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Abstract

Tolerance to high soil and air temperature during the reproductive phase is an important component of adaptation to arid and
semi-arid cropping environments in groundnut. Between 10 and 22 genotypes were screened for tolerance to high air and soil
temperature in controlled environments. To assess tolerance to high soil temperature, 10 genotypes were grown from start of
podding to harvest at ambient (28 °C) and high (38 °C) soil temperatures, and crop growth rate (CGR), pod growth rate (PGR)
and partitioning (ratio PGR:CGR) measured. To assess tolerance to high air temperature during two key stages—microspor-
ogenesis (3—6 days before flowering, DBF) and flowering, fruit-set was measured in two experiments. In the first experiment, 12
genotypes were exposed to short (3—6 days) episodes of high (38 °C) day air temperature at 6 DBF and at flowering. In the
second experiment, 22 genotypes were exposed to 40 °C day air temperature for 1 day at 6 DBF, 3 DBF or at flowering. Cellular
membrane thermostability (relative injury, RI) was also measured in these 22 genotypes. There was considerable variation
among genotypes in response to high temperature, whether assessed by growth rates, fruit-set or RI. Pod weight at high soil
temperature was associated with variation in CGR rather than partitioning. Flowering was more sensitive to high air temperature
than microsporogenesis. Genotypes tolerant to high air temperature at microsporogenesis were not necessarily tolerant at
flowering, and nor was tolerance correlated with RI. Six genotypes (796, 55-437, ICG 1236, ICGV 86021, ICGV 87281 and
ICGV 92121) were identified as heat tolerant based on their performance in all tests. These experiments have shown that
groundnut genotypes can be easily screened for reproductive tolerance to high air and soil temperature and that several sources
of heat tolerance are available in groundnut germplasm.
© 2003 Elsevier Science B.V. All rights reserved.
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mean temperature of 1.5-6 °C in future climates
(Houghton et al., 2001), as well as an increase in
the variability of temperature, will exacerbate these
problems (Wheeler et al., 2000). In groundnut, as well
as other major staple crops such as rice (Oryza sativa
L.; Matthews et al., 1995), heat tolerant genotypes
will be needed to sustain production in these envir-
onments.

Photosynthesis (Bhagsari et al., 1976; Talwar et al.,
1999) and vegetative growth (Prasad et al., 2000a) are
well adapted to high temperature in groundnut, and the
optimum mean diurnal temperature for these pro-
cesses is between 30 and 35 °C (Williams and Boote,
1995). In contrast, reproductive processes in ground-
nuts are extremely sensitive to high air temperature
(Prasad et al., 1999a, 2001), in common with other
legumes such as common bean (Phaseolus vulgaris
L.) (Gross and Kigel, 1994) and cowpea (Vigna
unguiculata L. (Walp.)) (Hall, 1992), and cereals such
as rice (Yoshida et al., 1981). In species such as
cowpea, common bean and groundnut, two stages
of floral development—microsporogenesis and
anthesis, are acutely sensitive to high temperature
(Hall, 1992; Gross and Kigel, 1994; Prasad et al.,
2001). For example, flower buds and open flowers of
groundnut genotype ICGV 86015 exposed to air tem-
peratures of 33 and 40 °C for 12 h set fruit only in 60
and 10% of flowers, respectively, compared to plants
exposed to 28 °C (Prasad et al., 2001). Sources of heat
tolerance will therefore need to be identified for both
these critical stages.

In groundnut, pods and kernels develop and grow
underground and therefore tolerance to high soil tem-
perature during pod growth, as well as high air tem-
perature during floral development, is required. The
optimum temperature for pod and kernel yield is about
23 °C (Cox, 1979), well below that for vegetative
growth and development. High soil temperature
(38 °C) reduces dry matter accumulation, flower pro-
duction, the proportion of pegs forming pods, and
individual seed mass (Golombek and Johansen, 1997;
Prasad et al., 2000a).

Cellular membrane thermostability has been sug-
gested as a simple screening technique for heat
tolerance in plants (Martineau et al., 1979) and genetic
variability for this trait has been identified in a
number of crops. In cowpea, for example, pairs
of near isogenic lines for reproductive heat toler-

ance and susceptibility could be distinguished
in growth chamber and field environments based
on their membrane thermostability score (Ismail
and Hall, 1999). Genotypic differences in membrane
thermostability have also been detected in ground-
nut (Srinivasan et al., 1996; Chauhan and Senboku,
1997).

Genotypes within several crop species are known to
differ in heat resistance, where heat resistant cultivars
are defined as maintaining or having higher yields at
high temperature tolerance (Hall, 1992; Mahan et al.,
1995). Heat tolerance, defined as the ability to main-
tain essential plant functions when tissues become hot
(Hall, 1992), is a major component of heat resistance.
Genotypic differences in tolerance/susceptibility have
been reported in groundnut for partitioning of dry
matter to pods and kernels (Greenberg et al., 1992;
Wheeler et al., 1997; Ntare et al., 2001; Craufurd et al.,
2002), fruit-set (Talwar et al., 1999), and membrane
thermostability and chlorophyll fluorescence (Srini-
vasan et al., 1996; Chauhan and Senboku, 1997).
However, with the exception of Greenberg et al.
(1992) and Ntare et al. (2001), only a very limited
number of genotypes of groundnut have been studied.
Furthermore, associations between heat tolerance at
different stages of development and heat tolerance
assessed by growth and yield, fruit-set and membrane
thermostability have not been investigated in ground-
nut.

The objective of this research was to identify
groundnut genotypes tolerant to (a) high soil tempe-
rature during pod and kernel growth, (b) high air
temperature at microsporogenesis, (c) high air tem-
perature at anthesis, and (d) to determine whether
genotypic differences in tolerance to high temperature
were associated with membrane thermostability.

