°®

]

Comparison of Responses of a Ruderal Gossypium hirsutum L.
with Commercial Cotton Genotypes to High Temperature Stress

The Americas Journal of Plant Science and Biotechnology ©2010 Global Science Books

Androniki C. Bibi" « Derrick M. Oosterhuis * Evangelos D. Gonias, « James McD. Stewart

Department of Crop, Soil, and Environmental Sciences, University of Arkansas, 1366 Altheimer Drive, Fayetteville, AR 72704, USA

Corresponding author: * an-bibi@hotmail.com

ABSTRACT

Global warming has focused attention on the need for improved understanding of crop response to heat stress and the need for enhanced
tolerance. Cotton originates in hot climates and native cottons may have the ability to tolerate high temperature stress, however, research
is lacking. In this study it was hypothesized that a ruderal cotton from coastal Oaxaca, Mexico will be more tolerant to high temperature
stress than USA commercial cotton genotypes. The objective was to compare the responses to high temperature of quantum yield of PSII,
leaf extension growth, and antioxidant enzymes of a ruderal G hirsutum L. race Palmeri (P1681044) and four commercial cotton
genotypes popular in the USA (Tamcot Sphinx, Fibermax 960BR, Stoneville 474, and Deltapine 444BR) to high temperature. The ruderal
G hirsutum race Palmeri was significantly more tolerant to high temperature stress than the commercial cultivars, and this observation
was supported by all three methods of assessment. Palmeri had less decrease in quantum yield of PSII, increased catalase and glutathione
reductase activity, and less decrease in leaf extension growth compared to the commercial cultivars. Among the commercial cultivars,
Tamcot Sphinx showed some tolerance to high temperature however this was not supported by all techniques. This study showed that the
rudural cotton has better ability than the commercial cultivars to withstand high temperature stress. This knowledge is of particular
importance for germplasm improvement in Upland cotton for high temperature tolerance.
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INTRODUCTION

A United Nations scientific panel on global warming (Ano-
nymous 2007) declared that the evidence of a warming
trend is undebatable. Global warming is projected to have
significant impact on agriculture. Crop physiological res-
ponses to temperature largely determine plant adaptation to
different climatic zones and seasons. Temperature is a pri-
mary controller of the rate of cotton plant growth, deve-
lopmental events, and fruit maturation (Baker 1965). The
primary centers of diversity for cotton (Gossypium hirsutum
L.) are in Australia, in northeast Africa and Arabia, and in
west-central and southern Mexico (Brubaker 1999) areas of
hot and often dry weather. Although cotton originates from
areas with hot, dry climates, it suffers under conditions of
extreme high day temperature (Oosterhuis 2002). The maxi-
mum growth rate for rapid dry matter accumulation during
the fruiting period in commercial cultivars of cotton occurs
at day/night temperatures of 30/20°C (Reddy et al. 1991).

Breeders have improved yields in Pima cotton (Gossy-
pium barbadence L.) by increasing high temperature toler-
ance (Kittock er al. 1988), however little has been done to
improve high temperature tolerance in Upland cotton (G
hirsutum L.). The answer to this may derive from ruderal
genetic material collected from the areas where cotton
grows under conditionas of extreme heat such as southern
Mexico.

The quantum yield of PSII is closely related with the
efficiency of CO, assimilation (Genty et al. 1989) and was
used as a tool for investigating photochemical mechanisms
underlying photosynthesis (Papageorgiou 1975). In cotton
quantum yield of PSII decreases with high temperature and
has been used as an indication of high temperature stress
(Bibi ez al. 2008). Therefore, it is important to identify
genetic material that can maintain high levels of quantum

yield of PSII during high temperature stress.

Heat stress causes damage to photosynthetic and mito-
chondrial electron transport probably due largely to the for-
mation of reactive oxygen species such as O,”, H,O,, and
NO (Gould 2003). Plants scavenge and dispose of these
reactive molecules formed during stress by the use of the
antioxidant defense system. An increase in the concentra-
tions of antioxidant enzymes constitutes an important me-
chanism for avoiding oxidative stress. According to Upad-
hyaya et al. (1991) enhanced synthesis of an antioxidant by
plant tissues may increase cell tolerance to heat. Therefore,
an increase in the level of antioxidant enzymes at high tem-
peratures may indicate a potential for high temperature
tolerance.

