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Drought Resistance
[ Responses of Proso Millet
( Panicum miliaceum L.) to WaterStregs]
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1. INTRODUCTION ¢

One of the basic ingredients of plant productien is
the availability of soil watber, Wat‘er is a well known
limiting factor in plant growth and numerous studies have
been done te understand its mode of action. Wabter is a majorx
constituent of a tissue, a reagent in photosynthetic reactions
and hydrolytic processes, the solvant for and mode of translo-
cation for metabolities and minerals within plents 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 absorptien or both.

According to Kenitkar/(L960) seventy seven (77) million
acres of land in India can be considered as definitely l:i;\gle
to drought. These are primarly millet growing areas. These
areas are mostly domina:ted by sorghum, pemis'etum and other
minor millets. Thus in dry land agriculture, a greater under—-
standing of crop water deficits and theiri influence on growth

and development, metabolism and yield is essential,

V/Stanhill (1957) found that in 66 out of 80 papers dealing
with crep response to different soil mbisture regimes water
shortage was related to a depression in plant growbth and in

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

H
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&®
work done on the effect of water s%ress) 6xn plant morphology,

v
physiology and biochemistry (for reviews Maximov, 1929; xé,:;'afts,
A w
1968; Parker, 1968; Todd, 1972; Hsiao, 1973).

The integrity of specific protein water structure and
the entire cy’copla:sm is essential for the continuance of most

&
physiological process at maximum rates. Most process are

probably not unduly suppressed by the degree of s*bresfs which
exists diamparnally in well watered plants, but as soil water
stress increases, key process will become progreésively
inactivated. Although any factor which affects cell metabolism
must affect ce}l enlargement and plant growth, some effect of
water deficits:i;lants appear to be more directly mediated by
turgor pressure. The guard cell turgor directly regulates
gtomatal aperture which ultimately influences both transpi-
ration and photosynthesis. Complete or partial closure can

reduce both process and so ultimately reduce growth.

Lcoording to Hsiao (1973) the water deficit may be
expected to have following physical and chemical effects 3
1) 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

1

structure of adjyscent water.
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OW WATER STRESS CTS YI

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
deficit on photosynthesis can be recognized. In the first |
Place,complete or partial stomatal closure and reduced rate
of 002 exchange can influence the suppil_} of 002 which was ,
observed in wheat and millet by SQ:at%fer (1973). Second there
is a direct effect of water deficit on the biochemical
Processes involved in photosynthesis,. Thc-a/photosynthetic rate
is considerably lowered by water defkcit (Jones, 1973; Lawlor,
1976). A suppression in chloroplast Hill activity in both
severely and m9,derately desiccation leaf tissue has been
observed bka’gyer and :éowen, (1970). Keck and Boyer7(l974)
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 wabter stress. A
prerequisite of high yield is a high production of total dry
matterV{Yoshida, 1972), There is well established experimental
evidence that water deficit causes reduetion in leaf area.
Leaf production and laminar expans:.on found in tobacco

\/ (Hopkinson, 1968), Sunflower "(Marg, and Palmer, 1976) and field
beans (memos§/1978). According to Wardlaw (196’9), Hsiao

/

/
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Y. o
sad—fAcevrsde- (1976) water shortage affects yield mainly by

reducing the assimilating area.

Leaf shedding oonstitugs both a loss in dry matter
and reduction in the assimilatory area. Premature leaf
shedding eccurs due to wabter stress. Usually shaded leaves
are the Pirst to dle wnder waters stress in beans YKaramonos,
1978) and ain cereals( (Boyer and Mc Pherson, i“g*fG). Reduction
in respiration due te hydration of tissue and inhibition of

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

‘ As soil water content is one of the important facters
with respect nutrient availability, drought also exert a ’
great influence.on ion uptake and trenslocation \éamuels, 1972;
Soingrt N 019). 1t 18 now clearly established that water
stress injury has a metabolic base that is concerned with
damage to the protein synthesizing mechanism (Stewartw
l966;"i£1f:€aker et gl., 1970). PFurther water stress is
accompanied by definite chenges in the level of free amino
acids and amides (S/ingh et al., 1973). Water deficit leads
to release or activation of degradative enzymes t((z‘r/e:o.kel et al.,
1967). Water stress exerts a profound effect on harmonal
distribution, particularly on the content of cytokinins and
abscisgic acid (\E{ Beltagy and Hall, 1974). Lastly the translo-
cation ‘o/ﬂ photosynthetic assimilates is suppressed by wabter

