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accessions
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The water relation components, stomatal behaviour and biochemical parameters were determined in 14
cacao accessions. Based on the parametric relationships with drought tolerance, the rank sums of these
accessions lead to a selection of five of them, NC 23, NC 29, NC 31, NC 39 and NC 42. These drought tolerant
accessions had effective stomatal regulation resulting in decreased transpiration under water stress, which
seems to be an important strategy for adaptation in cacao. Although a decrease in osmotic potential and
nitrate reductase activity and an increase in soluble sugar were noticed in response to stress, there was no
relationship with respect to drought tolerance. The stomatal diffusive resistance was negatively correlated
with transpiration. The cacao accessions with the higher drought tolerance characteristics and higher yield
potential under drought stress should be useful basal material for selective breeding.
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Various physiological and morphological para-
meters are affected by drought conditions (Bala-
simha, 1983, 1984) and adaptation to such stress is
often expressed in changes in these parameters
(Jones et al., 1981; Hanson and Hitz, 1982). Cacao
(Theobroma cacao L.), widely cultivated as a mixed
crop mainly in coconut and arecanut gardens in
southern India, often experiences prolonged
drought resulting in considerable yield losses. In an
earlier study on screening for drought tolerance it
was shown that it is possible to discard 80% of test
material based on leaf morphological characteristics
(Balasimha et al., 1985).

The present study aims at gaining information on
the relative importance of several aftributes of
drought tolerance in cacao accessions, in terms of
crop adaptation and yield stability. This is desired
because cocoa trees are very sensitive to water
stress and are cultivated largely as a rain-fed crop.

Materials and methods

Plant material

The location, soil characteristics and meteorological
data for the Regional Station have been detailed in
an earlier paper (Balasimha et al., 1985). The cacao
accessions used.in the present study were obtained
from Nigeria and planted in 1975 at a spacing of 2.3
x 5.0 m under the shade of coconut palms. Each
tree was fertilized annually with 100 g N, 40 g P2Os
and 140 g K;0. 14 accessions were screened, NC9,
NC 23, NC 24, NC 26, NC 29, NC 30, NC 31, NC
38, NC 39, NC 40, NC 42, NC 49, NC 52 and NC
55 The measurements on physiological parameters
in 1984, 1985 and 1986 were carried out at three
stages: (a) immediately after a normal level of
imigation (pre-stress), (b) 20 days after withholding
imigation (stress) and (c) seven days after irrigating
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the plants following the 20-day stress treatment
(post-stress or recovery). Since similar results were
obtained over the three years, only data from 1986
measurements are presented in the Tables.

Soil moisture content

The soil samples (0-50 and 50-100 cm depth) were
collected using a soil auger at the three stages and
the percentage water content was determined gra-
vimetrically.

Plant water relations

5-10 leaves from all parts of the outer canopy were
measured. The sampling was done between 1000
1200 h with three replicates distributed over the
period. Using a Li-Cor 1600 steady state porometer
(Lambda Instruments, Nebraska, USA), leaf temper-
ature, diffusive resistance and transpiration rate
were measured. Five measurements were made on
each leaf. Simultaneously, the air temperature,
quantum flux and relative humidity were also
recorded for each set of determinations. Leaf water
potential was determined using Scholander’s press-
ure chamber (Soil Moisture Equipments Corp.,
USA). The leaves taken for water potential measure-
ments were pooled for osmotic potential and
relative water content (RWC) determinations.
Leaves were cut into 1 cm? pieces, frozen in liquid
nitrogen, squeezed through a sap extractor into a
vial and stored in a deep freeze for later analysis.
The osmotic potential of the sap was measured on a
Vapour Pressure Osmometer (Wescor model 5100c)
with NaCl as a standard. The RWC was estimated by
floating 0.5 cm leaf discs on distilled water for 4 hr
(Weathereley, 1960). Turgor potential was calcu-
lated by the difference in water and osmotic
potentials (Slavik, 1974).

Biochemical analysis

The pooled leaf sample from each tree was used for
chemical analysis and enzyme assay. Leaf tissue
(0.5 g) was extracted in 3% sulphosalicylic acid,
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centrifuged and the supernatant used for proline
estimation (Bates et al., 1973). For sugars the
air-dried leaf material was ground, passed through a
fine sieve and extracted in 80% ethanol. The total
soluble sugar content was determined by the
phenol-sulphuric acid method, using glucose as a
standard (Dubois et al., 1956). The in vivo assay
procedures were employed for nitrate reductase
(NR) activity with 0.2 g tissue in 0.1 m KNO3 and
20 mM potassium-phosphate buffer and a total
volume of 5 ml (Jaworski, 1971).