Leaf growth can also be detrimentally affected by high
temperature. Walter and Shurr (2005) reported that short-
term variations of environmental conditions caused rapid,
but transient changes in leaf expansion in all investigated
monocotyledonous species. Difficulty has been experienced
in studying leaf growth dynamics in broad-leaved species
(dicotyledonous) due to the absence of suitable methods
(Walter and Shurr 2005). Leaf growth has been measured in
eucalyptus (Eucalyptus marginata L.) in response to water
deficit (Stoleman et al. 1994), while leaf expansion has
been measured in cotton as an indicator of water stress
(Oosterhuis et al. 1990). However, limited information
exists about leaf extension in cotton as affected by elevated
temperatures and the use of this technique for cultivar
screening for high temperature tolerance.

In this study it was hypothesized the ruderal cotton will
be more tolerant to high temperature stress than the com-
mercial cotton genotypes. In addition we hypothesized that
the superiority of the ruderal genotype to high temperature
conditions would be reflected by the maintenance of both
physiological functions and growth. Our objective was to
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Table 1 Pedigree information for the G hirsutum L. genotypes used in
this study.

Genotypes Area of origin Parent lines
Fibermax 960BR U.S.A. Stoneville 7 (1952)
Stoneville 474 Mississippi Delta (St 453) x (DES 119)

Texas U.S.A. MAR-CDP3HPIH-1-1-86
Stuttgart, AR -

Oaxaca, Mexico Land race

Ulloa et al. 2007

Tamcot Sphinx
Deltapine444BR

G hirsutum L. race Palmeri
P1631044

compare a rudural type of G hirsutum L. with four com-
mercial cotton genotypes in their responses to high tempe-
rature using quantum yield of PSII, leaf extension growth,
and amounts of antioxidant enzymes.

MATERIALS AND METHODS

Seeds of the five genotypes were planted in two large growth
chambers (Model PW36, Conviron, Winnipeg, Canada) at the
Altheimer Laboratory of the University of Arkansas, Fayetteville,
AR. FM960BR, ST474, Sphinx, DP444BR and G hirsutum (PI
681044) originating from Oaxaca, Mexico (Table 1), were planted
in 2L pots filled with Sunshine potting media (MIX #1, Sun Gro
Horticulture Distribution Inc., Bellevue, WA) and watered with
half-strength Hoagland’s nutrient solution (Hoagland and Arnon
1950). Three seeds were planted in each pot and thinned to one
seed per pot after emergence. The growth chambers were main-
tained at 29/20°C (day/night temperature), and 75% relative humi-
dity. The photoperiod was set at 10 hours because, even though the
commercial cotton genotypes are not photoperiod sensitive, the
ruderal genotype required a short photoperiod in order to become
reproductive. The photosynthetic active radiation (PAR) followed
a typical diurnal pattern with the highest rate of insolation (850
pmol/m%/s) being between 10:00 a.m and 2:00 p.m. The plants
were maintained at control conditions (29/20°C) until the appear-
ance of floral buds (pinhead square stage), after which in one of
the two growth chambers the maximum temperature was increased
from 29°C to 44°C in 3°C increments during a 20-day period. The
humidity, photoperiod, night temperature and PAR were the same
in both growth chambers. The plants were allowed to acclimate at
each new temperature for 4 days before measurements were taken.
Each time measurements were taken from 60 (5 genotypes x 6
replications x 2 treatments) different plants. To maintain adequate
soil moisture and fertility at the higher temperature treatments the
plants were watered once daily with half-strength Hoagland’s nut-
rient solution while additional water was applied as needed.

Measurement of quantum yield of PSII of light-
adapted leaves

Quantum yield of the PSII was measured using the light-adapted
test of the modulated chlorophyll fluorometer OS1-FL (Opti-Sci-
ences, Tyngsboro, MA). With this system, chlorophyll fluores-
cence is excited by a 660 nm solid-state light source with filters
blocking radiation longer than 690 nm. The average intensity of
this modulated light was adjusted from 0 to 1 pE. Detection was in
the 700 to 750 nm range using a PIN silicon photodiode with
appropriate filtering to remove extraneous light. Saturation of the
photosystem was accomplished with a filtered 35W halogen lamp
(350~690 nm). For the light-adapted test (yield-test) an open-body
clip held the fiber optic light guide steady at an angle of 50° to the
leaf surface while allowing the ambient light to fall onto the leaf
surface. Measurements were taken of plants in both growth cham-
bers between 11:00 a.m. and 1:00 p.m. upon the fourth main-stem
leaf from the terminal with one reading per leaf from a plant at
each temperature. The percentage change in quantum yield of PSII
due to the temperature treatment was compared with that of the
control plant at 29°C.

