DROUGHT RESISTANCE OF PLANTS IN RELATION TO HYSTERESIS
IN SORPTION.:

1. HYDRATION AND DEHYDRATION OF THE LEAVES OF CERTAIN DROUGHT
RESISTANT AND DROUGHT SENSITIVE PLANTS.

By K. SuBBa Rao, M. BArMaseENa Rao 2 and B. SaNjyiva Rao3
Department of Chemistry, Central College, Bangalore, S. India.

(Received August 11; read October 1, 1948.)

INTRODUCTION.

The problem of drought resistance of plants has been extensively studied
from different points of view. Earlier work on this subject has been dealt with
comprehensively by Maximov in his monograph (4). Drought resistance denotes
the capacity of plants to endure drought and to recover from a state of permanent
wilting with minimum damage to the plant (5). Plants suitable for cultivation in
dry areas are generally considered to be drought resistant.

The rdle of water in the metabolism of plant is interesting. Water is absorbed
from the soil by the root hairs of the plants. The absorbed water is translocated
into the leaves, where it is transpired into the atmosphere. Experiments have
shown that in a dry climate the plant does not assimilate more than one gram of
water for every 1,000 grams removed by it from the soil. The major part of the
water therefore passes through the plant unchanged. In moist climate the amount
of water assimilated may go up to 2 to 3 grams. If the loss of water by transpiration
exceeds the intake by absorption, the water reserve in the plant suffers a decrease
and the plant begins to wilt, Manifestations of wilting are: loss of turgor, dis-
turbances in the vital processes, destruction of more tender parts and root hairs,
prevention of the development of flowers and buds and poor yield of grain. Very
severe and prolonged wilting may lead to death of plant. These obviously harmful
consequences of transpiration have led many authors to the opinion that transpiration
i8 nothing more than an inevitable evil, which plants succeed in overcoming hy
various protective adaptations. The opposite view is held by some authors.
Transpiration is considered to be a function necessary for the suceessful development
of the plant (6). Transpiration facilitates absorption, and upward translocation of
mineral salts, controls heat and regulates turgor.

Drought resisting plants should therefore have even in dry weather, the
property of retaining sufficient amounts of water in excess of what is held at the
wilting point. The seat of transpiration is the leaf. The factors which determine
the retention of moisture by the leaf at low humidities would also determine the
degree of drought resistance. One sueh factor is the capillary structure of the leaf
tissue. This ean probably be correlated with drought resistance. Investigations
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have been carried out in this laboratory on the correlation between capillary struc-
ture of soils and their water holding capacity (16). Similar work on gels and organic
colloids has also been carried out (13). It was felt that work on the same lines
on the capillary structure of leaves would throw light on the problem of drought
resistance and a study has therefore been made on leaves of different species of
plants (14).

EXPERIMENTAL,

The following species of plants were chosen for study: Balsam, grass, paddy,
ragi, wheat and oats. Of these species balsam, grass and ragi plants were chosen
from a meadow of natural growth. Paddy, wheat and oat plants were obtained
from The Experimental Farm at Hebbal, through the courtesy of the Director of
Agriculture for the Government of Mysore. Paddy plant was about 5% months old
and was maintained in stagnant water. The remaining plants were about 3 months
old and had grown in soil having about 759, of moisture. Wheat and oats had
not flowered and the rest had just commenced flowering.

All the plants were of normal growth. For the sake of uniformity, the third
or the fourth leaf from the top was always chosen for the hydration—dehydration
studies. .About an hour elapsed ordinarily between the time of plucking the leaves
and the commencement of dehydration. Healthy leaves were selected. The
major portion of the stalk of the leaf was cut out.

The Spring Technique.

The qguartz fibre spring technique described in the earlier communication (13)
was employed in the present work. The quartz fibre springs used had sensitiveness
varying from 8 to 10 cms. stretch per gram load. (lass buckets having fairly wide
necks were employed to enable the easy introduction of the cylindrically folded
leaves.

Imitial dehydration of the leaves.

