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Summary 
Heat tolerance of groundnut (Arnchis Irypogaea L.) genotypes was evaluated by 

solute leakage and chlorophyll fluorescence techniques in heat-hardened and non- 
hardened plants, To determine the appropriate hardening treatment, 1-month-old 
plants of two groundnut genotypes, ICGV 86707 and Chico were conditioned at 
five combinations of hardening (37'C) and non-hardening (30'C) air temperatures 
over a 5-day period. Heat injug, was assessed through measurements of 
electrolyte leakage after stressing leaf discs to 55'C for 15 min. The relative 
injury was significantly influenced by the conditioning temperatures and by the 
temperature during 24 h prior to measurement if t hox  involved non-hardening 
conditions. Relative injury and chlorophyll fluorescence were measured after 
stressing leaves of six genotypes at a range of temperatures between 49'C and 
55°C. Significant genotype x hardening treatment interactions were observed in 
relative injury and chlorophyll fluorescence. Chico was susceptible to heat stress, 
the relative injury test identified ICGV 86707 as tolerant, and the chlorophyll 
fluorescence test identified ICGV 86707 as iolerant under hardened conditions and 
ICGV 87358 as tolerant when non-hardened. When expressed as percentage of 
control values. the relative injury and chlorophyll fluorescence measurements over 
the 49-53'C strcss temperature range were strongly correlated. Chlorophyll 
concentrations were increased by hardening in all genotypes except Cdico. In 
Chico, chlb concentration was decreased and the chl& ratio increased by 
hardening, and chlorophyll concentrations were correlated with chlorophyll 
fluorescence parameters. Chlorophyll concentration may therefore provide an 
alternative means of screening for heat tolerance. 

Key words: Arachis hypogaea L, peanut, chlorophyll concentration, chlorophyll 
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Introduction 
Temperature is an important factor in all aspects of plant growth and development. The 

optimum temperatun for growth of a plant or cmp species is an important determinant of its 
geographical distribution and growing season. Crops are generally grown in areas to which 

'~ubmlned M Joumal Ar&iclc No. 2086 by the InLlmrsrionaI Oops Rcscarth Insdtulr: for the Scmi-Md %ph 
2Present A@ss: hrsm*donal Cmpr Research ld tutc  for tbt Senri-Arid Tropic8 (ICRISAT), Paunchcry, 
Radesh. M a  

9 1997 Association of Applied Biologists 



482 Y S CHAUHAN AND T SENBOKU 

they are naturally adapted. However, to meet the growing demand for food, especially in 
developing countries in the tropical and sub-tropical regions, crops are increasingly grown 
outside their traditional area of adaptation and outside their natural growing seasons. Under 
these conditions, daily or seasonal temperature often exceeds the optimum (30'C) for g r o u ~ h  
and reproductive development and high temperature becomes a major factor limiting crop 
production (McWilliarn. 1980). Growing environment may deteriorate further due to global 
warming (Schneider, 1989). Breeding of heat-tolerant genotypes in crop species is therefore 
necessary. To do this requires sources of heat tolerance to be identified, an understanding of 
the mechanisms of heat tolerance to be developed and screening methods to rapidly measure 
tolerance to be produced. Little information is available on the responses of groundnut to high 
temperature (Ketring. 1984: Srinivasan. Takeda & Senboku, 1996). 

