proline synthesis (Barnett and Naylor, 1966j Morris et al..

1969; Ifarher gb al.. 1970;vSingh et al.. 1973). However, the
experiments of Stewart^ and Boggess (1977) indicate that both

glutamate and arginine appear to contribute carbon to proline.

Wrench et al., 1977 observed that arginine is quantitatively

the more important precursor. Recently Stewart (1977)

suggested that proline accumulation results from inactivation
t

I

by water stress of normal mechanism by inhibiting proline 

oxidation.
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Though a great deal of work has "been done regarding 
the accumulation of proline during water stress the exact; , 
role of proline, in drought resistance is not well understood.
According to Levitt (1972) water deficit in plant results in
accumulation of protein hydrolysis products to a sufficient

<30degree to he toxic. Tolerance of protein loss could he 
induced hy accumulation of protein loss. According tcKPalfi<3% 

(1974) proline increases considerably the amount of strongly 
hound water in the leaves. In addition it is highly water 
soluble compared with other protein forming amino acids, it 
is the most stable amino acid as regards resisting {oxidative* 
add hydrolysis and it stores up reducing energy its formation.

Proline may he single source and precursor of hydroxy 
proline in the structural protein of cell walls, partidpating 

in the- cell extension process and may serve as energy material 
for respiration. It^also stimulates absorption of oxygen 
hy plant tissues (Savitskaya, 1976). According to Balm-and 

Ebercon (1976) free proline accumulation during water stress 
is correlated significantly with post stress recovery rating, 
free amino concentration and dark respiration rate. They 
further claim that accumulation of free proline in water 
stressed sorghum leaves is related to the ability of cultivar 

to recover upon the relief of stress possibility by way of
prolines role as a source of a respiratory energy in recovering

/
plant. Tyankova (1967) observed that application of proline 
helped wheat plants to recover from drought.
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VObraztosova and Hikiforva (1967) found that drought 
resistant trees were distinguished by a higher content of 
free amino acids than the nonresist ant ones. On the contrary 
to above observations,''/Waldrm and Teare (1974) stated that 
proline is not the sensitive indicator of drought stress. 
However, most of the investigators believe that, proline has 
an Important roXeJ^a reaiatanca meo^am. Ttoa
Baskin and Baskin (1974) suggested that the ability to accu
mulate proline may be of adaptive value to Astragalus 
tennesseensis during short periods of drought. ^Singh jgfc al,« 
(1973) observed that varieties of barley which accumulated 
larger amount of free proline tended to have leaves which 
were most drought resistant.

i/Ilahi \et-al., (1982) observed the accumulation of
v

proline and abscisic acid in 4 days drought resisting cultivar 
of maize and considered that proline and ABA are possibly 
biochemical indicators of resistance against drought. In 
proso millet we can see that the plant has ability to accumulate 
proline after exposure to water stress (in all treatments) can 
be considered as a drought resistant feature of plant. This 
accumulated proline can play a key role during stress recovery.

B. BffflQT OF WATER STRESS ON INORGMIG COHSTITUMTS :

The contribution of minerals to the increase in total
plant dry matter is much less than that of photosynthesis,
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ranging among different plant species from 2-20# of the total 
dry weight (Evans, 1972; ffiilthor&pe and Moorby/*1974) • The

» -■ I T

movement of water in the rhizo-sphere facilates the supply 

of nutrients to the roots. When the movement of soil water 

ceases "because of soil dryness nutrients uptake occur^s only 

hy diffusion dose to the root. This sort of supply becomes 

limiting in a very abort time since the^ nutrients reserves 

are quickly deplected (Crafts, 1968). Consequently, increasing 

water shortage should be associated with a decreasing rate of 

mineral absorption.

Barber gfc al.V^fl965) suggested that mass flow could
2+ 2+account for most of the transport of Ca , Mg and 1 while 

3? and K**" are moved mainly by diffusion which is a very 

sensitive process to soil water content. It is not therefore, 

surprising that plants subjected to water/stress had a lower 

content in P+^ and K+ than the control p/Iarais aid Wiersma, 1975) 

Regarding the nutrients moving mainly by mass flow, the^. 

accumulation of lg2+ was reduced by soil water stress (Mederski 

and Wilson, i960). Finally the evidence for R is rather contra

dictory. The increase in the nitrogen content of the tissues 

with increasing water stress is likely to be associated with 

effect on nitrate reductase enzyme system (Viets, 1972). In

any case the decrease in the microbiological activity of the
* /

soil with increasing dryness (Kramer, 1969) cause a in the 

rate of the decomposition of organic matter. This results in
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a decrease in the ra$e of both ammonification and nitrification
4

of organic matter; and hence in a decrease In the nitrogen 

availability of soil.