2. Materials and methods

This research was conducted between July and
September in 1998 and 1999 using the controlled
environment facilities of the Plant Environment
Laboratory, Department of Agriculture, The Univer-
sity of Reading (51°27'N latitude and 00°56'W long-
itude), United Kingdom. Experiments were carried out
in a polyethylene-covered tunnel structure (polytun-
nel) and in modified Saxcil growth cabinets.
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2.1. Polytunnel

The polytunnel (25 m long by 8 m wide by 3 m high
at the apex) was naturally lit and aligned east-west.
The photo- and thermo-period in the polytunnel was
coincident and equal at 12 h per day. The photo-period
was controlled by a manually operated blackout facil-
ity. Heating and venting of air controlled day and night
temperatures. The polytunnel had an 88 kW h capa-
city heater which blows air down both sides of each
tunnel through 0.3 m diameter plastic ducts with holes
approximately every 0.2 m. Air was continually cir-
culated within the polytunnel. In the roof of the
polytunnel were three polythene ducts connected to
three fans for venting. The venting fans were switched
on in two stages (to avoid dropping the temperature
too rapidly) and created a partial vacuum in the
polythene ducts, causing air to be sucked into the
ducts at the opposite end of the polytunnel. An aspi-
rated and shielded thermocouple mounted at 1.5 m
height in the centre of each polytunnel and connected
to a solid-state controller (Nobel Engineering, Bognor
Regis) was used to control temperature by adding or
losing (by venting) heat. Air temperatures were mea-
sured in three positions along the polytunnel using
screened and aspirated copper—constantan thermocou-
ples positioned 0.3 m above the plant canopy. Floral
bud temperatures were also measured by inserting
0.2 mm diameter copper—constantan thermocouples
into four randomly selected 5 mm long floral buds
in each temperature regime. Readings were taken at
10 s intervals and means were stored for successive
10 min periods using data loggers (Delta-T Devices,
Cambridge, UK; Campbell Scientific, Shepshed, UK).
Carbon dioxide concentration was not controlled but
was assumed to be at ambient concentration due to
venting and natural leakage into the polytunnel. Rela-
tive humidity during the day was maintained close to
70(£5)% using water sprinklers and ventilation. The
polytunnel transmitted 73% of incoming photosynthe-
tically active radiation and photosynthetic photon
flux density (PPFD) averaged between 580 and
600 pmol m~2 s~ " across different experiments.

Within the polytunnel, facilities were constructed to
impose high air and soil temperature treatments. High
soil temperature was imposed by placing pots on a
specially constructed bench fitted with five tubular
heaters (2.5 m long) with a total wattage of 2.4 kW.

Target daytime soil temperature was controlled by
automatically switching the heaters on and off using
a data logger (Campbell Scientific, Shepshed, UK)
connected to a thermocouple buried at 50 mm depth.
Soil temperature during the night was not controlled
and pots were allowed to return to ambient tempera-
ture. Soil temperatures during the day and night in
both ambient and high soil temperature treatments
were recorded by copper—constantan thermocouples
also placed at a depth of 50 mm in the soil. Readings
were measured at 10 s intervals and means were stored
for successive 10 min periods using a data logger. The
high air temperature facility comprised a ‘bubble’
made of 40 p polythene (95% transmission of PAR)
fitted with a 2.8 kW heater. The heater was controlled
through a data logger (Campbell Scientific, Shepshed,
UK) connected to a screened and aspirated sensor
(Nobel Engineering, Bognor Regis, UK) positioned
0.3 m above the plant canopy. The target daytime
temperature in the bubble was 40 °C; however, the
actual mean daytime temperature achieved was
36.7 °C.

2.2. Growth cabinets

Modified Saxcil growth cabinets were also used to
impose temperature treatments. The photo- and
thermo-period in each growth cabinet was coincident
and equal at 12h per day. The photo-period was
controlled with automatic time switches. Air tempera-
tures were measured using screened and aspirated
copper—constantan thermocouples positioned 0.3 m
above the plant canopy. Floral bud temperatures were
also measured by inserting 0.2 mm diameter copper—
constantan thermocouples into four randomly selected
5 mm long floral buds in each growth cabinet. Read-
ings were taken at 10 s intervals and means were
stored for successive 10 min periods using a data
logger (Delta-T Devices, Cambridge, UK; Campbell
Scientific, Shepshed, UK). Carbon dioxide concentra-
tion (CO,) was maintained at ambient concentration,
360 pumol CO, mol ' of air. Vapour pressure deficit in
cabinets was maintained at 1.2 kPa in all temperature
regimes. This was done either by removing the excess
humidity by condensation or adding moisture to air by
passing through glycol maintained at a set tempera-
ture. The PPFD in each growth cabinet was 650
pmol m 2 s~ ! and was obtained from a combination
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of cool white fluorescent tubes and incandescent
lamps.

2.3. Plant husbandry

Seeds were obtained from ICRISAT Centre located
at Patancheru in India. Uniform seeds were either pre-
germinated before planting or sown into module trays
filled with potting compost and transplanted after 4 or 8
days, respectively. Seeds were pre-germinated on
moist filter paper in Petri dishes kept in the dark for
2 days at room temperature (25 °C) until radicles
emerged. The germinated seeds were then sown, one
per 2.5 1 pot at a depth of 25 mm. The rooting medium
comprised sand, gravel, vermiculite and loamless peat
compost mixed in proportions of 4:2:2:1 by volume,
respectively. A commercial controlled-released fertili-
ser (0.15kgNkg ", 0.10kgPkg™ ', 0.12kgKkg ",
0.02kg MgO kg™' plus trace elements; Osmocote
Plus, Scotts UK, UK) was incorporated into the mixture
at the manufacturer’s recommended rate of 5g1".
Seeds were not inoculated with rhizobia and plants
were dependent on inorganic nitrogen. All pots were
soaked with tap water and allowed to drain for 24 h
before sowing; thereafter they were irrigated as neces-
sary through an automatic drip irrigation system in the
polytunnel or were hand-watered while in the cabinets.
There were no disease problems and sporadic pest
infestations were controlled by releases of predators
Phytoseiulus persimilis Herriot against red spider mite
(Tetranychus urticae Koch) and Amblyseius cucumeris
Oudemes against thrips (Thrips tabaci, Lindeman).