Although several plant processes are more sensitive to heat, plant adaptation to high 
temperature essentially requires a cell membrane system that remains functional during heat 
stress (Raison. Barry. Armond & Pike, 1980). Schreiber & Beny (1977) also considered the 
themostability of photosynthetic appuatus as being an important determinant of heat 
lolerance. Direct high temperature injury in crop plants has been evaluated by electrolyte 
leakage (Sullivan, 1972) and chlorophyll fluorescence tests (Aoki, 1989: Maffct. Sears 8: 
Paulsen, 1990) which measure thennostability of cell membrane and photosynthesis. 
respectively. In several crops, such as sorghum (Sullivan & Ross, 1979). soybean (Martineau. 
Specht. Williams Lk Sullivan 1979). and wheat (Blum & Ebercon. 19811. genotypic 
differenccs in heat tolerance have been determined by the electrolyte leakage test. and in some 
cases, a significant relationship iound with perfomlance in high temperature environments 
(Maninenu et 01.. 1979). A high correlation between heat and desiccation rolcrance has been 
reponcd (Sullivan & Ross, 1979). It has also been shouln that hardening treatments improve 
the heat tolerance of wheat. cucumber. and soybean, and that an appropriate hardening 
treatment is necessary for detecting genotypic differences in heat tolerance with this method 
(Chen, Shen & ti. 1981; Lester. 1985; Sadalla. Shanahan & Quick, 1990). KO information is 
available on heat tolerance of groundnut using any of the above mentioned methods. The 
objectives of this study, therefore. were to: a) determine appropriate hardening requirements 
to detect genotypic differenccs in heat tolerance, b) evaluate a limited number of genotypes 
using electrolyte leakage tests and chlorophyll fluorescence, and c) examine the effects of 
hardening on chlorophyll concentration and its relationship with chlorophyll fluorescence. 

Materials and Methods 
I 

Plant material 
The experiments were conducted during June to August 1993. Seeds were sown in vinyl 

plastic pots (12 cm diameter) containing 800 g of powdered sandy soil (a Kaolinitjc 
hyperthermic Ultisol). The pH of the soil used was 4.5 initially, but was raised lo 5.5 by 
mixing it with 4 g of coral limestone kg" soil and incubating it for 3 wk at 12% soil moishlre. 
In addition, a commercial feniliser containing 14% each of N, P and K was mixed with the 
soil at 0.5 g kg-' soil before filling the pots. Four seeds per pot were sown which, when 
emerged, were thinned to two per pot. The pots were kept in plastic trays and irrigated daily 
by adding water to the trays. Thc pots were kept in a naturally-lit greenhouse maintainad at 
30125-28°C daylnight temperatures. The two genotypes used for the hardening studies w e n  
ICGV 86707 and Chico and the six genotypes to determine differences in heat tolerance were 
ICGV 86635, ICGV 86707, ICGV 87358, Chico, TMV 2 and JL 24, which were selected as 
showing differences in drought t o l m c c .  
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Growing conditions during the hardening treannenr 
To study the conditions of hardening, 1-month-old plants of ICGV 86707 and Chico were 

subjected to different combinations of non-hardening (30CC) and hardening temperatures 
(37'C) in two growth chambers (Eyelatron, FLl 3015. Tokyo Rikakikai Co. L.td. Japan) over 
a 5-day period, Both chambers were held at 12 h photoperiod and 4001 mol m-2 s-' 
photosynthetic photon flux. Five combinations of conditioning temperatures were used: a) 4 
days at 30"- 1 day at 37'C (NH4HI); b) 2 days at 30'C, 3 days at 37'C (NH2H3); c) 3 days 
at 305C. 1 day at 37'C. then 1 day at 30'C(NH3HINHI): d )  1 day at 301C, 3 days at 3YaC, 
then I day at 30°C (hWlH3hEil): e) a control treatment of 5 day at 30'C (NHS). For the 
electrolyte leakage and chlorophyll fluorescence rests, plants were conditioned at 30 days 
after sowing with the NH3HINH1 and NH5 treatments, and with the NH2H3 and NH5 
treatments for the determination of the effects of hardening on chlorophyll concentration. 

Electrol~re leakrrge test to nreasure cell membrane thennostability 
Cell membrane themostability was measurcd using the procedure described by Martintau 

er 01. (1979). Each assay sample consisted of two sets of 12 leaf discs cut with a 1.2crn 
diameter punch from 12 leaflets from the fully expanded leaves at the uppermost two nodes of 
each plant. There were three replications. 