A suitable quantity of the leaf was introduced into the bucket, and the spring
balance mounted in the sorption apparatus, kept inside the thermostat at 30°C.
The system was next evacuated by means of a Cenco hyvac pump until the leaf
showed no further decrease in weight. The loss of water sustained has been
expressed on the basis of the weight of dehydrated leaf and is given in Table 1.

Subsequent hydration and dehydration of the leaves.

After the initial dehydration, the leaf was exposed to increasing amounts of
water vapour, introduced into the sorption tube by opening the bulb containing air
free water. After equilibrium was attained, the spring and manometer readings
were taken by means of a travelling tele-microscope. After the hydration had
been continued to the saturation pressure of water, the leaf was subjected to dehydra-
tion. The dehydration was continued until zero pressure was reached. A series of
Iﬁl‘ydration and dehydration operations were conducted. The data are indicated in

igs. 1-6.

About 5 hours were required for the attainment of equilibrium. Actually
8 to 10 hours were allowed. Slowness of sorption is characteristic of elastic gels like
proteins (15), gum arabic (10), cereal grains (11), which swell on the imbibition of
solvating liquids. The hydration and dehydration of leaves are fairly slow processes.
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TaBLE 1.
|
Weight of Weight of Weight of
water lost water taken water taken Smallest cavity
per 100 gms, | per 100 gms. | per 100 gms. |~ " 0° .
Name of plant. of dry leaf of dry leaf of dry leaf at neck radii
on lst at saturation 0-5 Relative m
dehydration. pressure. Humidity.
Balsam 595 58 4 21-8
Grass 274 S 7 180
Paddy 123 52 75 16:2
Ragi 331 58 5 16-2
Wheat 247 84 10 13-6
Oats 465 95 10 75
0 i
i
Discussiox.

Hydration and Dehydration Hysteresis.

A series of hydration and dehydration operations on leaves of different plants
at 30°C. have shown the hysteresis effect. In each case, the hysteresis effect has
shown a tendency to decrease and finally disappear after a certain number of cycles
of hydration and dehydration. Balsam loses its hysteresis loop at the 13th cycle
after 96 days; Grass at the 15th cycle after 120 days; Paddy at the 7th cycle after
93 days; Ragi at the 4th cycle after 58 days; Wheat at the 4th cycle after 80 days:
and Oats at the 8th cycle after 100 days. There has been an increase in the extent
of hydration at saturation pressure in the successive evcles of hydration and
dehydration.

The cavity theory has been shown to explain satisfactorily, the hysteresis
effect in sorption (12). Cavities are capillaries with constricted necks. Such ink-
bottle shaped cavities are always present along with V shaped pores in all porous
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systems. Filling and emptying of the latter types of pores are coincident, whereas
filling and emptying of cavities are noncoincident and exhibit hysteresis. During
the filling process, the cavity gets filled progressively and is completely filled at the
saturation pressure. In the reverse process of emptying, the cavity entraps water,
remains filled until the vapour pressure is reduced to the value which corresponds to
the neck diameter as related in the Kelvin equation (10). When the pressure is
lowered below this limiting value, the cavity gets completely emptied. - Thus during
emptying, the cavity retains excess liquid and this gives rise to hysteresis. The
hysteresis is permanent and reproducible if the cavity is made up of rigid walls as
shown in the case of rigid gels of silica (13), titania (13}, and alumina (12).

The leaves behave as elastic gels similar to rice (11), proteins (15), and gum
arabic (10). In the case of elastic gels with solvating liquids, it has been shown
that the cavities initially present entrap water and cause hysteresis. In successive
hydration and dehydration, the gel swells and becomes elastic. The cavity walls
vield and the cavities collapse. The entrapping effect is lost and the hysteresis
effect thus disappears.

Rigidity of Cell Wall and Hysteresis tn Sorption.