stress (Crafts, 1968), All the above metabolic disturbences
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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 importent influence en the final yield of some crop
plants. Partiounlarly in snnual cereals. U Denmead and Shaw
(1960) found that a reduction in yield about 50% was caused
by water stress at the silking stage in corn. For wheat and
cotton ,some‘;',‘what 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 Sorghum,
Wheat, Chick-pea, Safflower and millet are well known for
their resistance nature, while rice wvomato and other vegetable
crops are prone to water stress Preso millet is genexrally
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 species
of genus, Panicum ‘(ﬁgmati et al., 1979; Wilson et gl., 1980;
Ludlow,di%o). In the present - investigation, therefore, an
attempt has been made, te study the mechanism of drought resi-
stance in common millet (P.miliaceum) which is genera:;l‘.\‘y

regarded as hardy cereal.
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2. MATERTAT, AND METHODS

$eeds of a local strain of common millet were sown in
e:z:'bhenware potes in the month of September. The plants were
equally watered and given edqual doses of fertilizers. After
8ix weeks, wabter was withheld from various pots so that at
the time of harvest there were pots receivin_g no water for
4, 8, 12 and 16 days. The plants which recieved regular
water supply (control) snd which were exposed to waber stress
were harvested seperately and were randomly sampled. The
methods for estimation of organic and inorgenic constituents

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

The method for stomatal studies was that ofVS"’hoddard
(1965). The widths of stomatal apertures were estimated under
the microscope on filmg 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 16 days waber stress.

The films were made at 11.0 A.M. Measurements of
stomatal apertures, maximum width and length.of Stomatal
apparatus were made under pPrecalibrated microscope. Two
impressions were taken each time and about 10 stomabta were

studied at different positions on the f£ilm from each impression.

4
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3. RESULT AND DISCUSSION ¢

A. Organic Constituents ¢
i) Soil moisture and Leaf Water potential

The representative values of soil moisture % and
water potential in prosomillet leaves q\umng water stress
have been recorded in Table 4.1 and illustrated schematically
in Fig.42,

It is evident that progressive decline in the soil
moistire content as the soil dries due to evoporation and
transpiration by plants. It z.-esult 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 considdrably . This might be
resulting -due to loss of wa:t;er( due to transpiration and fiha.‘l;_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 waber potential to recover. The plant
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w
is permanlizly wilted and recovery may be pessible only with

soil water recharge.

Water flow through the soil plant system tends to occur
along the gradient of decreasing water potemtial. This means
that plant wabter potential has to be lower than soil water

i potential inorder to accomplish the flow of water. The
removal ofl water due to transpiration reduce the wabter potential
of Xylem. Thus a potential gradient will exist between leaf
and root Xylem to transfer water from the root system to the
leaves in the plant. ~Gardner (1960) andvégwan (1965) reported
that the rate of water flow toward the root surface is
controlled by the hydraulic conductivities of the soil and the
only water ava:I,./lable is that occuring within a few centimeters
of the root. ‘/f{ili@ (1973) reported that the rate of water
upbake reaches to a limiting value as the potential gradient
increases between seil and root xylem, Therefore, an equili-
brium condition may exist between total transpiration and root
surface with a minimum root potential and opbtimum water uptake

under a normal environments,

ii) Moisture percentage

g The reduction in moisture pPercentage is essentially
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

¢ leaves were almost dry and rolled. The roots and stem retain
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about 50-60% moisture (Table 4.1 and Fig.42). Water deficits
cause dehydration of protoplasm (Leviti%,/ 1956) and this results
in loss of turgor. vMay and Milthorpe (1962) reported that

growth is reduced by a decrease in relative turgidity.to below
90% . According to*-":i::evitt (1L972) a sufficiently severe dehy-
dration leads to a pronounced decrease in respiration rate but
this decrease is usually found only after degree of dehydration b‘a

Severe enough to cause.

\/Eljin (1923) reported that the first effect of water
reduction in leaves' is a partial or complete stomabtal closure.
Such a closure shows decreased movement of CO, in the assi-
mulating leaves, reducing the photosynthetic rabte two to ten
times according to amount of water removal and the sensitivity
of the plant. Such a wabter shortage in leaves not only reduces
photosy%thetic rate but also retards trenslocation. However,
Levitt” (1972) suggested that metabolic disturbances which aie
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 deshiBation
(Bayles et 21.3-1937). In proso millet water retention capacity
is considerably lost only due to severe water stress (16 days).