Before each assny, the two paired sets of leaf discs were placed into two separate test t u b s  
and washed thoroughly with at least four changes of distilled water to remove electrolytes 
released from cut cells at the periphery of the discs. The excess water was removed from the 
tubes, and the tubes covered with plastic film. One set of discs was then incubated for 15 min 
at 55'C in a temperature-controlled water bath uhilst the other control set was mainrained at 
25%. After the temperature treaunent. rhe incubated tubes were quickly cooled to 25'C 
before adding 15 ml of distilled water to both sets of tubes. The tubes were then placcd in an 
incubator for 18 h at 10'C to allow leakage of elecuolytes from the discs. The tuhes were then 
brought back to 15.C. inverted several times to mix the contents, and an initial measurement 
of solution conductance made using an electrical conductivity meter (CM-115. Kyoto 
Electronics, Japan), after which tubes wcre co\.cred with aluminum foil and autoclaved at 
120'C for 10 min to kill the leaf tissues. The auroclaved tubes were cooled to 25°C the 
contents mixed thoroughly, and a second conductance measurement taken. The,relative injury 
(R1) to cell membranes resulting from the hardening temperature treatments was calculated 
as: 

i 

where T and C refer to the conductances of the aeatment and control solutions, respectively, 
and the subscripts i and f to initial and final conductance, respectively. The ratio of initial to 
final conductance (i.e. Ti ITj) is a relative measure of electrolyte leakage caused by elevated 
temperature, and consequently a measure of the extent of damage to cellular membranes; it 
should reflect the injury to the cell membrane at the elevated temperature. 

Measurement of chlorophyll fluorescence 
Chlorophyll fluorescence was measured using a modulated fluonmeter (Haasatech 

Electronics Ltd, UK) on the abaxial surface of five leaflets taken from 8 fully-expanded 
young leaves, four from each plant, excised from heat-hardened (NH3WlNHl) d:m- 
hardened (NH5) plants. There were five replicated pots per genotype for each hsrdihg 
treatment. The leaflets wen placed in 1 ml distilled water in test tubes and the rubes wsr~*tben 
covered with plastic film, and either left at room temperatwe or heated for 5 dn at fold'- 
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temperatures of 49'C. 51:C, 53'C or 55'C in a water bath to induce heat injury to the 
photosynthetic apparatus. A set of non-heated tubes served as control. After the heat 
treatment, leaflets were placed in the dark for 30 min at room tempenture, after which dark- 
adapted leaflets were placed into a leaf clip to which a modulated light probe and a detector 
probe were attached. The leaflets were exposed to actinic light and saturating light pulses 
through the fiber-optic cables connected to a Bjarkman Lamp (1800~  mol m-' s-' 
photosynthetically photon flux: Hansatech Electronics Ltd. UK). The fluorescence signal at 
700 nrn, read directly to computer was used to calculate the initial fluorescence (F*), the 
maximum fluorescence (F,) and the variable fluorescence (F, ) derived by subtracting Fo 
from F,,, and the F,.IFm ratio. T h i s  F,,IF, ratio is a measure of efficiency with which light is 
utilised for photosynthesis. Lpon heat ueaunent, F,./Fm ratio declines indicating photo- 
inhibitory damage due to heat stress. There were five replications for each temperature 
weatment. 

Chlorophyll determination 
Chlorophyll was extracted from 12 leaf discs, each 1.2 cm diameter, in 10 ml of 8 0 9  

acetone for 24 h in the dark at room temperature (25'C). The volume of the chlorophyll 
extract was made up to a 50 ml with 80% acetone, and the absorbance read at 645 and 663 nrn 
on a spectrophotorneter (U2000. Hitachi Ltd. Japan). The concentrations (mg cm-' leaf area) 
of chl, and chlb were calculated using the following equations: 

Three replicated measurements were made. 

Data nnalysis 
The results of electrolyte leakage tests and chlorophyll concentration data were analysed in 

a split plot design with genotypes as main plots and the hardening as sub-plots. The 
chlorophyll fluorescence data were analysed in a split-split-plot design taking genotypes as 
main plots, stress temperatures as sub-plots and hardening treatments as sub sub-plots. The 
association between the RI and chlorophyll fluorescence and chlorophyll fluorescence and 
chlb concentration was determined by standard correlation analysis. The GENSTAT software 
(version 4.01) of the Rolharnsted Experimental Station was used for statistical analysis. 