2.4. Experiment 1: soil temperature 1998

This experiment, with 10 genotypes varying in heat
tolerance/susceptibility, was carried out in a polytun-
nel fitted with controlled soil temperature facilities.
All the plants were grown at 28/22 °C day/night
temperature from sowing till the appearance of the
first pod (i.e. when peg tip diameter was twice that of
remaining peg) at 45 days after sowing (DAS). From
46 DAS to final harvest at 90 DAS plants were exposed
to either ambient soil temperature or a high soil
temperature treatment of ambient soil temperature
+10 °C.

At podding and harvest, plants were carefully
removed from each pot without damaging the root

systems and were separated into roots, leaves, stems
(including petioles), pegs and pods. The number of
pegs, pods, and seeds per plant were counted. The
roots were washed to remove the adhering potting
medium. The respective dry weights of roots, leaves,
stems, pegs, pods, and kernels were recorded after
oven-drying each component at 60 °C for 4 days.

Total dry matter yield per plant, pod harvest index
(i.e. the ratio of pod dry weight to total dry matter
yield) and root-to-shoot ratio (i.e. the ratio of root dry
weight to total above-ground dry weight) at harvest
were calculated from the weights of individual com-
ponents. Values of pod yields were adjusted by multi-
plying by a factor of 1.65 to allow for the energy
content of oil in the kernels (Duncan et al., 1978). All
data are expressed on a per plant basis unless other-
wise stated. Crop growth rate (CGR, g per plant per
day) and pod growth rate (PGR, g per plant per day)
were calculated from total dry weight at the start of
podding (#;) and pod dry weight and total dry weight at
harvest (,) as

_ total dry weightat#, — total dry weightat #;
B h—1h
pod dry weight at r,

h—1h

CGR

PGR =

and the partitioning factor (PF) as

PGR

PF = ——
CGR

The experiment was laid out as a split-plot design with
soil temperature as main plots and genotypes and
replicates as subplots. Ten genotypes varying in heat
tolerance were used (Table 1) and each was replicated
five times. The main effects of temperature were not
replicated. Variances were similar in the high and
control soil temperature treatments and therefore a
pooled S.E. and #-test were used to compare these two
treatments. The analysis of variance for all the vari-
ables was performed using Genstat 5 (Genstat 5
Committee, 1987).

2.5. Experiment 2: air temperature 1998
This experiment with 12 genotypes was carried out

in a polytunnel containing a high temperature treat-
ment facility. All plants were grown in the polytunnel
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Table 1

List of genotypes, and their pedigree, origin, ecotype, and drought tolerance (T) or susceptibility (S) used in the three experiments

No. Genotype Pedigree Origin Ecotype Drought Experiment number
tolerance”
2 3
1 ICGV 86015 ICGS 44 x TG 2E India SB® =< X X
2 ICGV 86021 RMP 91 x DHT 200 India SB - X X
3 ICGS 11 Selection from natural India SB S X X X
hybrid Robut 33-1
4 Kadiri 3 (Robut 33-1) Selection from Robut 33 India VB¢ S X X X
5 796 SB - X X
6 T™V 2 Selection from Gudhiatham Bunch  India SB T X X X
7 55-437 Selection from a population Senegal SB T X X X
of probably South American origin
8 ICG 1236 (Ah6179) India SB T X X X
9 28-206 Selection from a population Senegal VB S X X X
from Mali
10 47-16 Madagascar VB T X X X
11 TS32-1 Selection from Spantex x Te3 Burkina Faso  SB - X X
12 ICGV 87281 ICGS 46 x (TMV 10 x PI259747)  India SB - X
13 ICGV 92121 Ah 7827 x ICGS 11 India VB T X
14 ICGV 93272 ICGS 11 x Robut 33-1 India SB - X
15 ICGV 92113 ICG 1697 x ICG 4790 India SB S X
16 ICGV 93269 ICGS 11 x JL 24 India SB T X
17 ICGV 93260 ICGS 11 x ICG 4728 India SB T X
18 ICGV 92120 ICG 3736 x (TMV 10 x Chico) India VB T X
19 ICGV 92118 ICGV 87340 x ICGS 11 India SB S X
20 ICG 796 (Punjab 648) India VR® - X
21 ICGV 93261 ICGS 11 x ICG 4728 India SB T X
22 ICGV 92116 (TMV 10 x Chico) x ICGV 86742  India VB S X
23 ICGV 93255 ICGS 30 x ICGS 11 India SB - X
24 ICGV 93232 ICGV 87399 x Ah 7827 India VB S X
25 ICGV 92109 ICGV 87399 x Ah 7827 India VB S X
26 ICGV 93233 ICGV 87399 x Ah 7827 India VB S X

#J.H. Williams, pers. commun.; S.N. Nigam, unpublished data.
® Spanish bunch.

“No data.

9 Virginia bunch.

¢ Virginia runner.

at 28/22 °C from planting to 6 days before flowering
(DBF), to coincide with microsporogenesis (Prasad
etal., 1999b, 2001), or to first flowering. At 6 DBF one
cohort of four plants (pots) of each genotype was
moved into the bubble and kept there for 6 days before
being returned to 28/22 °C. Similarly, at first flowering
another cohort of three plants of each genotype was
transferred to the bubble and kept there for 3 days,
before returning to 28/22 °C. In both the treatments
the number of flowers opening each day was recorded
between first flowering and 24 days after flowering
(DAF). Plants were harvested 24 DAF when pegs from
flowers opening during the high temperature treatment

had had time to form. Fruit-set was recorded as the
ratio of pegs to flowers produced during the 3-day high
temperature treatment at first flowering or in the 6 days
following the treatment at 6 DBF.

Number of flowers and pegs, and fruit-set, in the
pre-flowering and flowering high temperature treat-
ments were analysed separately by ANOVA. In each
case the design was a split-plot design with unrepli-
cated temperature treatments as main plots and geno-
types and replicates as subplots. Variances in the high
and control temperature treatments were similar and
therefore a pooled S.E. and #-test were used to com-
pare the main effects of temperature.
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2.6. Experiment 3: air temperature 1999

This experiment was carried out using the poly-
tunnel and growth cabinets following the method of
Prasad et al. (2001). All plants were grown in a
polytunnel maintained at near optimum day/night
temperature of 28/22 °C from planting to 9 DAF.
Thereafter, five plants of each genotype were trans-
ferred to a growth cabinet and exposed to a day/night
air temperature regime of 40/22 °C for 1 day. After the
1 day high temperature treatment plants were returned
to the polytunnel. Plants transferred to a growth
cabinet at 28/22 °C for 1 day acted as controls.