Statistical analysis

Means and standard errors were calculated for all
study variables. Analysis of variance was performed
on each variable, classified into the effects of
treatment (pre-stress, stress and recovery) and group
(tolerant and susceptible) using a two-factor com-
pletely randomized design model. Correlations were
calculated among all variables to assess the extent of
possible relationship.

Results and discussion

During the experimental period (April-May), dry
conditions prevailed with high evaporative demand,
as indicated by high light intensity and temperature
and low relative humidity (Table 1). This resulted in
reduction of the soil moisture content by 32%, as
compared with pre-stress values, when irrigation
was stopped for 20 days. Thus, the plants were
exposed to both soil and atmospheric droughts, and
the extent of stress experienced by the crop was
indicated by various parameters — leaf temperature,
RWC, diffusive resistance, transpiration, water
potential components and certain biochemical reac-
tions. At this level of stress a RWC decrease of
5-10% significantly changed other water relation
components and a comparison among accessions
with respect to their drought tolerance was possible.

Table 1 Means of variables measured in cacao accessions

The ten plant variables studied are shown in Table
1. The correlation studies among the variables
revealed the following facts: leaf temperature was
positively correlated with transpiration during pre-
stress (r = 0.69, P> 0.05) and recovery (r = 0.56, P
> 0.05); diffusive resistance was negatively corre-
lated with transpiration during pre-stress {r = —0.82,
P > 0.01) and under stress (r = —0.81, P > 0.01);
soluble sugar content was positively correlated with
osmotic potential under stress (r = 0.61, P > 0.05).
The accessions were ranked separately for each of
the important parameters. Considering the paramet-
ric relationships with drought tolerance, the rank
sums of these accessions were calculated. The first

five accessions, NC 23, NC 29, NC 31, NC 39 and |

NC 42, were selected, these accessions showing
54-59% decrease in transpiration under stress as
compared with pre-stress levels. The mean values

and their comparison with nine susceptible acces- |

sions are presented in Table 2. A significant differ-

ence in the stomatal regulation was discernible

between the two groups; the tolerant accessions

exhibited 56.6% higher diffusive resistance under
stress as against 31% in those classified as suscepti-
ble; this resulted in less transpirational loss in
tolerant accessions than in susceptible ones.

In cacao, therefore, an important strategy for |

adaptation to drought appears to be through effec-

tive stomatal regulation. In tea, a significant reduc-.

tion in transpirational water loss by higher stomatal

resistance was reported (Saikia and Dey, 1984). The .

relationship between transpiration and diffusive
resistance in pre-stress and stress conditions is given
in Figure 1. From this relationghip it is possible to
draw a threshold level of diffusive resistance in
relation to drought tolerance. A stomatal resistance
of 10s cm™! or above which resulted in less than
2 ug cm™2 s7 ! transpiration rate under stress could
be considered as a drought tolerant characteristic.
All five accessions mentioned above fall into this
category.

Variations in osmotic adjustment by accumulation
of solutes have been reported in several crop plants

Variable Units Pre-stress Stress Recovery
Climatic factors ; ]
Temperature °C 33.6 £ 0.27 351 £ 024 310 £ 04
Photosynthetically ;
active radiation pEm™2s71 1444 296 1319 +62.2 1200 *104.1
Relative humidity % 49.32+ 0.74 4489+ 1.11 6563 + 13
Soil moisture
0-50 ¢m % 1748+ 1.12 1254+ 155 1647+ 127
50-100 cm % 20.78+ 1.90 13.10+ 253 1858+ 054
Plant characters
Relative water
content % 86.63+ 1.06 8139+ 0.76** 8338+ 121
Leaf temperature °C 338 + 0.30 35.07+t 0.22%* 31.09x 043
Stomatal diffusive
resistance scm™! 474+ 0.22 8.78+ 0.49** 3.70+ 0.23
Transpiration ugem 2571 431+ 029 2.77+ 0.16** 3.06x 0.16
Leaf water
potential bars -533+ 0.21 —9.19+ (.53** -558+ 0.22
Osmotic potential bars -8.04+. Q.15 -9.37+ 0.20 -935+ 0.21
Turgor potential bars 2.71 0.18 3.77
Proline content ng g L FW 34.17 20.02 21.52
- Soluble sugars mg g ! DW 2293+ 098 28.23+ 1.05%* 2398+ 190
. NR activity nmol g FWh™! 399.3 +32.09 281.5 +33.8* 4362 + 257