-

However, the root and stem of this plent show a good water

- -
—_ e .~
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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) TAN (Titratable Acid Number) 3,

It is evident from Table 4.1 and Fig. 42 that
Titratable leaf juice acidity in preso 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. BEven the Yeaf
jiice 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‘/li"ord% (1981)
who reported accumulation of organic acids in Panicum ripens
and P.maximum respectively. Further they have also reported
that organic acids like malate and.succinate accumulabte in
staessed 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 acid content when exposed to 16 days wabter stress,
but 1t is still higher than that in control. This may be due

t0o reduced rate of respiration in those plants..

Organic acids have been shown to play a Prominent role

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

+ W )ag) C . _
et 2l., role of organic acids in osmotic adjustment is relatively
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small than solute accumulation. Lawlor gﬁkFock, (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 3

It is clear from Table 4.1 and Pig.4-2 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

"ﬁ!sai and Todd (1972) who observed ;{ about 25% decline in the
phenolic centents in both resistent and susceptible varieties
of wheat due t6 water stress. According to them if phenolic
compouné.s are involved in cellular injury following drought
stress it might be due to release of these substances in to
cytoplasm rather than to increased syathesis. \To/dd (1972)
further claims that such a release might be affecting enzymatic
activities. However, our dfind.mgs are in agreement with those
of\/Brache‘b and Bichaut (1972) who recorded that simultaneous
action of atmospheric and edaphic moisture deprivation produces
an increase in the synthe:bic rate of phenols. \/’falha. et al.,
(1975) also reported that there was considerable increase in

the alkaleid content of Cartharsnthus roseus due to moisture

deficit. The anatomical structure of leaves of Impatiens

balsamica suffering from water stress has a greater number of
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v

tannins and raphide sacs (Todd et al., 1974). However, the
exact role of polyphenols during the water stress 18 not
completely understoed. The increase in ‘total polyphenol
content may be possibly due to induction of secondary metabo-

lism under stress conditions. .

v) C‘hlo.ropg_ ylls

The changes in chlorophyll content fresh weight
basis in proso millet leaves during water stvess are recorded
in Table 41 and Fig.43 . The values of chlorophylls
depicted in the Table 4.2 are expressed on dry weight basis
according to suggestions of Sestak et al., (1971) for water
stress studies. It can be seen that in proso millet the
total chlorophyll content is reduced due to water stress. The
values of chlorophyll on fresh whight 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 wéight of it with increasing period of water
stréss. 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 me‘?hods to determine chlorophyll stability
index (Mathew and Ramadasan,"’ Zf973). The validity of such
methods has been doubted by tl_évi‘tt, (1.972). One thing is
certa:x.n that loss of chlorophylls during drought is harmful
to the plant. Wilsone’(1968) noticed that occur¢nce of single
drought during grain filling stage of maize hastened leaf
senescence. In the experiment 'of Asana and Basu (1963), the

yellewing of the ears due to waber stress was also evident.

According to '{}irgin (1963), even rather small water
deficit caused strong inhibition of chlorophyll g formation.
He further stated that this effect was due to decreased rate
of formation of protechlorophyll a. Further it was found
that such inhibition was reversible. uMérwﬁlle and Paulsen
(1970) also found that drought reduced chlorophyll content as
well as light absorption./Bourgue (1971) studied theveffects
of small water deficit on chlorephyll accumulation in elongated
leaves of Canavalia enciformis I, He observed that at the low
relative humidity (25%) very slow chlorophyll accunulation
occured.\/S:.ngh et al., (1973) and“Dnysen and Freemen (1974)
also noticed an impaired synthesis of chlorophylls due to
water stress in barley and wheat respectively. ik achur and
Aerov (1974) investigated effect of drought on optical and

o/
radient energy absorption of winter gheat leaves. It was
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observed that due to sudden drought a 12% decrease in radignt
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 Kushnirenko gt al., (1971).
They found that drought conditions affected to lesser degree
of quantity of segments strongly bound with the lipoprotein
complex perticularly 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. V/Sanchezgxg—éSﬁ reported that water stress in
maize leaves reduces chlarophyll content, stomatal conductance
and photosynthesis but the nitrogen content of the leaves is
not affected. BEBvidently, the stress induced loss of chloro-
phyll is not mediated by a lack of nitrogen. ILosses 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 wabter stress (16 days') the flag
leaves and mature leaves still retain about 76 and 65% of
chlorephylls respectively. Thus such ret&ntion 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 proc\sess 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 recordeé in Taeble 4.1/4.2 and Fig.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 blants exposed
to water stress (4 end 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.
When expressed on dry weight basis however,?stem and to some
extent leaves show deviation in the effect of waber stress..
It can be seen that with increasing the inténsity 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
but only under severe drought conditions. |

According tovglaxyer (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
of sugars in drought tolerance.“ﬁhaximov, (1929) suggested
two possibilities (1) the accumulation of sugars might protect
the protoplasm from coagulation and de?sié%iian and (2) the

high concentration might prevent visible wilting for a long time
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inspite of an increasing water deficit. Lf&gin (1929)
suggested that plants grouped ecologically, their sugar
content increases with the dryness of the habitak. L/lfl[a.nz'a:cwille
and Paulsen (1970): studied alternation of carbohydrate com:po-:'
sition of corn 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 centent 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 comtinuously decreases the
lowest value being in the plants of 16 days stress.