The effect of high temperature on fruit-set at three
stages of development—DBF, 3 DBF and at first
flowering, was measured by tagging individual flowers
and buds using the protocol of Prasad et al. (2001).
The effect of high temperature at different stages of
floral bud development was determined based on the
start of the high temperature treatment and time of
flower opening. For example, to determine the effect
of high temperature at first flowering, individual flow-
ers that opened during the high temperature treatment
in the growth cabinet were tagged. Similarly, the
effects of high temperature on the stages of develop-
ment occurring 3 and 6 DBF were determined by
tagging flowers that opened 3 and 6 days, respectively,
after the high temperature treatment (i.e. when plants
were back in the polytunnel at 28/22 °C). All untagged
flowers before and after the start of the temperature
treatments were removed. Fruit-set was estimated as
the ratio of number of fruits to total number of flowers
tagged. In each treatment a maximum of 25 flower
buds or flowers were tagged per genotype. All the
plants were harvested 20 days after the completion of
the temperature treatments so that all the flowers
tagged during the treatments had an opportunity to
set fruit and produce a peg. Plants that developed
continuously at 28/22 °C served as controls.

In this experiment between 7 and 25 flowers per
genotype were tagged in each treatment and the ability
of those tagged flowers to form a peg (fruit-set) was
estimated to quantify the tolerance to high tempera-
ture. There are only two possible outcomes associated
with individual tagged flowers—either a flower forms
a peg or it does not. Therefore, data were treated as a
binomial population and analysed using a linear logis-
tic regression model in SAS (SAS Institute, 1996) with

time of treatment (stage of development), temperature,
genotype and their interactions as dependent variables
(Prasad et al., 2001).

2.7. Cellular membrane thermostability

Cellular membrane thermostability of the 22 geno-
types used in Experiment 3 was determined using the
procedure described by Srinivasan et al. (1996). Fully
opened leaflets from the top of the canopy were
collected at flowering from six plants of each genotype
growing at 28/22 °C in a polytunnel. From each plant
10 leaf discs (20 mm diameter) were cut using a cork
borer. Disks were immediately washed three to four
times in deionised water to remove electrolytes from
injured cells at the cut edge and any surface adhering
electrolytes. Each set of 10 discs was then immersed in
30 ml water maintained at 25 °C in a test tube. The test
tubes containing the discs were then given a tempera-
ture treatment of 54 °C for 15 min in a water bath. A
set of control discs was kept at 25 °C. After cooling to
room temperature, discs were incubated at 10 °C for
16 h and conductivity measured (Fisher Scientific, Pitts-
burgh, USA). The test tubes were then covered with
aluminium foil and autoclaved at 120 °C for 15 min to
release all electrolytes. After cooling to 25 °C, the
contents were mixed and final conductance was mea-
sured. The relative injury (RI) was determined as

- [1 - (1/T5)]
0= { e

where T and C refer to the conductance in the treat-
ment and control tubes, respectively, and the sub-
scripts 1 and 2 the readings before and after
autoclaving, respectively. Values of RI were analysed
as an RBD with six replicates.

3. Results and discussion
3.1. Experiment 1: soil temperature 1998

There were significant differences among geno-
types for all parameters measured (all at P < 0.001)
and significant genotype X temperature interactions
for total dry weight (P < 0.001), partitioning to pods
(P < 0.05), number of pods (P < 0.001), and indivi-
dual pod weight (P < 0.01).
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Table 2

Effect of ambient (mean day temperature 28 °C) and high (mean
38 °C) soil temperature from podding to maturity on dry matter and
yield components per plant in peanut (data are means of 10
genotypes and five replicates)

Component 28 °C 38 °C S.E.
Total dry weight (g)  114.4 87.8 069"
Total no. of pods 61.5 45.7 174"
Pod dry weight (g) 30.9 25.0 1.04™
Pod HI (%) 27 29 1.6

" Significant at P < 0.01 probability level.
" Significant at P < 0.001 probability level.

Increasing soil temperature during the day from
ambient (28 °C) to high (38 °C) from podding (45
DAS) to harvest (90 DAS) reduced dry matter accu-
mulation, and pod numbers and yields, by between 20
and 28% (Table 2). High soil temperature had no
significant effect on root: shoot ratio, which averaged
0.19. The total number of pegs + pods, and pods, were
reduced to a similar extent by high soil temperature.
High soil temperature therefore had no effect on the
ratio of pegs forming pods, which was 0.64 and 0.59 at
ambient and high soil temperature, respectively. The
proportion of pods with and without kernels was also
similar at ambient and high soil temperature (0.70), as
was the shelling percentage (58%). However, in pods
with kernels, kernel size was slightly larger under
ambient (0.37 g) than high temperature (0.32 g) con-
ditions. High soil temperature therefore reduced total
dry matter, number of pods and kernel size, but did not

affect number of pegs and pod HI, despite the decrease
in the number of pods and kernel size.

These effects of high temperature are similar to
those reported by Golombek and Johansen (1997) and
Prasad et al. (2000a). Golombek and Johansen (1997),
for example, found that a soil temperature of 38/32 °C
(day/night) reduced total dry weight and pod dry
weight by about 20% compared with soil temperatures
of 32/26 and 26/20 °C. Lower pod yields at high soil
temperature were attributed to slower pod initiation
rates, lower PGRs and smaller kernels.