Results 

Eflect of hardening 
Preliminary experiments showd that the threshold stress temperature that C ~ U M ~  a relative 

injury (RI) score of 50% was 55 + 0.7OC. The score was ~ i g ~ c a n t l y  decreased (P < 0.01) by 
the hardening treatments (Table 1). The highest RI score was obtained for the non-hardened 
treatment (NH5) and the score was higher for plants in which the hardening treatment was 
followed by a non-hardening treahnent (i.e. NHlH3NHl and NH3HINHl) than when the 
hardening treatment was not followed by a non-hardening treatment (i.e. NH4H1 and 
NH2H3). Three consecutive days of hardening ( i s .  NH2H3) had a greater effect on the RI 
score of Chico than a siagle day's hardening (i.e. NH4Hl) and a greater effect than in ICGV 
86707. The largest diffmnccs k e e n  the two o c m d  when the plants received one day's 
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Table 1. Effect of hardening treomenr on the relative injun (6)  to heat treatment at 55'C to 
two groirndnut genobpes. SE = stanahrd error of mean 

Hardening a e a m c n ~  G e p o r ) ~  
30°C 37:C 30:C lCGV 86707 Chico Mew 

Mean 49.2 61-5 
SE 
Genotype (df = 2 )  1.07 
Hardening (df r 16) 1.67 
Genotype x hardening (dl  = 16) 2.36 

hardening followed by one day's no-hardening (i.e, h'H3HlNHl) with ICGV 86707 always 
having a lower RI  score than Chico. 

Genoypic diflerences in RI in relation to hardening 
The genotype x hardening interaction was highly significant (P < 0.01) (Table 2). 

Although hardening the plants reduced RI score in all genotypes, the effect was more 
pronounced in some genotypes than others. The cv. Chico showed most injury in both the 
treatments, ICGV 86707 the least in the non-hardening treatment, and JL 24 the least in the 
hardening treatment. 

Genotypic differences in chlornph~llfluorescence 
The genotypic differences were highly significant (P < 0.01) for F,IF, (Table 3) and there 

were also significant (P < 0.01) responses to temperature sbcss (S) and hardening (H) as 
shown by significant G x H and G x S interactions. The effects of temperature stress varied 
with hardening treatment. The G x W x S interaction was highly significant for FJF,,, ratio 

b 

Table 2. Differences in relative injuq (R) at 55'C, IZ mcarured by solute leak&efrom leaf 
tissues, between sir groundnrrr genotjpes subjected to hardening (3PC) and non-hardening 

(JOT) temperature treatments. 51: = standard error of means 

Tempnnuc conditioning treatment I 

ICGV 86635 
ICGV 86707 
ICGV 87358 
Chico 
TMV 2 
n 24 

Mean 
S t  
Genotype (df 10) 
Hardening (df = 12) 
Qcnorype x hardening (I- 12) 

71.1 59.6 

138 , %,, . ,  
1 MI . 1"1 

2.44 (263 for tbc  run^ ISWI of g~patype) . , >wb~  



486 Y S C H A W  AND T SENBOW 

Table 3. F,/Fm ratio of chloroph.vl1 fiorescsnce parameters o j  sir groundnut genovpes 
s~tbjected to hardening (3PC)  and non-hrdening (30°C) followed by five stress temperature 

rrearmenrs. SE = standard error of memu 

Smss temperature 'C 
Genotype Control 48 51 53 

Non-hardened 
ICGV 86635 0.79 0.52 0.39 O3 
ICGV 86707 0.80 0.65 0.39 03 1 
ICGV R735R 0.82 0.59 0.4 1 0.3 
Chico 0.8 1 0.43 0.30 0.211 
TMV 2 0.80 0.58 0.50 0.38 
JL 24 0.81 0,62 0.37 022 

Hudencd 
ICGV 86635 0.80 0.7 1 0.67 O M  
ICGV 86707 0.79 0.7 1 0.59 032 
ICGV 87358 0.80 0.75 0.57 0.35 
Chico 0.80 0.61 0.5 I 012 
TMV 2 0.79 0.67 0.46 0.40 
JL 24 0.79 0.7 1 0.53 0.43 
SE 
Genotype (df = 20) 0.0 10 
Genotype x sucss tcmpranur (dl r 96) 0.024 
Geno~ype x hardening ( d f =  110) 0.016 
Strenr rcrnpenture x hvdcninp (df = 120) 0.014 
Genotype x rlrcss rcmperaturc x hardening (df = 120) 0.035 

(P < 0.01). Temperature stress followed by hardening accounted for the maximum proportion 
of the variance. 