VIee et al., (1974) reported that drought stress
decreases reducing sugars, sucrose and starch concentration
in both drought tolerant and su@ceptible varieties of pea.
Bax low gt al., (1976) found that in corn seeding suffering
from induced water stress the increase in soluble carbohydrate
concentration ﬁas 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
experiments of Parker (1970) and Stewart (1971) ‘/Murty and
S%nivasudu, (1968) observed that the drought resistant rice

variety had higher sugar concentration themn susceptible variety
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even under conditions of drought. Thakur __P\f\_ s (1980)
studied the water stress effect of carbohydrate metabolism

of resistant and susceptible cultivars of zea mays. They
observed that at 1st leaf stage, starch content of the
resistant cultivar was lower than that of susceptible cultivar
but reducing suger 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"'@%ra et al.,
(1974) accumulation of sugars, under water stress indicates a
protective role of sugars. \Ackerson (1981) found that increase
in leaf carbohydrates helplin osmotic adjustment during water
stress in cotton. Considering the above views it appears thatb
Proso millet also possess a moderate drought resistance poten-
tial as the sugar content registered increase when plants are
subjected to water stress. ~Ford et al., (1981) observed the
accumulation of reducing sugars and total sugars in stressed '
leaves of Panicum maximum and considered that. contribution of
carbohydrate to the osmotic adjustment was relatively small

than accumuwlation of solubes.

vii) Total nitrogen 3
It is clear from Table 4.2 and Fig.43 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 'nterature regarding the effect of water
stress on nitrogen metabolism. Wadleigh and Richards (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 éarnett and Naylor, 1966; *Rahman

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.
gvov (1969) stated that drought has a deleterious effect on
the biological removal of soil nubtrients by the plants
especially of nitx:ogen. %wde and Singh (1969) observed that
limited moisture supply reduces nitrogen content in rice.
\{amuels (1L972) observed a varietal difference regarding the
nitrogen content on exposure to drought. Thus tobacco, Tomato,
and coxrn exhibited increase in nitrogen due to water stress.
On the othei5 hand in sugarcane, 'the nitrogen level was consi-
derably lower due to water deficit. Affinity of key enzyme
in nitrogen metabolism nitralbe reductase is also considerably
affected by water stress, ‘(’é/lukha;im et al., 1973!/911& Pla;l)t ,
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 undér
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 deficieney of
this macronutrient in the leaves indicates that probably
the transport of nitrogen metabolites from the root to .stem
and finally to the leaves might have affected by the water
stress conditions. Thus it is the translocation process

which is affected by water stress. .

viii) ZProline :

It can be seen from Table 4.2 and Fig.4~4 that
free proline is accumulabted 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 Stubte and Todd
(1969) that water deficit causes qualitative changes in
proteins. According to G-atea} (1964) protein synthesis may

1 40‘ labelled

be interrupted in stressed plants. Feeding with
serine. Morehiladze""(l969) observed that lack of waber
hindered the aminoacid incerperation into the protein of
grape leaves but increase its transformetion in to the other

free aminoacids.

Proteolysis is a common feature in eut plants that
are allowed to wilb (Dg;e, 1968). Thus the content of free
aminoacids 1s increased considerably due to water stress

(Barlow gt 2l., 1976). According to Iiraylox'l\/(lfa‘?z) there is
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no uniform hydrolysis of proteins due to water stress because
the number and amounts of the aminoacids do not reflect "
hydrolysis of the "average" protein of the\ cell., There is an
especially marked accumulation of free proline, (Ba;r"'ﬁ;tt and
Naylor, l966;v§ingh et al., 1973; Rajgopal gt g;(:’,/1977; Twai
et &l., 1979; Richard snd Thurling, 1979;“Palfi and Pinter,
1980; Thekur and Rai, 982; Ilahi 2 W, 1982) when pleants

are exposed to wabter stress.