Measuring the activity of catalase, glutathione
reductase, and peroxidase

At the end of the experiment leaf tissue was collected from plants
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in both growth chambers and was immediately stored in an ultra
low temperature (-80°C) freezer for subsequent extraction of cata-
lase, glutathione reductase, and peroxidase. Antioxidant enzyme
activities were measured on extracts obtained by the procedure of
Anderson et al. (1992) with a BioSpec-1601 enzyme analyzer
(Shimadzu Inc., Columbia, MD). Initially, the frozen tissue was
ground in liquid nitrogen in a mortar with a pestle. The pulverized
sample was placed in a 35-mL centrifuge tube containing 0.5 g
insoluble polyvinylpyrrolidone, one drop of antifoam A (Sigma-
Aldrich, Milwaukee, WI) and 4 mL of ice-cold extraction buffer,
and homogenized with a Polytron homogenizer. The tubes were
then centrifuged at 15.000 x g and 4°C for 20 min, and the super-
natant fraction was passed through a PD-10 column (Amersham
Biosciences, Uppsala, Sweden) for purification before measure-
ment in a spectrophotometer at the wavelengths described below.

The protocol of Beers and Sizer (1952) was followed to mea-
sure catalase activity. The disappearance of H,O, was measured as
the decrease in absorbance at 240 nm for 1 min at 25°C. The assay
described by Schaedle and Bassham (1977) was to measure gluta-
thione reductase activity. The glutathione dependent oxidation of
NADPH+H at 340 nm for 1 min at 25°C was recorded. Finally,
peroxidase activity was measured by monitoring the hydrogen per-
oxide-dependent oxidation of 2,3,6 trichloroindophenol at 675 nm
for 1 min at 25°C, as described by Nickel and Cunningham (1969).
For each antioxidant enzyme assay three measurements per sample
were recorded.

Measurement of leaf extension

Uniform, fully unfurled young main-stem leaves with a length of
about 3.5 mm from each cultivar were tagged on the first day of
each temperature increment using Dennisson marking tags (Den-
nisson Manufacturing Co, Framingham, MA) carefully placed
around the base of the petiole in order to measure leaf length. The
length of the tagged leaves, from the leaf tip to the point of attach-
ment of the petiole, was measured with a ruler the first day that the
leaves were tagged and the fourth day that the plants were exposed
to each temperature regime. The initial measurement of leaf length
was subtracted from that at the fourth day to calculate the increase
in leaf length of both treated and control plants. Finally, the per-
centage change of leaf length (hereafter, leaf extension) relative to
control plants maintained at 29°C was calculated.

Statistical analysis

The experimental design was completely randomized with six rep-
lications and a two-factor factorial arrangement of the treatments.
The main factor was temperature and the sub-factor was “culti-
vars”. The significance of treatment differences were detected by
analysis of variance (ANOVA) and were considered significant at
probability values of 0<0.05. The statistical analyses were per-
formed with the JMP 6 software (SAS Institute Inc., Cary, NC).

RESULTS

Effect of high temperature on quantum yield of
PSIi

The data for the percentage change in quantum yield of
PSII of the temperature treated plants compared to the con-
trol plants at 29°C showed that there was no significant
“cultivar x temperature” interaction (P=0.4775). However,
the “cultivar” effect on the percentage change of the quan-
tum yield of PSII was highly significant (P<0.0001) and
showed that with increasing temperature the ruderal geno-
type [G hirsutum L. (Palmeri)] had a significantly smaller
decrease in the quantum yield of PSII at 44°C compared to
the other genotypes (Fig. 1A). Additionally, DP444 experi-
enced the largest decrease in quantum yield of PSII com-
pared to the other genotypes, while Sphinx, FM960, and
ST474 showed a decrease in quantum yield of PSII greater
than the ruderal genotype but less than DP 444. The “tem-
perature” effect was also highly significant (P<0.0001) indi-
cating that quantum yield of PSII significantly decreases in
the temperature treated plants compared to the control at
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Fig. 1 Effect of genotype (A) and increasing air temperature (B) on the percentage change of quantum yield of PSII compared to the control at 29°C.

Columns with the same letter are not significantly different (P<0.05).

29°C (Fig. 1B). At the higher temperatures quantum yield
of PSII was more variable, and the apparent increase in the
change in quantum yield of PSII above 38°C is puzzling,
possibly due to protein (i.e. Rubisco) deactivation. However,
it was still significantly lower than the decrease observed at
32°C.