According ter Pavlov, (1982) the water deficit in wheat 

and barley, the uptake of phosphorus and other minerals that 

move through the soil by means of diffusion is decreased to 

a degree greater than the uptake of !0^ that moves by means 

of mass flow. Phis movement depends upon transpiration stream. 

The H/P ratio increases under a water deficit.

Water deficit in three species of genus Panicum (P. 

turgidum. P. anti dot ale. P.coloratum), Panicum ripens and 

Panicum maximum accumulate inorganic ions such as la, K, 01
/

observed, by Rahman jgt al.^(1971). Ramati gt al.^f (1971) and 

Pord^(l98l) respectively. They considered that accumulation 

of ^inorganic ions accounted for osmotic adjustment. According 

to Pande (1981) water stress in Panicum ooleratum '

decreases growth and biomass. However, the work of above 

workers indicate that drought adversaly affects the nutrient 

uptake and growth of plant. Iffect of water stress on major 

inorganic coisbituents of proso millet leaves are recorded in 

Table 4.3 and Pig. 4*5,4.-C.

i) Phosphorus s Changes in phosphorus contents during 

water stress in different parts of proso millet plant are 

recorded in Table 4.3 and Pig. 4.-^ . Except few observations
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(Takeshi, I966 and Samuels, 1972) most of the workers have 

noticed that water stress greatly hampers phosphorus uptake 
process. Wilson jet al., (1968) observed-that reduction of 

phosphorus content due to drought was a common feature in 

•many annual forage legumes and the reduction was of the order 
of 4 to 68$. The work of ^akanoue and Iguchi (1968) indicated 

that among phosphorus, Silicon, Potassium, Calcium, magnesium, 

nitrogen and manganese, the uptake of Phosphorus was most 
sensitive to drought.

Many workers observed a decrease in phosphorus uptake 

due to drought in Bice (Pande and Singh, 1969), Apple 

(Kongstrud,1!.969)t Sorghum (Eck et-al.. 1979)# Grasses and 
legumes ^Rahman et al.. 1971), Oil palm (I‘ordd*J/1972), Onion

j
(Dunham/ and Mye^ 1976). Greenway et al.. (1969) reported 
that the potential above -10.4 atm. in tomato plants affects 
the uptake and distribution of 32 P in both root and shoot.

The reduction in Phosphorus uptake due to drought 
leads to further metabolic disturbances as Phosphorus is 
essential for many processes. Gordon and Bichurina, 11970) 

reported that phosphorus shortage resulted due to water stress 
becomes the factor limiting in glycolysis. Thus glycolysis

1

is dropped due to water stress while pentose phosphate path
way predominates. v^amuilov and Lebedeva (1973) observed a 

sharp reduction of nucleotide phosphates and phoric esters of
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sugars due to severe drought. According to them such a 

reduction might he affecting the enzymatic metaholism of the 

plant.

In pro so millet root, stem, flag and nature leaves 

show increase in phosphorus content due to water stress.

These results are different from those observed in Bice,

Apple, Sorghum, tomato hy different workers. Increasing pho

sphorus content in proso millet indicate less disturbances in 

metabolic activities of this plant, during water stress.

This might be adaptifeature to overcome drought.
A

ii) Potassium :

Potassium content in all organs of proso millet 

considerably increases due to severe moisture stress (Table 

4.3 and Pig.4*5) and among these plant parts the accumulation 

of potassium is quite significant in roots and to some extent 

in flag leaf.