. From Table 4.2 it is clear that the proline increases
to a significant extent in all three parts of proso milled
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
Nay:l.m:f,A (1966) noticed a 10 to 100 fold increase im proline
content due to water stress in C 0on dactylen. Baskin and
Baskin (1974) reported a 115% increase in the total amountof
amino acids due to water gtress in Astragales tennesseensis
of which proline accounted for about 30% increase. “Palfi
et al., (1974) carried out extensive investigation regarding
the effect of dehydration on proline accumulation. They
observed that not all species accumulate proline under waber
deficit. These are : Beta vulgaris, Spinacia oleraceas;
Chenopodium album, Rumex scubatus, Cucurbita pepo, Cucumis
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sativus, Zea mays, Phaseolus vulgaris, Allium sativum, A.cepa
and Lactuca sativa. Among the 60 plants studied majority of
herbaceous mesophytic, cultivated plants belonging to families
Solanaceae, Luguminosae, Cruciferae, Umbelliferae, Compositae
end Graminae accumulate/Proline uhder ﬁra:ber deficit. Depending
on these observations'Palfi et al., (1974) classified the
species as "proline accumulating or proline™ type if the

stage of microsporogenesis with accurulation the amount of
free proline in the leaves at the time of a strong water
deficit attains at least 1% of the dry matter. From present
observations in proso millet it can beloncluded that proso

millet belongs 1o proline accumulating type.

The proline aceumulé.tion 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 dongr to
'proline synthesis (B(é'nett and Naylor, 1966; Morris Le_j:_/g;_. ’
1969; iz"é;'her et gl., 1970;%Singh et gl., 1973). However, the
experiments of S%;wartal and Boggess (1977) indicate that both
. glutamate and arginine appear to contribute carbon to proline.
Wt;;nch et al., 1977 observed that arginine is quantitatively
the more important precursor. Recently Stewart M(l%?)
guggest ed that proline accumulation results from inactivation

by water stress of normel 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 preling,in drought resistance is noj; well understood.
According to Tevitt (1972) water deficit in plemt results in
accumulation of protein hydrolysis products to a sufficient
degree to be toxic. ‘l‘olerg)nce of protein loss could be
induced by accumulation of protein loss. According td%alfiax L
(1974) proline increases considerably the amount of strongly
bound 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 foxidative!®

acid hydrolysis and it stores up reducing energy its formation.
N——————“’

Proline may be single source and precursor of hydroxy
proline‘ in the structural protein of cell walls, participating
in the. cell extension process and may sServe as energy maberial
for respiration. It so stimulates absorption of oxygen
by plant tissues (éavitska.ya, 1976). According toV'B%:m%gg?
Bbercon (1976) free proline accumulation during water stress
is correlated signfficantly with post stress recovery rating,
free amino concentration amd dark respiration rate. They
further claim that acoumulation of free Proline in water
stressed Sorghum leaves is related to the ability of cultivar
t0o recover upon the relief of stress possibility by way of
prolinesl' 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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\/6braztosova and Nikiforva (1967) found that drought
resistant trees were distinguished by a higher content of
free amino acids than the nonresistant ones. On the contrary
to0 above observations,”Waldren and Teare (1974) stated that
proline is not the sensitive indicator of drought stress.
However, most of the in;estigaters believe that proline has
an important role in-the drought resistance mechanism., Thus
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.‘/bingh et al.,
(1973) observed that varieties of barley which accumulated
larger amount of free proline tenéed to have leaves which

were most drought resistant.

1

v/éiahiQQézgé., (1982) observed the accumnlam%on of
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 plamnt has ability to accumulatbe
Proline after exposure to water stress (in all treatments) can
be considered as a drought resistant feature of plant. This

accunulated proline can play a key role during stress recovery.

B, iy OF WAT TRESS ON INORGANIC CONSTITUENTS 3

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 (ﬁvans, 1972; Milthoiﬁg'e and Moorby,'xl974). The
movement of wabter in the rhizo-sphere facilates the supply

of nutrients to the roots. When the movement of soil watber
ceases because of soil dryness nutrients uptake occurfs only
by dilffusion close to the root. This sort of supply becomes
limiting in a very short 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 gt gj._.‘,//(ll963) suggested that mass flow could
account for most of the transport of Ga2+, Mg2+ and N while
P*° ang X* 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 s&tress had a lower
content in P*? and K then the control (Mara:is and Wiersma, 1975)
Regarding the nutrients moving mainly by mass flow, the -
accumulation of Mgz“' was reduced by soil water stress (Mederski
and Wilson, 1960). Finally theevidence for N is rather contra-
dictory. The increase in the nitrogen content of the tissues
with increasing waler stress is likely to be associated with
effect on nitrate reductase enzyme system (V:j.ets, l97§§. In
any case the decrease in the micizrobiological activity of the
soil with increasing dryness iK’.:camer, 1969) cause a in the

pas— g

rate of the decomposition of organic matter. This results in
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-

a decrease in the rabte of both ammonification and nitrification
¢
of organic matter; and hence in a decrease in the mitrogen

availability of soil.