The F,/Fm ratio decreased with increasing temperature stress (Table 3). Differences 
between genotypes in the ratio were greater in the non-hardened plants than in hardened ones. 
ICGV 86707, ICGV 86635 and JL 24 had greater F J F ,  ratios than the other genotypes when 
hardened whereas the ratio was l u g e s  in ICGV 87358 when'p?ants were not hardened. The 
cv. TMV 2 had a high FJF, ratio when non-hardened, especially up to suess temperatures of 
53'C. The cv. Chico generally had the lowest FJFm ratios at all stress temperatures. 

The F,/F,,, ratio, at 49-C, 5lCC, 53" and 55" as per cent of control values decreased 
linearly with increase in the RZ score; the correlation was highly significant at 49°C 
(R' = 70%, n = I?), but less so at higher temperatures (R2 = 49%; n = 12) and was not 
significant at 55'C. 

Chlorophyll concentrution 
Chl,, chlb and ~ h l , , , ~ ,  concentrations and chl* ratio differed significantly (P c 0.01) in 

genotypes that were heat hardened (Table 4). Chlorophyll conccntmtions were incteased by 
the hardening treatment in all genotypes except Chico, in which the concentrarions were 
slightly decreased. The chl& ratio of Chico was increased by tbt hardening because of the 
decrease in chlb concentration in nsponse to hardening. The cornlation betwe.cn tbe 
chlorophyll fluorescence and chlorophyll concentration, measured after tempemture saPsing 
leaves at 4g°C, was significant aad positive (R' = 5695, n 12). 
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Table 3. Wecr of Imrdening on rhc cltlorophyll roncentrarior~ img on' lsnf aren) of s k  
grolmdnlrr genovpes slrbjecled to Iiarder~ing (37'C) nrldnotl-/iardrtlir~g 130'C). .SE = stat~durd 

error of means 

Gcnotyp CHI, CHlh CHl,,,h, CHI, 
NH" Wh SH H NH H NH H 

lCGV 86635 30.4 48.1 9.5 10.5 39.9 58.7 ?.? 4.6 
lCGV 86607 50.2 68.0 14,4 16.4 66.6 04.4 3.7 4,I 
ICGV 87358 33.0 49.4 9.7 11.2 42,7 60.1 3.4 4.4 
Chico 27.1 24.7 7.6 1.1 34.6 26.8 3.6 11.9 
TMV 2 JO.4 60.1 11.2 11.4 51.6 71.6 3.6 5.4 
JL 24 33.4 60.1 11.6 1?,9 45.0 73.5 3.0 4.8 
hiem 36.0 51.8 10.7 10.7 46.7 62.6 3.4 5.9 
5 1  
Gcnotyp (G1. 
(df r 10) 1.49 0.77 2 .W 0.21 
Hardening I H ). 
tdf * 10) 1.03 0.37 1 .?8 0.13 
G x H, 12 ( d l =  12) 2.31 1.00 3,O.I 0.30 

for s m c  lciel of G 2.51 0.9 1 3.15 0.3 1 
'NH non-hardened 
h~ I hanlcncd 

Discussion 

Relative injup 
T h e  electrolyte leakage test is one of the more convenient methods for screening for heat 