Present findings are contradictory to those of lEichards 

and Wadleigh (1952) who summarized the existing data on 

nutrient availability in relation^ noil moisture availability 

and concluded that water stress causes a definite decrease in 

potassium concentration in the plant parts. Similar observa- 

tions were made latter by Sakanoue and Iguchi (1968),Gilmore 

(1971), Mengel aid Barounshweing (1972), ¥«mna jet a^., (1976),
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^qa**^-* y
Martinz-Garrasco £%r^E>* (1979) and Singh et al., (1979)®
The experiment ofMitewart and Hungata (1966) andtshimomura 

(1967) indicated that Potassium uptake is only slightly 

reduced hy water stress. Dunham and Rye, (1976) estimated 

the root absorbing power and suggested that mechanism of

Phosphorus uptake was much more sensitive to decreasing water
/

potential than potassium. Hfcongstrud (1969) observed a varietal
V

difference regarding Potassium uptake during water deficiency. 

He observed that moisture stress increased potassium in black 

currants but not in apples. There are also few reports where 

increase in potassium uptake clue to moisture stress affectpthe 

nitrogen and phosphorus more than potassium, calcium and 

magnesium in Sorghum bicolor. It was evident from Takeshi's 

experiments (1966) that water stressed leaves of Brassica 
raoa and Viana sinensis contained more potassium! Singh and ^ 

Singh (1970) found increase in potassium in the first period 

of growth of rice due to depleted soil water but latter the 

trend was reversed. In 8 plant species namely Qhloris gavana. 

Panicum turgidum. P. antidot ale. P .maximum. B. color atum. 

Orvzopsis miliacea. Medicago sativa and Orotolaria aegyptiaoa 
studied by Rahman et al..^(1971) it was noticed that the 

deficiency in moisture content is associated with increase in 

potassium content during all stages of their growth.

A high rate of potassium uptake by root cells depresses

the osmotic potential in the cells and this induces water
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uptake. According to Mengel and Kirkby (1980) uptake of 

water "by roots and the ability of the plant to exploit soil 

water, therefore, depends on the potassium nutritional status 
of the plant. ^S^chylkina (1965) emphasised that potassium as 

a fertilized said also presowing hardening’ treatment increased 

drought resistance in maize.

/
According to Brag v(l972) the Potassium content in plait

might be helpful in controlling transpiration which should be

checked in arid environments, The effect of potassium in

regulating transpiration was ascribed to changes in Stomatal
/

aperture. Pord et al.^ (1981) observed accumulation of 

potassium, sodium and chloride in Panicum maximum and this 

accumulation of inorganic ions was accounted for osmotic 

adjustments. The accumulation of potassium in water stressed 

proso millet, may be considered adaptive in the light of 

the above findings,

iii) Calcium s

It is clear from Table 4.3 and Pig.4*5 that 

calcium content is increased by water stressed prosomillet 

Root, Stem and leaves. There is higher accumulation of 

calcium both in flag and mature leaves than root and stem. 

Calcium plays an important role in number of metabolic 

processes. Besides this calcium is found to be involved in 

mechanism of heat resistance in thermophilic bacterial-.
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(Ljunger, 1973). In arid lands, dryness and high temperatures 
are generally associated with each other. However, the exact 
role of calcium in heat tolerance of higher plants has not been 
worked out.

/Richards and Wadleigh (I952r summarised the existing 
data on nutrient availability and concluded that water stress 
caused variable effects on calcium concentration in plants.

v

In Brassica raua and Yiana sin pm si a water stress was found to 
increase calcium content in the leaves (Takeshi, 1966). 
Kongsturd/’ (1969) observed that moisture stress increased ycalcium in black currants but not in apples® Rahman jgt al.. 
(1971) observed that the calcium content rises with deficiency 
in soil moisture in different stages of development of some 

species. Similar obsections .ere *ade * case of 
loblolly pine by Gilmore (1971)® In sugarcane calcium contentyregistered increases due to water stress (Samuels, 1972).

In contrast to above observations there are few reports 
where adverse effects of water stress on calcium uptake are 
noticed. According to Kunno et alx/. (1964), the inhibition 

of calcium and magnesium absorption may be one of the reasons 
for increased/flower and pod shedding caused by water deficit 
in soybean®vGiller (1969) observed symptoms of calcium 
deficiency in groundnut crop subjected to drought. The work 
of Singh and Singh (1970) with rice indicated that calcium 
was greatly reduced in wilting leaves. Yander Boon (1973)
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noticed that drought lowered calcium content and raised 
K/Ga ratio in. tomato fruits. In contrast to these observa
tions, employing ^Ga Stewart and Hungateu (1966) found no 
effect of soil moisture on calcium uptake'in Phaseolus 
vulgaris. Similarly Bek (1979) observed that water
stress did not affect calcium concentration in leaves of 
Sorghum bicolor.s