There were significant differences between geno-
types in their response to high soil temperature, and
these are illustrated in terms of CGR, PGR and
partitioning (PF) of CGR to PGR (Fig. 1). Under
ambient conditions CGR varied from 1.28 to 2.72 g
per plant per day and was greater in Virginia (geno-
types 4, 9 and 10) than Spanish genotypes. High soil
temperature reduced CGR by about 50% in half the
genotypes. CGR in genotypes ICGV 86021 (denoted
by 2’ in Fig. 1), 796 (5) and ICG 1236 (8) were not
affected by high soil temperature and that of geno-
types TMV 2 (6), 55437 (7) and 47-16 (10) only
moderately reduced. PGRs under ambient and high
soil temperature conditions varied from 0.35 to 0.83,
and 0.18-0.73 g per plant per day, respectively. There
was no genotype x temperature interaction for PGR
and across genotypes PGR was reduced on average
from 0.65 (S.E. 0.057) to 0.52 (S.E. 0.059) g per plant
per day.

The proportion of CGR partitioned to PGR also
varied among genotypes in response to soil temperature
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Fig. 1. Relations between (a) CGR, (b) PGR and (c) the PF of 10 genotypes of groundnut grown at ambient (28 °C) and high (38 °C) soil
temperature from podding to harvest in Experiment 1. See Table 1 for key to genotype numbers.



70 P.Q. Craufurd et al./Field Crops Research 80 (2003) 63-77

Table 3

Effect of ambient (28 °C) and high (37 °C) air temperature at microsporogenesis (0—6 DBF) and flowering on the number of flowers produced
either during 6 day period immediately after the high temperature treatment at microsporogenesis or during the 3-day high temperature
treatment at flowering, and the total number of pegs and pods (RN) and percentage fruit-set of those flowers (data are the mean of 12

genotypes and three (28 °C) or 4 (37 °C) replicates)

Stage of development Flower number

Fruit-set (%)

28 °C 37°C S.E. 28 °C 37°C SE. 28 °C 37°C S.E.
Microsporogenesis 24.8 29.5 217" 17.4 1.78 69 59 46"
Flowering 10.8 12.5 1.76 75 1.15 73 57 6.0

*_Signiﬁcant at P < 0.05 probability level.
** Significant at P < 0.01 probability level.

(Fig. 1c). The PF under ambient conditions varied
from 0.13 in 28206 to 0.68 in ICGV 86021, and was
higher in Spanish than Virginia (genotypes 4, 9 and
10) genotypes. On average, high soil temperature
increased PF slightly, from 0.41 (S.E 0.058) to 0.48
(S.E. 0.0766). The genotype that recorded the greatest
increase in PF by high soil temperature, from 0.57 to
0.92, was ICGV 86015 (1). Genotype 796 (5) was the
only genotype where PF was reduced by high tem-
perature, from 0.54 to 0.39.

Under the conditions used for screening here,
namely continuous high daytime soil temperature
during pod and kernel development and growth, var-
iation in CGR, rather than PGR or PF, determined
tolerance to high soil temperature. The genotypes
showing the greatest tolerance to high soil temperature
were 796, 55-437,1CG 1236, ICGV 86021 and 47-16.
CGR at 28 °C did not influence susceptibility. Geno-
types 796, 55-437 and ICG 1236 have all been shown
to have high CGR or high values for PF under Sahelian
conditions where air temperatures were 40/26 °C and
soil temperatures likely to be greater than 35 °C (Ntare
et al., 2001). However, Golombek and Johansen
(1997), who grew genotypes adapted to the Sahel,
Indian semi-arid tropics and Canadian prairies, at high
soil temperature, found no genotypic variation in
response to soil temperature.

Plants in this (and subsequent experiments) were
not inoculated with Rhizobium and were dependent
on inorganic N. Nodule metabolism and N-fixation
are sensitive to heat in groundnut (Kishinevsky et al.,
1992). Vara Prasad et al. (2001), who grew ICGV 86015
at high (38/22 °C) air and/or soil temperature, observed
significant effects of high soil, but not air, temperature
on nodule number and dry weight compared with

ambient (28/22 °C) temperatures. In their study, plants
dependent on inorganic N (100 ppm) had similar pod
yields and specific leaf N at high soil temperature to
those inoculated with Rhizobium strain NC92 and given
20 ppm N. However, a combination of high air and soil
temperature had a more detrimental effect on plants
dependent only on inorganic N. Clearly, interactions
between genotype, Rhizobium strain and soil and air
temperature may be important and screening for toler-
ance to high soil temperature should be carried out on
nodulated plants with appropriate strains from semi-arid
environments.

3.2. Experiment 2: air temperature 1998

Twelve genotypes, including 10 grown at high soil
temperature, were exposed to high daytime (08:00-
20:00 h) air temperature (mean of 37 °C) at two
different stages of development, 0—6 DBF and flower-
ing (Table 3). Flower production varied greatly among
genotypes at ambient temperature. In the 6-day period
from first flowering between 13 (genotype 47—-16) and
39 (genotypes ICGV 86021 and ICGS 11) flowers were
produced and peg + pod number (RN) was strongly
correlated with flower production (r = 0.96). Overall
genotypes, high air temperature increased the number
of flowers that opened following high temperature at
0-6 DBF (0.78 flowers per day) and during flowering
(0.57 flowers per day) but had no effect on RN
(Table 3). Fruit-set was decreased by high temperature
at both stages of development, from a mean of 71%
at ambient temperature to 58% at high temperature. In
previous studies with some of the same genotypes
both increases and reductions in flower production at
high temperature have been observed (Prasad et al.,
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Fig. 2. Relation between the reduction in fruit-set at 37 °C compared with 28 °C at 0-6 DBF and at flowering in 12 genotypes of groundnut
investigated in Experiment 2. Bars are S.E. of mean. See Table 1 for key to genotype numbers.

1999b, 2000b; Craufurd et al., 2000). However, all the
previous studies have found fruit-set to be reduced by
high air temperature, and the average reduction here of
about 20% at a daytime temperature of 37 °C is com-
parable to that reported for ICGV 86015 under similar
conditions by Prasad et al. (2000b).

There were significant differences (P < 0.05)
between genotypes in the response of fruit-set to high
temperature. Most genotypes had mean values of fruit-
set of 70-80% at ambient temperature; only genotypes
ICGS 11 (62%), Kadiri 3 (52%) and 28-206 (48%) had
values below 70%. At high temperature, fruit-set varied
between 25 and 84% at 0—6 DBEF, and 6 and 86% at
flowering. The lowest and the highest absolute values of
fruit-set occurred in genotypes 28-206 and TMV 2,
respectively. There was no relation between fruit-set at
ambient or high temperature and flower production at
either stage of development (R*> = —0.06 and —0.10,
respectively).