Differences between control and stress means are significant at P > 0.05 (*) or P > 0.01 (**)
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Table 2 Differences in plant variables between drought tolerant and susceptible cacao accessions

Treatment LSD*

Accession T
Variable type Pre-stress Stress Recovery. Mean 1 2 -3
Relative water Tolerant 91.55 82.35 86.52 86.81 3.59 440 6.2
content (%) Susceptible 89.37 79.43 83.69 84.17

Mean 90.46 80.89 85.10
Stomatal diffusion Tolerant 5.04 11.62 3.42 . 6.69 0.85 1.05 14
resistance (s cm™ ") Susceptible 4.83 7.00 4.08 5.30

Mean 493 9.31 3.75
Transpiration Tolerant 3.45 1.89 2.55 2.63 0.58 0.71 1.0
(wg cm™2s7Y Susceptible 4.58 3.30 3.56 3.81

Mean 4.02 2.59 3.06
Turgor potential Tolerant 2.77 1.64 3.66 2.69 0.91 1.12 15
(bars) Susceptible 2.84 1.69 439 297

‘ Mean 2.80 1.66 4.02 o

*1.SD (P = 0.05) 1, to compare tolerant vs. susceptible
2, to compare between treatments

3, interactions between variety and treatments

-2
@

Transpiration {(ug cm
=

2 4 6 8 10 12 14 16

Diffusive resistance (S cm

Figure 1 Relationship between stomatal diffusive resist-
ance and transpiration in pre-stress {O, @) and stressed
(A, A) plants; correlation coefficients were —0.82 and
—0.81, respectively. Open and closed symbols represent
susceptible and tolerant accessions respectively

(Davies and Lakso, 1979; Shackel and Hall, 1983;
Morgan, 1984; Blum and Sullivan, 1986). Although
soluble sugars accumulated with decrease in osmo-
tic potential in cacao, no relationship with drought
tolerance and susceptibility could be established. At
this level of stress proline also did not accumulate; it
has been reported that there is a threshold level of
70% RWC when proline accumulation in cacao
begins (Balasimha, 1984). Osmotic adjustment did
not occur in cacao, at least under the present stress
condition. The turgor pressure was 30% higher in
recovery compared with pre-stress conditions, be-
cause the osmotic potential did not recover as fast as
water potential. Since turgor potential is calculated
from the differences in these two parameters, higher
values would obviously result. The NR activity was
significantly inhibited under stress. The NR stability.
under stress was 0.59 and 0.53 in tolerant and
susceptible groups, respectively, which was not
significant.

While the lack of osmotic adjustment may have an
advantage to cacao because it does not involve a

Table 3 Annual pod yield of drought tolerant and |
susceptible cacao accessions

Accession

Yield : Tolerant Susceptible
(pods tree™1). (n =5) (n =23)

1982 65.2 + 148 464 £ 4.2
1983 ¢« 568+t11.1 453 £ 48
1984 81.0+143 55.1 £ 45
1985 360+ 45 26.0 £ 3.7
1986 72.6 £ 12.7 488 + 65

Results are expressed as Mean * standard error

‘cost’ to the plant (Turner and Jones, 1980), the
efficient stomatal closure might hamper carbon
assimilation (Jones, 1979). It was therefore neces-
sary to study the yield performance of tolerant
accessions vis-a-vis susceptible ones. Annual yield
was higher in tolerant than in susceptible accessions
(Table 3). The mean annual dry crop was 2.31 and
1.64 kg tree™, and single bean weight was 1.12 g
and 0.80 g in tolerant and susceptible accessions,
respectively. Since the stomata resume their original
open condition immediately after stress is relieved
(Tables 1 and 2), it is reasonable to assume that
stomatal closure has little affect on productivity. This
is corroborated by the lack of correlation between
vield and diffusive resistance due to stress (r = 0.04).
It is also of interest to note that there was a positive
correlation to yield with diffusive resistance at
recovery (r = 0.52, P> 0.05).

The five accessions with high drought tolerance
characteristics, high productivity and good bean
weight under stress have been shown also to differ
from accessions with less drought tolerance in a
number of physiological parameters, indicating the
genetic nature of this drought tolerance. Therefore,
accessions which display these specific favourable
attributes can be used as a source for breeding to
bring desirable characters into a single ideotype with
a good expectation of increasing drought tolerance.
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