In prosomillet calcium uptake is increased by water 
stress* like potassium*: calcium may be involved in drought 
resistance mechanism in this plant.

iv) Magnesium :

It is clear from fable 4*3 and Pig.4‘5 that
t

magnesium content is decreased in proso millet root and stems 
while in flag and mature leaf it is increased due to water 
stress. Sakanaue aid Iguchi (1968, ar,- b> tt)~ found that magne
sium uptake is greatly reduced in rice plant under water stress. 
On the other hand Eongstrud v(l969) observed an increase in

ymagnesium content in black currant but not in apple. Gilmore 
(1971) found decreased amount of this nutrient in the leaves 
of loblolly pine due to wate£ stress.

Magnesium is an important cofactor in metabolism and 
is essential for chlorophyll synthesis. ^Georgieva, at—axvt 
(1982) have reported that magnesium deficiency in chloroplast 
lipids of maize leaves reduce the phospholipids, phosphatidyl-
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glycerol and galacto^yldiglycerides. The decrease in 
magnesium content in root and stem and its accumulation in 
leaves indicates possibly it is translocated towards the 
leaf to reduce losses in lipids of chloroplast during water 
stress. This phenomenon of accumulation of magnesium in the 
leaves, the most active part of the plant may add to the 
retention of chlorophylls in the leaves even under severe 
drought conditions. We have already seen that the chlorophyll 
content of the leaves of pro so millet is unaffected due to 
water stress.

v) Iron :

Water stress increases iron content in root and
stem of pro so millet. The iron content in mature leaves and
flag leaves is increased after four days water stress and
there after there is a slight decrease ip it when the plants/ Jare stressed more. Basiouny and Biggs (1971) and Rahman 
et al.. (1971) observed that iron uptake is hindered due to 
water stress. VIvanov and Karahash (1965) reported that soil 
moisture stress increased the content of soluble iron in roots.

Our findings with Pro so millet clearly suggest that 
Iron accumulates in Boots due to stress while there is slight 
reduction in iron content of both flag as well as mature leaves 
This may be due to negative influence of water stress on iron 
translocation. As iron is an essential element decrease in
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Iron content in water stressed leaves can lead to metabolic 
disorders. However, from the present studies it appears 
that the level of iron in the leaves of stressed plants may 
not be producing any deficiency symptoms,

vi) Manganese :

It is dear from Table 4,3 and Pig.4* 4. that water 
stress has caused slight decrease in manganese content of proso 
millet flag and mature leaves but there is increase in the root 
and stem. According to lietsf (1972) it is equally important 

to study the effect of water stress on the major elements 
(nitrogen, phosphorus, potassium) secondary elements (calcium, 
magnesium, silicon) as well as minor elements like manganese, 
iron and boron ,'v/Sakanoue and Iguchi (1968 Bsr-^r^r) carried 
out extensive investigations to study the effect of low soil 
moisture on growth and nutrient absorption of rice at various 
stages of rice growth. They reported that drought increased 
the absorption of manganese in rice. Working with the same
crop Pande and SinghV(l969), however*, found reduction in 

manganese content due to moisture stress. Slight decrease 
in manganese content in water stressed pro so millet leaves 
may not cause any metabolic disorder. *
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vii) Silicon s

The silicon content in the water stressed proso

millet leaves and roots is considerably decreased but in case

of stem it increases when exposed to eight days water stress; •

there after it decreases significantly in the plants stressed

for 12 and 16 days. Jones and Handre.ck (1965) suggested that

the uptake of silicon is a passive non-selective process and

the quantities of silica which are absorbed and translocated

to the tops can be accounted for in terms of level of silica

in the external soil solution and the amount of water trans-
l/pired. banning et al.. (1958) have generalized that the more

water is absorbed by the plants, the more silica is deposited.
Yoshida gfc si ^ (1962) believe that silicon distribution within

rice plants is related to the transpiration stream which is
/

constantly flowing upward and outward so that silicon is 

concentrated and precipitated in the leaves as a result of 

transpiration and the participation of enzymes ih silicic 

acid insolubilization is unlikely. According to'"Tanaka and 

Park (1966) along with transpiration stream, metabolic 

activities of the organ also control the uptake of silicon.