tolerance in some crops (Sullivan. 1972; hinrtlneau er al., 1979: Lester, 1985). However, the 
method has some shortcomings. For instance, differences in leaf anatomy (MacRae, Hardacre 
& Ferguson. 1986) and hardening (Chen er 0 1 . .  1982: Lester, 1985) may induce differences in 
Rl score. Therefore an attempt was made to standardise hardening in the present study. 
Hardening decreased the Rl score, but the effects varied with the condition? under which 
hardening was ~nduced. Differences between the nvo genotypes were greater ~f hardened 
plants were allowed to deharden for 24 h before measurement. The observed genotype 
differences could therefore conceivably be due to genotypic differences in the rate of 
dehardening. Similar results have been reponed for musk melon (Cucumis melo) (Lester. 
1985) and cabbage lChauhan & Senboku. 1996). Chen er al. (19821, ho ever, reponed the 1 greatest genotype differences when the RI score measured soon after har ening. The present 
rcsulrs and those reported for other crops. suggest species-specific differences and similarities 
in the heat hardening of crops. The present study also suggests that the electrolyte leakage 
test, which has been developed mainly for screening purposes, can provide useful information 
on the mechanisms of heat tolerance when used in conjunction with different hardening 
treatments. 

Whilst different hardening treatments may be useful in maximising detection of differences 
in heat tolerance among genotypes, they also simulate different environments for which heat 
tolerance is being sought. For example, where groundnuts are grown, temperatures may 
suddenly rise (e.g. in spring) or more slowly increase to injurious levels (e.g. in summer). The 
former i s  a situation in which plants are not Uely to harden and h e  latter a situatioh(that 
could enable hardening to occur. The significant interaction between genotype and h a g  
treatment in the present study suggests that s&g at two levels of hardening may n e b  
wholly satisfactory. Lntercstingly. genotypes showing the highest sensitivity d w  
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temperature showed similar respows to stress temperature when hardened but genotypes 
having least sensitivity differed more. The cv. Chico was most sensitive to high temperatures. 

Chloroph?ll fluorescence 

Photosynthesis is one of the mast heat labile of plant processes. Heat damage to the 
photosynthetic apparatus alters chlorophyll fluorescence (Kraus & Santarius, 1975; Schreiber 
& Berry, 1977) and its effects ha\,c been used to distinguish differences in heat tolerance 
between species, In the present smdy on groundnuts, the fluorescence parameters were 
changed significantly by the hardening and stress temperatures, and differed to a lesser extent 
between genotypes. The low F f l m  ratio of the cv. Chico indicated that this genotype is heat 
sensitive, in line with the results of the electrolyte leakage test. However, the genotypes that 
exhibited the higher fluorescence characteristics were not those that had the lowest RI score 
when non-hardened. ICGV 86707 (when hardened) and ICOV 87358 (when non-hardened) 
were more tolerant to stress temperatures. The fluorescence method allows many samples to 
be evaluated in a shon rime and is ideal for large scale screening, but because of strong 
genotype interactions, there ma!. be a need to standardise the hardening and stress 
temperatures before measurement. 

Chlorop11,vll concentration 

The chlorophyll concentrations of all poundnut genotypes, except cv. Chico increased 
when plants were hardened. Chlorophyll concentration in cv. Chico decreased, especially that 
of Chlb which resulted in an increase in chlh ratio. It i s  not known whether these changes are 
an adaptive respanre. In cabbage. chlorophyll concentrations were increased by hardening in 
heat-tolerant genotypes and decrcud or unchanged in heat susceptible types (Chauhan 8: 
Senboku. 1996). In the present study, rhere was a significant positive linear correlation 
between chlorophyll fluorescence and the chlorophyll concentration and observed after 
subjecting leaves to a stress temperature of 49'C. The basis of this correlation and the reasons 
why chlorophyll concentrations increisz upon hardening need LO be understood if chlorophyll 
concentrations are to be used as a visual indicator of heat tolerance. 

This study suggests that differences in heat tolerance exist'between groundnut genotypes 
which are detectable by chlorophyll fluorescence or possibly chlorophyll concentration 
measurements. However, the reldve injury test and chlorophyll fluorescence technique 
identified different heat-tolerant cultivars under non-h~dened conditions and so may be 
responses to different mechanisms. Further studies are required to clarify this and to relate the 
performance of heat-tolerant genotypes identified by these in-vitro mcthbds to field 
performance in hot environmtnts. 