To examine the effects of high temperature inde-
pendently of genotypic differences in fruit-set at
ambient temperature, fruit-set at high temperature
was calculated as the reduction in fruit-set at high
(37 °C) compared with ambient (28 °C) temperature.

The relation between the sensitivity of fruit-set to
high temperature at 0-6 DBF and flowering is pre-
sented in Fig. 2. High temperature at 0—6 DBF reduced
fruit-set by 0-45% compared to ambient temperature.
High temperature during the 6 days before first flower-
ing coincides with microsporogenesis and affects
pollen production (number) and pollen viability (Pra-
sad et al., 1999a, 2001). The most tolerant genotypes,
upon which high temperature had no effect on fruit-
set, were 796 (denoted by ‘5’ in Fig. 2), TMV2 (6),
55-437 (7) and ICG 1236 (8). The most susceptible
genotype was 28-206 (9).

High temperature at flowering also reduced fruit-
set, and again there were substantial differences
among genotypes. Pollen germination and pollen tube
growth are particularly sensitive to high air tempera-
ture (Prasad et al., 2001; Kakani et al., in press), and
pollen shedding may be adversely affected (Gross and
Kigel, 1994; Prasad et al., 1999a). Two genotypes in
particular, 28-206 (9) and ICGS 11 (3), were very
sensitive to high temperature at flowering and fruit-set
was reduced by >80% compared to ambient values. In
eight genotypes (2, 5-8, 10—12) with relative values
for fruit-set >60%, the effect of high temperature at
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Table 4

Parameter estimates and their significance from a linear logistic
regression model with a binomial distribution of the effects of stage
of development, temperature and genotype on fruit-set in 22
genotypes of groundnut

Parameter Estimate P-Value
Constant 1.380 ns
Stage of development (S) 0.638 ns
Temperature (T) —1.478 <0.05
Genotype (G) 0.089 ns
SxT —0.039 ns

Sx G —0.078 <0.05
TxG —0.057 ns
SxTxG 0.046 <0.05

flowering was similar to that at 0—-6 DBF. As a con-
sequence, there was a significant relation (R? = 0.49,
n =12, P < 0.05) between relative sensitivity to high
temperature across both stages of development. How-
ever, in three of the genotypes (ICGS 11 (3), Kadiri 3
(4) and 28-206 (9)) flowers were more sensitive than
floral buds to high temperature; whereas in genotype
ICGV 86015 (1) floral buds were more sensitive to
high temperature than flowers. Among the genotypes

tested, 796, TMV 2, 55-437 and ICG 1236 were all
tolerant of high air temperature at both stages of
development. Talwar and Yanagihara (1999) had pre-
viously identified ICG 1236 as a heat tolerant geno-
type in terms of fruit-set at high air temperature.

3.3. Experiment 3: air temperature 1999

High air temperature treatments in 1999 were
imposed by placing plants in growth cabinets for 1
day at a daytime temperature of 40 °C. Fruit-set in
1999 was analysed with individual tagged flowers as
replicates using a regression model with binomial
proportions (Prasad et al., 2001). The regression ana-
lysis showed significant effects of temperature,
genotype x stage of development, and temperature X
genotype X stage of development interactions (Table 4).
High air temperature had relatively little effect on
fruit-set at 6 DBF compared to 3 DBF and flowering,
and data from this treatment is not presented.

The average number of flower buds tagged at 3 DBF
was 14.5 (range: 7-25) in the ambient control and
16.0 (range: 7-28) in the high temperature treatment.
Fruit-set under ambient conditions averaged 69%
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Fig. 3. Relation between the reduction in fruit-set at 40 °C compared with 28 °C at 3 DBF and at flowering in 22 genotypes of groundnut
investigated in Experiment 3. See Table 1 for key to genotype numbers.
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(S.E. 3.31), and most genotypes had values between
60 and 75%, similar to 1998. The lowest fruit-set
recorded, 33%, was in genotype ICGV 92109. Aver-
age fruit-set at high temperature was 43% (range: 14—
90), slightly lower than the value of 52% observed at a
similar stage of development in 1998. Given that the
mean daytime temperature was 37.6 °C in 1998 com-
pared with 40 °C in 1999, this difference was to be
expected (Prasad et al., 2001).

Genotypic values for fruit-set at high temperature
compared with values under ambient conditions ran-
ged from 26 to 100%, and are illustrated in Fig. 3.
Eight genotypes (nos. 5, 6-8, 13, 14, 16 and 19) had
values for fruit-set of >75% of ambient values, and
could therefore be classed as tolerant to high tem-
perature at 3 DBF, i.e. at microsporogenesis. The
tolerant genotypes included 55437 (7) and ICG
1236 (8). In contrast, in 11 genotypes fruit-set was
reduced >50% by high temperature. Included in this
group were genotypes 28-206 (9), 47-16 (10) and
ICGS 11 (3).

The average number of flowers tagged at flowering
was 7.7 (range: 3-20) at ambient temperature and 8.3
(range: 3—16) at high temperature. Fruit-set at ambient
temperature averaged 62% (S.E. 2.1) and values ran-
ged from 50 to 83%. Plants were more susceptible to
high temperature at flowering than at 3 DBF, as they
were in 1998, and average fruit-set was reduced to
23%. A number of genotypes set no fruits at all.

Genotypic tolerance of fruit-set to high tempera-
ture, compared with fruit-set at ambient temperature,
again varied greatly (Fig. 3). Three genotypes, 55-437
(7),ICG 1236 (8) and ICGV 929121 (13) were tolerant
to high temperature at flowering with values for fruit-
set of >75% of the ambient control. In contrast, 10
genotypes were highly susceptible to high temperature
at flowering with values of fruit-set of <25% of the
control. This group included five genotypes (Kadiri 3
(4), TS32-1 (11), 28-206 (9), ICGV 92109 (25)
and ICGV 93233 (26)) that set no fruits at high
temperature.