According t‘/Pavlov, (1982) the water deficit in wheat
and barley, the uptake of pvhosphorus and other minerals that
move throﬁgh the soil by means of diffusion is decreased to
a degree greater than the uptake of I\TO.E that moves by means
of mass flow. This movement dePends upon transpiration stream.

The N/P ratio increases under a water deficite.

" Water deficit in three gpecies of genus Panicum (E.
turgidum, P.antidotale, P.coloratum), Panicum ripens and
Panicuom maximum accumulate i:laorganic ions such as}?a, XK, CL
gbserved, by Rehmen gt gle;”(1971), Remsti gt al.; (1971) and
Ferd"y(\l\}%l) respectively. They considered that accumulation
of inorgenic ions accounted for osmotic adjustment. According
to Pande %@& (1981) water stress in Panicum coleratum
decreases growth and biomass. However, the work of above
workers indicate that dreught adversaly affects the nutrient
uptake and growth of plant. BEffect of wabter stress on major
inorganic comtituents of proso millet leaves are recorded in

Table 4.3 and Fig. 4.5, 4.C.

i) ZPhosphorus : Changes in phosphorus contents during
water stress in different parts of proso millet plant are
recorded in Table 4.3 and Fig. 4.5 « Except few observations
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\/(Ta.keshi, 1966 and Samuels, 1972) most of the workers have
noticed that water stress greatly hampers phosphorus uptake
process. ‘/Wilson et al., (1968) observed -that reductién 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
thet 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 upteke
due to drought in Rice (fegnde and Singh, 1969), Apple
(Kongstrud,l’{969), Sorghum (Eck%l%%, Grasses and
Legumes (Rehmen gt al., 1971), Oil palm (Forde";/l972), Onion
(Dunham; and l\Tye",’}l976). Greenway et g;_.,",(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 me’ta.'bolicl disturbances as Phosphorus is
essential for many processes. Gorden and Bichurina, (1970)
reported that phosphorus shortage resulted due to water stress
becomes the factor limiting in glycolysis. Thus glycolysis
is dropped due to water stress while pentose phosphate path-
way predominates. \/éamuilov 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 be affecting the enzymatic metabolism of the

plant.

In proso millet root, stem, flag and nature leaves
show increase in phosphorus content due to water stress.
These results are different from those observed in Rice,
Apple, Sorghum, tomato by different workers. Increasing pho~
sphorus content in proso millet indicate less disturbances in
metabolic activities of this plant, during wabter stress.
This might be adapt%%eature $0 overcome drought.

ii) Potassium
Potassium content in all orgems of proso millet
considerably increases due to severe moisture stress (Table
4,% and Fig.45) and among these plent parts the accumulation
of potassium is quite significant in roots and to some extent

in flag leaf,

Present findings are contradictory to those oflfi/:;.chards
and Wadleigh (1952) who summarized the existing data on
nutrient availability in relation /'bo s0il moisture availability
and concluded that water stress causes a definite decrease in
potassium concentration in the plant parts. Similar observa-
tions were made la’c‘ker by Sakanoue and Igﬁ.chi‘/ (1968) ,‘/Gilmore

(1971), Mengel and Bavunshweing (1972), Vewma et al., (1976),
EYMM
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Martinz-Carrasco gt =l., (1979) and Slngh et 2ley, (1979).

The experiment ofl/Stewart and Hungata (1966) and!SHimomurs
(1967) indicated that Potassium uptake is only slightly
reduced by water stress. Dunhanm and.Nyef?ié?G) estimated

the root absorbing power and suggested that mechenism of
Phosphorus uptake was much more sensitive to decreasing water
potential then potassium. ”ﬁongstrud (1969) observed a varietal
difference regarding Potassium uptake durgng water deficiency.
He observed that moisture stress increased potassium in black
currents but not in apples. There ave also few reports where
increase in potassium uptake due to moisture stress affectythe
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

rapa and Vigna sinengis contained more potassiumi Singh and “//r
Singh‘(1970) found increase in potassium in the first period
of growth of rice due to derleted soil water but latfer the -
trend was reversed. In 8 plant species namely Chloris gayana,
Panicum turgidum, P.gntidotale, P.maximum, P.coloratum,
Cryzopsis miliacea, Medicago sativg and Urotolaria aegyptiaca
studied by Rehman gt g],.,\/(l97l) 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 waber
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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 plaent. S}(ch]&ina. (1965) emphasized that potassium as

a fertilizet and also Presowing hardening treatment increased

drought resistance in maize.