Acknowledgements 
The senior author wishes to thank the Director General, Japan International Research 

Center for Agricultural Sciences (formerly Tropical Agriculture Research Center), Ministry of 
Agriculture Forestry and Fisheries, Japan, for providing a Visiting Fellowship and research 
facilities. 

References 
Aoki S. 1989. Measurements of b a ~  sensitivity in cucumbu leaves by chlorophyll flwnrence 

methods. In Proakction of Veg&les in rhc Tropics and Sub-tropics, Procusdings Irf the U r d  
lnrernarional Symposium on Tmpual Agriculture Res#arch, Tsu, Japan, pp. 239-247. TsuLuba. 
Japan: Tropical A@iculaac Rcsmrh Center. 



Hear tolerance of groundnut 489 

Bfum A, Ebercon A. 1981. Cell membrane stability as a measure of drought nnd heat tolerance in 
wheat. Crop Science 21:4347. 

Chaobm Y S, Senboku T. 1996. Themostabilities of cell-membrane and photosynthesis in cabbage 
cultivm differing in heat tolerance. Journal of Plant Phwiology 149:729-734. 

Chen H, Sbcn 2, Li P H. 1982. Adaptability of crops plants to high temperature stress. Crop Science 
22:719-725. 

Ketrlng D L. 1984. Temperam effects on vegetative and reproductive development of peanut. Crop 
Science 24:877-882. 

Kraua G H, Santarius K A. 1975. Relative thennostability of chloroplast envelope. Planta 127:285- 
299. 

Lester G E. 1985. &af cell membrane thennostabilities of Cucuntis melo, Journal of ~rneri ian Society 
of Horticultural Science 1 10:506509. 

MacRPe E A, Hardacre A K, Ferpuson 1 8. 1986. Comparison of chlorophyll fluorescence with 
several other techniques used to assess chilling scnsitiviry in plants. Physiolgio Plantarum 67:659- 
665. 

Martineau J R Spccht J E, Williams J H, Sullivan C Y. 1979. Temperature tolerance in soybeans I. 
Evaluation of a technique for assessing cellular membrane thermostability. Crop Science 19:75-78. 

McWUiam J R. 1980. Adaptation to high temperatun suers. In Adaptation of Plants to Water and 
High Temperature stress, pp. 444447. Eds N C Turner and P J Kramer. New York, USA: John 
Wiley & Sons. 

Moffct J M, Scars R G, Paukn G M. 1990. Wheat high ternperaturr tolerance dwing reproductive 
growth. 1. Evaluation by chlorophyll fluorescence. Crop Science 30:881-885. 

Raison J K, Barry J A, Armond P A, Plke C S. 1980. Membrane properties in relalion to the 
adaptation of plants to temperature smss. In Adaptatron of Plants to Water ond High Temperahre 
Srress, pp. 261-273. Eds N C Turner and P J Kramer. New York. USA: John Wiley & Sons. 

Sadalla M, Shanahan J F, Quick J S. 1990. Heat tolernnce in winter wheat: I. Hardening and genetic 
effects on mernbmc rherrnostability. Crop Science 30: 1243-1247. 

Schreiber U, Berry J A. 1977. Heat induced c h a n g ~  of chlorophyll fluorescence in intact leaves 
comlated with damage of the photosynthetic apparatus. Planta 136:233-328.. 

Schneider S H. 1989. The changing climate. Sci~nrij?c American 261:70-79. 
Srinivasan A, Tnkedo H, Stnboku T. 1996. Heat tolcmce in food legumes as evaluated by cell 

membrane themostability and chlorophyll fluorescence techniques. Euphytica 88:35-45. 
Sullivan C Y. 1972. Mechanisms of heat and drought resistance in grain sorghum and methods of 

measurement. In Sorghum in the Seventies, pp. 247-244. Eds N G P Rao and L R House. New Delhi, 
India: Oxford and India Book Houre Publishing Co. 

Sullivan C Y, Row W M. 1979. Selecting for drought and heat resistance in grain sorghum. In Stress 
Physiology in Crop Plants, pp. 263-281. Eds H Mussell and R Staples. New York, USX: John Wiley 
and Sons. 

(Received 18 June 1997) 