There was only a weak relationship between fruit-
set at 3 DBF and flowering (R*> =0.28, n =22,
P < 0.01) and genotypes were generally more sus-
ceptible to high temperature at flowering than at 3
DBF. However, four genotypes, namely 55437 (7),
ICG 1236 (8) ICGV 92121 (13) and ICGV 93272 (14)
were tolerant to high temperature at 3 DBF and

flowering. Other genotypes exhibited tolerance at
one stage of development only. For example, TS32-
1 (11) was highly tolerant of high temperature at 3
DBEF but highly susceptible at flowering. In contrast,
ICGV 92113 (15) had some tolerance to high tem-
perature at flowering, but was susceptible at 3 DBF.
Lastly, genotypes such as 28-206 (9), 47-16 (10),
ICGS 11 (3) and ICGV 92116 (21) were highly
susceptible to high temperature at both 3 DBF and
flowering.

From the results of Experiments 1 and 2 it is
apparent that sensitivity to high air temperature in
groundnut was different at microsporogenesis, which
occurs between 0 and 6 DBF, and flowering, and that
different genes or alleles confer tolerance at these two
stages of development. This is the case in cowpea,
where a single dominant gene confers heat tolerance at
flowering and two recessive genes confer heat toler-
ance during microsporogenesis (Hall, 1992). Previous
studies in cowpea (Hall, 1992, 1993), common bean
(Gross and Kigel, 1994) and groundnut (Prasad et al.,
1999a) have shown that heat during microsporogen-
esis and flowering affects different processes during
pollen development and fertilisation.

3.4. Comparison across 1998 and 1999

Eight genotypes were common to both high air
temperature-screening experiments in 1998 and
1999 (Table 1). A visual comparison of Figs. 2 and
3 shows very clearly that while genotypes TMV 2 (6),
55-437 (7) and ICG 1236 (8) were tolerant to high
temperature at both microsporogenesis (0—6 DBF) and
flowering in 1998 and 1999, and genotype 28-206 (9)
susceptible to high temperature in both the years,
genotypes such as 47-16 (10) and TS32-1 (11) were
tolerant in 1998 but susceptible in 1999 at one or both
stages. The values for Kendall’s coefficient of rank
correlation for fruit-set at microsporogenesis and
flowering in 1998 and 1999 (with 8 d.f.) were 0.50
(ns) and 0.54 (P < 0.05), respectively, indicating a
weak association across both years at flowering. How-
ever, the sample size is too small to draw any firm
conclusion.

Mean daytime temperature during screening (37.6
and 40 °C), as well as the duration of exposure to high
temperature (1-6 days) also varied between 1998 and
1999. It is possible that the quantitative response to
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Table 5

Membrane thermostability score (RI) and ratio of high to optimum temperature responses of CGR to soil temperature during podding
(Experiment 1), and fruit-set at microsporogenesis and flowering at 37° (Experiment 2) and 40 °C (Experiment 3) in groundnut genotypes”

No. Genotype RI (%) Soil temperature Microsporogenesis Flowering
37°C 40°C 37°C 40 °C
5 796 37.9 1.28 100 b 0.95 -
7 55-437 48.3 0.71 100 100 0.94 0.95
8 ICG 1236 54.9 0.99 100 100 0.99 0.83
10 47-16 60.4 0.71 0.89 0.25 0.87 0.19
3 ICGS 11 64.8 0.53 0.67 0.32 0.34 0.30
6 ™V 2 69.7 0.57 100 0.95 0.96 0.58
11 TS32-1 78.8 - 0.65 0.97 0.64 0.0
4 Kadiri 3 80.6 0.49 0.86 0.64 0.56 0.0
26 ICGV 93233 81.8 - - 0.42 - 0.0
21 ICGV 93261 85.4 - - 0.31 - 0.24
25 ICGV 92109 84.3 - - 0.41 - 0.0
9 28-206 84.4 0.51 0.54 0.26 0.13 0.0
1 ICGV 86015 85.2 0.45 0.61 - 0.95 -
16 ICGV 93269 88.3 - - 100 - 0.55
14 ICGV 93272 89.5 - - 0.78 - 0.75
24 ICGV 93232 89.9 - - 0.65 - 0.08
23 ICGV 93255 91.9 - - 0.57 - 0.15
22 ICGV 92116 93.7 - - 0.39 - 0.17
17 ICGV 93260 94.8 - - 0.37 - 0.50
15 ICGV 92113 95.7 - - 0.27 - 0.60
19 ICGV 92118 95.9 - - 0.82 - 0.33
13 ICGV 92121 96.6 - - 0.87 - 0.87
18 ICGV 92120 97.2 - - 0.41 - 0.38
2 ICGV 86021 NM* 0.78 0.87 - 0.87 -
12 ICGV 87281 NM - 0.76 - 0.74 -
20 ICG 796 NM - - 0.48 - 0.33
S.E.D. 6.12

* Genotypes in bold are classified as tolerant (ratio > 0.75) and italics as susceptible (ratio < 0.25).

® Genotype not included in the experiment.
¢ RI not measured.

temperature varies among genotypes, as it does in rice
(Yoshidaet al., 1981), and that some genotypes such as
55437 and ICG 1236 are more tolerant of the higher
temperatures used in 1999 than, for example, genotype
47-16. The response to temperature of fruit-set has
been quantified for ICGV 86015 (Prasad et al., 2001):
the threshold or critical temperature is 33 °C, the
ceiling or maximum temperature is 44 °C, and fruit-
set is reduced by 5.5% °C~' between these limits.
Values of the critical and ceiling temperature, and
sensitivity to temperature, are not available for other
genotypes. However, given that temperature responses
for developmental events can vary among heat tolerant
and susceptible genotypes (Ismail and Hall, 1998), and
that there is significant variation among genotypes of

groundnut in the response of pollen germination and
pollen tube growth to temperature (Kakani et al., in
press), as well as in rate of change of HI (Craufurd
et al., 2002), there is likely to be genotypic variation in
the quantitative response of fruit-set to temperature.