When the leaf cells are examined under the microscope at different stages of
dehydration, it is noticed that cells at first shrink but later the cell walls resist
collapse. On continued desiccation the protoplasm contracts, and its life activity
becomes extinct at a certain stage of desiccation. The contracting protoplasm
separates from the cell wall and empty spaces are thus created. These empty spaces
in the cells, the intercellular spaces and the veins are all filled with water during
hydration. Owing to the rigidity of the cellulosic cell walls the cavities resist collapse
and retain water during dehydration, thus causing hysteresis. The hysteresis effect
persists for about 3 months in the leaves of the six plants studied, as indicated by the
sorption curves. It is likely that the rigidity of cell walls is a factor of importance
in enabling plants to conserve water during periods of drought. It is probable
that xerophytic plants which thrive in dry and desert climate have cell walls that
are comparatively very rigid.

Water sorbed at the saturation pressure and the hydrophilic character of Protoplasm.

The amount of water held by the leaf at the saturation pressure shows a pro-
gressive increase in the successive cycles of hydration and dehydration. This feature
is noticeable with leaves of all the plants studied. Similar behaviour has been
exhibited by egg albumen, casein, gelatin (15), gum arabic (10), and rice grain (11)
and has been attributed to the loosening of the texture of the organo-gels, as a
result of swelling. The protoplasm initially dehydrated probably undergoes such
a change.

As the leaf is subjected to successive hydration and dehydration, a marked fall
in the hydration capacity at the saturation pressure is noticeable. Balsam and grass
which were subjected to a large number of cycles of hydration and dehydration,
have in particular shown this effect. It is probable that during dehydration in
the sorption apparatus the protoplasm of the leaf gets denatured and suffers an
irreversible loss in hydrophilic character.

The hydration isotherms and degree of drought resistance.

The hydration isotherms of the leaves of different plants taken from the first
cycle of hydration and dehydration have been arranged in Fig. 7. In the case of
wheat and oats the isotherms of the second cycle were taken ag the first cycle was
vitiated owing to experimental difficulty. The positions of the isotherms indicate
that there is a regular gradation in the water holding capacity of the different leaves
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Hydration isotherms of the leaves of Balsam (B), Grass (G), Paddy (P), Ragi (R), Wheat (W)
and Oats (O)

at pressures below saturation. In the relative humidity range of 0-5 to 0-95 the
water holding capacity of the oat leaf is the greatest and that of balsam the least,
for any particular value of humidity. For example at 0-5 humidity, the oat leaf
takes 10%, of water and that of balsam only 4%,. The behaviour of the other leaves
are intermediate between these two, Table 1. The six plants can be arranged in the
following order of increasing drought resistance: Balsam, Grass, Paddy, Ragi, Wheat
and Qats.

In the light of the discussion of the cavity theory. presented in an earlier com-
munication (12), points along the sorption curves indicate the maximum radius of
cavities that get filled at that relative vapour pressure (R.V.P.), the relation between
the radius and the R.V.P. being given by Kelvin equation (10). Points along the
desorption isotherms indicate the minimum neck radii of cavities which are just
emptied at the particular R.V.P. We thus have in balsam, a preponderance of wider
cavities and in oats narrower cavities. Cavities of other plants seem to be inter-
mediate in size. .

The inflection points of all the six isotherms lie in the neighbourhood of R.V.P.
0-8. Such an inflection has been shown to indicate a change in the nature of the
process, that is a change from surface absorption to capillary condensation (13).
Beyond this inflection point, there is a preponderance of capillary condensation.
In fact, the hysteresis loops are all situated beyond this point. The steep part of
the isotherm indicates the mean cavity radius preponderant in that particular system.
This mean radius of the cavities in the leaves varies from plant to plant in the order
indicated above,
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The cavities whose radii are indicated by the steep parts of the isotherms seem
to be produced in the leaf by the contraction of the original cavities as a result of
dehydration. This is common to all the plants. The original cavities therefore
must have been bigger.

Smallest cavity neck radius and drought resistance.

The tail end of the hysteresis loop indicates the smallest cavity neck radius (11).
Beyond this point the entrapping effect of the cavity does not exist. According
to the cavity theory, unless the necks are emptied the completely filled cavities will
not be emptied. In rice, in which the tail end of the hysteresis loop extends down to
zero pressure, there are cavity necks of molecular dimension. Of the six plants

studied, the smallest neck radius of the balsam leaf is 21-8& and that of leaf of

oats, 7.58. The other plants are intermediate between these, Table 1. This
gradation conforms to that indicated by the hydration isotherms.