/

\/Sakanocie and Iguchi (1968) observed that soil moisture

stress considerably decreased silicate concentration in rice. 
x4ingh and Singh (1970) on the contrary reported that low soil

moisture caused accumulation of silicon in rice. Pox et al..
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(1969) studied the fate of soluble and total silicon in 

sugarcane. These workers found that young drought stricken 

sugarcane was very low in total silicon. Thus it is apparent 

that the uptake of silicon unholy depends upon the supply of 

water. As during water stress both availability of water and 

metabolic activities in the leaves are low, the silicon uptake 

is severely affected. Though the exact role of silicon in the 

plant metabolism is not clear, the structural role served by 

silica in rice is very well understood. The silica uptake is 

hampered by water stress in pro so millet and this in turn may 

cause structural anamolies like leaf rolling in the plants 

stressed for more than 12 days.

ix) Sodium :

The proso millet plant exposed to water stress 

shows increased sodium content in all the three parts of plant,
i

(Table 4.3 and lig.^fe ). There is little work on the effect
jl

of drought on sodium uptake. Takeshi (1966) found very little

difference in sodium contents in the leaves of Brassica ran a
1 /

and Viana sinensis due to water stress. v^Rahman et a^., (1971) 

observed that moisture stress caused rise in plant sodium 

content at each stage of development in different grass species. 

According to these workers such increase may be attributed 

to the great reduction in dry matter at low moisture content.y
lawlor and Milford (1973) reported that sodium Increases'
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drought resistance of water stressed sugar "beet by altering 
leaf water balance.

\y Ramati jgt al., (1979) and Ford,”(1981) observed the 
accumulation of sodium/potassium and chloride during water 
stress in Panicum ripens and Panicum masloum respectively.
They considered that the panicum grass leaves adjusted 
osmotically to water stress apparently through accumulation 
of solutes so that there was a decrease in osmotic potential 
at fill! turgor. The accumulation ©f sodium in all three parts 
of proso millet plant during water stress, may be considered 
as an adaptive feature in the light of the above findings with 
other panicum species.

It is evident from the foregoing discussion that water 
stress brings about several metabolic changes in proso millet 
plant which are clearly reflected in a changed chemical compo
sition of the plant. Some of these changes indicate stimula
tion of drought sensitive processes which can adversely affect 
further growth and development. However, at the same time we 
can notice that Proso millet plant does posses certain adaptive 
features. These include changes in the level of proldne, 
organic acids, sugar, under stress condition and this can 
definitely contribute to osmotic balance as well as post stress 
recovery processes. Similarly an efficient potassium and 
sodium uptake mechanism can improve water balance of this plant
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■under stress conditions. It is essential that such studies
Ju

should he perfomrwith several improved varieties of pro sob
millet so that it can he seen wefther such adaptive features 

can he exploited for breeding programme to synthesize a 
drought resistant variety.

0. Stomata! behaviour during water stress s

Stomatal resistance is the major physiological control 
for reducing water loss and preventing the development dele
terious water deficits. Further more, it excerts a predomi
nant influence over net photosynthesis of grasses during water 
stress (poley and Trivett, 1974J bellow ana Mg, 1976). There- 

fore it is of interest to study the response of stomata of
plant to water stress, The effect of water stress on stomatal

}

behaviour in P .miliaceum has been depicted in Table 4.4 and 

Hg. 4*7

It is evident that the size of the stomatal apparatus 

in lower epidermis is larger than in the Tapper one. This is 

quite significant when the length of stomatal apparatus is 

considered. However, the breadth of stomatal apparatus 

(including guard cells) is almost similar on both the surfaces 
of leaf. It is also dear that with increase in the water 
deficit level the stomatal apparatus becomes narrower. The 
measurement of the width of stomatal aperture at 11.0 A.M. 
indicates that increasing water stress in the pro so millet
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growth medium influences the opening of stomata very strongly 

during severe water deficit conditions. It is also evident 

that water stress for more than 8 days affects the opening 

of stomatae on the lower epidermis more than that on upper 

epidermis,

Partial or total stomatal closure cause<^by water stress 

may increase epidermal resistance of the leaf to the inward 

passage of COo affecting the rate of photosynthesis (Hsiao
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