3.5. Cellular membrane thermostability

Ismail and Hall (1999), who measured RI in pairs of
near isogenic cowpea lines varying in reproductive
heat tolerance genes, found lower rates of membrane
leakage in heat tolerant lines than in heat susceptible
lines. They suggested that RI could be used as a means
to screen for heat tolerance in vegetative plants. In
this study, there were significant differences between
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genotypes in RI (Table 5). The mean value of RI was
78%, indicating in most genotypes that membrane
integrity was damaged by the high temperature treat-
ment of 54 °C for 15 min. Genotypes 796, ICG 1236
and 55-437 were the most thermo-tolerant with RI
values <60%. Genotypes 47-16, ICGS 11, Kadiri 3
and TS32-1 were moderately tolerant (RT 60-80%).
The remaining genotypes were all more susceptible to
heat injury. Srinivasan et al. (1996), who measured RI
in 12 genotypes of groundnut, also found genotype
ICG 1236 to be the most thermo-tolerant of those
studied with a value for RI of 50%. Chauhan and
Senboku (1997) found values of RI in six genotypes to
vary from 65 to 77%, with TMV 2 having a value for
RI of 76% compared with 68% in our study.

3.6. Genotypic variation in heat tolerance

The responses to high soil and air temperature of all
the genotypes tested are summarised in Table 5. Gen-
otypes can be classified as tolerant or susceptible to
heat at particular stages of development (e.g. 3 DBF,
flowering) or termed as heat resistant based on overall
response and maintenance of yield at higher tempera-
tures (Hall, 1992; Mahan et al., 1995). In Table 5
tolerant responses—defined here as having values of
CGR (soil temperature) or fruit-set (air temperature)
>75% of ambient values, are given in bold. Conver-
sely, susceptible responses (in italics) are defined as
where values of CGR or fruit-set are <25% of ambient
values. Genotypes exhibiting tolerant responses in all
experiments are defined here as heat resistant.

Genotypes 55-437 and ICG 1236 exhibited tolerant
responses in all the three experiments, including the
40 °C air temperature treatment, as well as having low
values of RI. These two genotypes are therefore
classed as heat resistant. Genotype 55-437 is an
important cultivar in the Sahelian zone of West Africa
known to be well adapted to heat and drought (Green-
berg et al., 1992; Ntare et al., 2001). Genotypes 796,
ICGV 86021 and ICGV 87281, which were not tested
at 40 °C, were nonetheless tolerant to high soil tem-
perature and an air temperature of 37 °C. Genotype
796 also had the lowest value of RI (values of RI were
not measured in ICGV 86021 and ICGV 87281).
Accordingly, these three genotypes would also be
classed as heat resistant. The only other genotype
exhibiting tolerance at microsporogenesis (0—6 DBF)

and flowering to 40 °C air temperature was ICGV
92121. The value of RI for this genotype, however,
was 96.6%. Likewise, ICGS 11 had a moderately low
RI, 64.8%, but was among the most susceptible geno-
types to 40 °C at flowering and microsporogenesis.

Although there was no significant correlation
between RI and fruit-set across genotypes in 1999,
it does, nonetheless, seem that the most heat resistant
genotypes exhibited the greatest degree of membrane
integrity (RI < 60%) at high temperature. RI may
therefore have some potential for screening or pre-
screening for heat resistance in groundnut. The repeat-
ability of RI values, as well as the potential use of
acclimating temperatures prior to boiling (Ismail and
Hall, 1999), needs further investigation.

If the heat resistant genotypes do indeed have
greater membrane integrity at high temperature (lower
values of RI), then it is conceivable that this is
translated into higher optimum and maximum tem-
peratures for growth and development processes. Gen-
otypes 55-437 and ICG 1236 do have higher optimum
and maximum temperatures for pollen germination
and pollen tube growth than the other genotypes
(Kakani et al., in press), and this may contribute to
greater fruit-set. A greater ability to set fruits at high
temperature should increase pod addition rates and
sink size, and hence pod, kernel and CGRs (Craufurd
et al., 2002). The inheritance of RI and heat tolerance/
susceptibility at these two stages of development is
currently being investigated. Molecular/QTL studies
of membrane integrity and fruit-set might also help to
determine genetic and physiological relationships
between these factors.

In the field, heat stress can occur at different stages of
crop development and at different intensities and dura-
tions. Soil temperatures in excess of 38 °C are common
in semi-arid parts of India and Africa, particularly in
crops with sparse stands and where drought is pro-
longed, and tolerance to high soil temperature should be
useful in many circumstances. Flower production is
decreased at temperatures greater than 28-30 °C, and
previous studies have shown that exposure to air tem-
peratures greater than about 34 °C during the first part
of the day will substantially reduce fruit-set when these
temperatures coincide with microsporogenesis and
flowering (Prasad et al., 1999a). Heat resistant geno-
types should be beneficial under these circumstances.
However, as well as tolerance of individual organs or
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tissues to heat, ‘escape’ at the whole plant level is also
important. In the field many floral buds and flowers may
avoid the deleterious effects of high air temperature; in
groundnut, flowers are borne at the base of the plant,
either within the canopy or in the soil, and so may
experience a different microclimate to the foliage
above. Groundnuts are also botanically indeterminate
and flowers are borne on inflorescences, allowing tem-
poral escape and recovery. Furthermore, pollination and
fertilisation may occur early in the morning in some
genotypes before air temperature reaches the critical
level—another type of escape.

4. Conclusions

It was striking that a number of genotypes were
consistently tolerant to high temperature, whether air
or soil, and whether measured in terms of CGR, fruit-
set or membrane thermostability. It is quite clear that
55-437 and ICG 1236, and probably 796, ICGV
86021, ICGV 87281 (all Spanish types) and ICGV
92121 (Virginia bunch), are heat resistant, and that this
resistance is apparently not limited to a specific stage
of development or process. Furthermore, these geno-
types are of diverse origin, indicating potentially
different sources of resistance. Reproductive heat
tolerance at microsporogenesis and flowering can be
screened for by recording the fruit-set of flowers
exposed to high air temperature for 1 day at the
respective stage of development.
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