According to Bragv(l972) the Potassium content in plant
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. Ford et g.";/(l%l) observed accumulation of
potassium, sodium and chloride in Panicum meximum ard this
accumulation of inorganic ions was accounted for osmotic
adjustments. The accumulation of potassium in water stresse’ad
proso millet, may be considered g adaptive in the light of
the above findingse.

iii) Calcium ¢
It is clear from Table 4.3 and Fig.45 that
calcium content is increased by wabter stressed prosomillet
Root, Stem and leaves., There is higher accumulation of
calcium both in flag and mature leaves then root and stem.
Calcium plays an important role in number o;f metabolic
processes., Besides this calcium is found to be involved in

mechenism of heat resistance in thermophilic bacterial.
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S

(Ljunger, 1973). In arid lends, dryness and high temperaturés
are generally associated with each other. However, the exact
role of calcium in heat tolerance of higher plants has not been

worked out.

-

Richards end Wadleigh (1952) summarised the existing
data on nutrient availability and concluded that water stress
ea.use\d variable effects on calcium concentration in plants,
In Bragsica rapa and Vigna ginensis water stress was found to
increase calcium content in the leaves (Takeshi : ‘1966).
Kongsturd,” (1969) observed that moisture stress increased
calcium in black currants but not in apples. Rahman gt &.,"/
(1971) observed that the calcium content rises with deficiency
in soil moisture in different stages of development of some
Panicum species. Similar observations were made in cases of
loblolly pine by Gilmore (1971). In sugarcane calcium content

7
registered increases due to water S‘bressv(Samuels, 1972).

In contrast to above obse_rvations there are few reports
where adverse effects of water stress on calcium uptake are
noticed. According to Kunno gt g;!._\.’i (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.\/(}iller (1969) observed symptoms of calcium
def}ciemcy in groundnut crop subjected to drought. The work
of Singh and Singh (1970) with rice indicated that calcium

w
was greatly reduced in wilting leaves., Vander Boonv(l973)
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noticed that drought lowered calcium content and raised
X/0a ratio in tomato fruits. In contrast to these observa-
tions, employing 45¢e Stewart and Hungate\’/(’1966) found no
effect of soil moisture on calcium uptake 'in Phas golug
vulgari;s. Similarly Bck W(lﬂ% observed that water

stress did not affect calcium concentration in leaves of

Sorghum bicolor.:

In prosomillet calcium uptake is increased by water
stress; Like potassiumy calcium may be involved in drought
resistance mechanism in this plant.

iv) Magnegium ¢
It is clear from Table 4.3 and Fig.4+5 that

magnesium content is decreased in proso m;i.lle‘b root and stems
while in flag and mature leaf it is increased due to water
stress. Sakanaue and Iguchi (1968, e;—by—t) found that magne-
sium upbtake is greatly reduced in rice plant under wabter stress.
On the other hand Kongstrud Y(1969) observed an increase in
magnesium content in black currant but not in apple. "G/ilmore
(1971L) found decreased amount of this nwhbrient in the leaves
of loblolly pine due to wa'bjei" stress.

Magnesium is an important cofactor /in metabolism e‘%d;w(
is essential for chlorophyll synthesis. YGeorgieva, .
(1982) have reported that magnesium deficiency in chlorcplast
lipids of maize leaves reduce the phospholipids, phosphetidyl-
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glycerol and galaeto:syldiglycerides. 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 1lipids 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 proso millet is unaffected due to

wabter stress.

v) Iron

Water stress increases iron content in root and
stem of proso 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 in it when the plants
are stressed more. Basiouny ané Biggs” (1971) andJRahman
et al., (197L) observed that iron uptake is hindefed due %o
water stress. VIvanov and Karakash (1965) reported that soil

moisture étress increased the content of soluble iron in roets.