Water lost by the leaf in the initial debydration and water taken at saturation
pressure in subsequent hydrations,

The percentage of water lost in the initial dehydration and percentage of water
taken in a subsequent hydration are calculated on the basis of the weight of the
dehydrated leaf and are shown in Table J. Obviously there is no correlation between
the two. The water lost in the initial dehydration is dependent on several conditions,
such as, soil moisture, atmospheric humidity, wind, light and temperature prevailing
at the time of removing the plant for study. This water content does not form
any reliable index of the drought resisting property of the plants. For example, in
four different experiments with the leaves of balsam, the percentages of water lost
in the initial dehydration were 595, 720, 748 and 791.

CONCLUSION.

The results presented in this paper indicate a new line of approach to the highly
complex problem of drought resistance of plants.

Though the problem has been extensively studied by various investigators, no
satisfactory correlation between drought resistance and any particular property of
the plant has been established. In one of his papers, Catalino (1) attempts to give
a rational definition of the concept of xerophily and points out that a comparison
based on any one property is inadequate. According to Catalino neither the
investigation of the component elements of water balance nor a study of the water
balance itself can give a clear and simple criterion of the degree of xerophytism of a
given plant. '

Kolkunov has traced a connection between the rate of transpiration and the
size of the stomata and of cells in general, and concludes that smallness of stomata
and of other cells may serve to indicate a high degree of xeromorphism in plants (7).

Maximov (8) summarises the characteristics of xerophytes. Anatomically,
there is a decrease in the size of the cells and stomata, thickening of cell walls, strong
development of palisade mesophyll, a denser network of veins and an increase in
the number of stomata per unit area. Physiologically, there is an increase in the
intensity of transpiration and assimilation, in the osmotic pressure of the cell sap
and in the capacity to endure wilting.

The work of Levitski and Kusmina (2) indicates & definite correlation between
the cell size and the power of resisting unfavourable environmental conditions.
Kolkunov has emphasised this correlation and established its existence in different
plants,
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The centre of interest in the problem of drought resistance seems to be drifting
now to a study of the specific properties of the protoplasm of different plants.
Maximov (9) has laid emphasis on the study of the physico-chemical properties of
protoplasm in relation to drought resistance. In their plasmotic studies, Schmidt,
Diwald and Socker (17) have tried to classify some of the drought sensitive and
drought resistant varieties of agricultural plants. Mirolyubov (3) has studied
mineral fertilisers as a means of increasing the drought resistance of plants.

A study of the hydration and dehydration effects presented in this paper
definitely indicates a correlation between the drought resisting property and the
capillary structure of the leaves. The capillary structure of the leaves seems to be a
major factor determining drought resistance in plants. Investigations on different
varieties of plants are being continued.

SUMMARY.

The problem of drought resistance of plants hus been studied in relation to lysteresis
exhibited by leaves during hydration and dehydration.

Employing the quartz fibre spring technique a series of hydration and dehydration isotherms
bave been obtained at 30°C. with the leaves of the following plants: balsam, grass, paddy, ragi,
wheat and oats.

Hysteresis effect has been observed in all these cases. The hysteresis loops disappear in
all the leaves studied, when they are subjected to a secries of hydration and dehydration processcs.

The hydration isotherms show o gradation in the water retaining capacities of the different
lcaves at various partial pressures. Over a relative humidity range of (-3 to 095, balsam takes
the lowest and oats, the highest amount of water at any particular humidity. The cavities in
balsam are wider and in oats finer. Similarly the smallest cavity necks in oats arc smaller
than those in balsam. Other plants studied are intermediate between balsamn and oats in regard
to the cavities.

Based on the relative positions of the hydration and dehydrstion isotherms and the
hysteresis loops, the plants studied can be arranged in the inereasing order of drought resistance
as follows : balsam, grass, paddy, ragi, wheat and oats.

Hydration and dehydration studies with the leaves of plants afford a new line of approach
to the highly complex problem of drought resistance.
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