Our findings with Proso millet clearly suggest that
Iron accumulates in Roots 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 anfluence 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) Haongenese

It is clear from Table 4.3 and Fig.4 & that wabter
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 te Vietsj/ (1972) it is equally important
to study the effect of wabter stress on the major elements
(nitrogen, pvhosphorus, potassium) secondary elements (calcium,
magnesium, silicen) as well as mi’nor gkements like mangsnese,
iron and boron.\/Sa.kanoue and Iguchi (1968 e37—by—e) 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 mengenese in rice. Working with the same
crop Pande and Singh\/(l969), however, found reduction in
mangsnese content due to moisture stress. Slight décrease
in menganese content in water stressed proso millet leaves

may not cause eny metabolic disorder. 8
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vii) Silicon ¢

The silicon content in the water stressed proso
millet leaves and roots is considerabiy decreased but in case
of stem it increases when exposed to eight days water stress;
there after it decreases significantly in the plents stressed
for 12 and 16 days. Jones and Handreck (1965)éuggested 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 end the amount of water trens-
pired. Lamning et g;]_.,.,\/(1958) have generalized that the more
water is absorbed by the plants, the more silica is deposited.
Yoshida gt g.\,/(1962) believe that silicon distribution within
rice plants is related to the transpiration stream which is
constantly flowing upward and outward so th;.t silicon is
concerbrated and precipitated in the leaves as a result of
transpiration and the participation of enzymes ih §ilicic
acid insolubilization is unlikely. According to “fanaks and
Park (1966) along with transpiration stream, metabolic

activities of the organ also control the up'b‘a.ke of silicone.

\,’;Sakanog and Iguchi (1968) observed that soil moisture
stress considerably decreased silicate concentration in rice.
Véingh and Singh (1970) on the contrary reported that low soil

* - - - - L] /
moisture caused sccumulation of silicon in rice. Fox 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 m}ly depends upon the supply of
water. As during wabter stress both availability of wster 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 proso millet and this in turn may
cause gtructural anamolies like leaf rolling in the plants

stressed for more than 12 days.

4

ix) Sodium

The proso millet plant exposed to water stress
shows increased sodium content im all the three parts of plant,
(Table 4.3 and Pig.4.¢ ). There is Little work on the effect
of drought on sodium uptake. vt;}a.keshi (1966) found very little
difference in sodium contents in the 1ea.ves of Brassica rapsa
and Vigng sinengis due to water stress, Vfiabman et al., (1971)
observed thalt 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.

Lawlor and Milford (1973) reported that sodium increases:
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drought resistance of water stressed sugar beet by altering
leaf water balance. M

t/ Ramati et al., (1979) and Forh%{’ (:BS:L) observed the
accumulation of sedium,potassium and chloride during water
stress in Pgnicum ripens and Panicum hmaxicum respectively.
They considered that the panicum grass leaves_adjustéd
' osmotically to water stress apparently through accumulation
of solutes so that there was a decrease in osmotic potential
at full turgor. The accumulation ef sodium in all three parts
of proso millet plant during water stress, may be considered
a8 en 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
Plent which are clearly reflected in a changed chemical compo-
gition 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
cen notice that Proso millet plant does posses certain adaptive
features. These include changes in the level of proliune,
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 mecheanism can improve water balance of this pla.nt'
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under stress conditions. It is essentisal that such studies
should be perfom}"ﬁfvith several improved varieties of proso
millet so that it can be seen 1'vfe'¢,ther such adaptive features
can be exploited “for breeding programme to synthesize a

drought resistant variety.

C. Stomatal behaviour dquring wabter stress

Stomatal resistance is the major physiological control
for reducing water loss and preventing the development dele-
terious water deficits. Purther more, it excerts a predomi-
nant influence over net photosynthesis of grasses during water
stress (S oley and Trivett, 1974;['ﬁldlow and Ng, 1976). There-
fore it is of interest to study the response of stomata of
plant to water stress. The‘ effect of waber stress on stomatal

behaviour in E.zﬁiliaceum has been depicted in Table 4.4 and

Fig. 4.y

It is evident that the size of the stomatal apparabus
in lower epidermis is larger than in the upper one. This is
quite significant when the length of stomatal apparatus is
considered. However, the breadth of stomatal aspparatus
(including guard cells) is almost similar on both the surfaces
of leaf, It is also clear that with increase in the watber
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 proso millet

4



STOMATAL APERTURE 4M

FIG

UPPER EPIDERMIS

\
\

~
| —

STOMATAL APERTURE 4«M
o

LOWER EPIDERMIS

C 4 8 12 16
WATER STRESS (DAYS)

IN P miliaceum .

o STOMATAL WIDTH e——e STOMATAL AREA

32
m-'".o
=
x
s
24 2
<
&
15 «
w—d
:}5
s
08 ©
wn
00
32 ‘?9
NX
s
=
424 ~
<
wl
o
<
416 g
<
s
()
0
0-8
0-0

.47 EFFECT OF WATER STRESS ON STOMATAL APPARATUS



- 136

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 causedby water stress
may increase epidermal resistance of the leaf to the inward
passage of C0, affecting the rate of photosynthesis (Hsiao
et gl., 1976).
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