Effect of high temperature on antioxidant enzymes
The “cultivar x temperature” interaction was significant
(P=0.0414) for catalase activity, therefore we compared the

effect of temperature on each genotype separately (Fig. 2).
In general, catalase activity increased with increasing tem-
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perature, but this effect was statistically significant only for
the ruderal genotype and two of the commercial genotypes,
Sphinx and FM960.

On the other hand, analysis of the glutathione reductase
activity showed that the interaction of “cultivar x tempera-
ture” was not significant (P=0.4206), so the “cultivar” and
the “temperature” effects were analyzed separately (Fig. 3A
3B). The cultivar effect was highly significant (P<0.0001)
and showed that the ruderal genotype and the commercial
genotype Sphinx had significantly higher glutathione re-
ductase activity compared to ST474, DP444 and FM960
(Fig. 3A). The effect of temperature was also significant
(P=0.0076). The plants at 44°C had significantly increased

Sphinx P1681044

Genotype

Fig. 2 Comparison of the catalase activity of the five genotypes at two temperatures, 29 and 44°C. Pairs of columns with the same letter are not

significantly different (P<0.05).
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Fig. 4 Comparison of the peroxidase activity of the five genotypes at two temperatures 29°C and 44°C. Pairs of columns with the same letter are not

significantly different (P<0.05).

glutathione reductase activity compared to the control
plants at 29°C (Fig. 3B).

The “cultivar x temperature” interaction for peroxidase
activity was not significant (P=0.542). Also, main effects of
“cultivar” and “temperature” had no significant effect on
peroxidase activity (P=0.396 and P=0.231, respectively)
(Fig. 4).

Effect of high temperature on leaf extension

Leaf extension, as an indicator of cotton response to ele-
vated temperature, had no significant “cultivar x tempera-
ture” interaction (P=0.394). However, the “cultivar” effect
on leaf extension was significant (P<0.0394) and showed
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that the ruderal genotype had a significantly smaller de-
crease in leaf extension compared to ST474, DP444, and
FM960 with increasing temperature (Fig. SA). The decrease
in leaf extension of Sphinx was numerically higher than the
ruderal genoype but numerically lower than the rest of the
commercial genotypes. In addition, increasing temperature
had a highly significant adverse effect on leaf extension
(P<0.0001) (Fig. SB). Leaf extension was increased at 32
and 35°C compared to the control at 29°C. However, signi-
ficant decreases in leaf extension were observed at tempera-
tures above 38°C, with the effect being more detrimental at
the higher temperatures (41 and 44°C).
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DISCUSSION

This study showed that high temperature (>32°C) caused a
significant decrease in quantum yield of PSII for all geno-
types. Particularly important was that the ruderal G hir-
sutum race Palmeri experienced a significantly smaller de-
crease in quantum yield of PSII compared to the com-
mercial cultivars suggesting that PI1631044 is more tolerant
of high temperature. The quantum efficiency of PSII mea-
sured with the dark-adapted test (Fv/Fm) has been used
widely as an indicator of environmental stress and as a
screening method for heat resistance in barley mutants
(Georgieva et al. 2003). In addition, commercial cotton cul-
tivars have been screened for tolerance to high temperature
using the quantum yield of PSII measured with the light-
adapted test (Bibi et al. 2008). However, this study is the
first evidence for screening commercial cotton cultivars
with a ruderal genotype of G Airsutum for high temperature
tolerance using measurements of the quantum yield of PSII.

In addition to quantum yield of PSII, increased tempe-
rature caused significant increases in the antioxidant acti-
vity of both glutathione reductase and catalase. The ruderal
genotype and the commercial genotype, Tamcot Sphinx,
had significantly higher activity of glutathione reductase
compared to the other genotypes. Similarly, catalase activity
increased significantly at the high temperature treated plants
of Ghirsutum race Palmeri, Tamcot Sphinx, and FM960
compared to the genotypes at 29°C. Increased activities of
antioxidant enzymes confirms stress tolerance (Upadhyaya
et al. 1991); therefore mainly PI 631044 and Tamcot Sphinx
showed tolerance to high temperature stress. This is the first
report of a ruderal G hirsutum showing significantly higher
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activity of glutathione reductase and catalase indicating
tolerance to high temperature. Similarly, there are no previ-
ous reports of increased levels of antioxidant enzymes in
the commercial cultivar, Tamcot Sphinx, to confirm its high
temperature tolerance. However, it should be noted that
according to its registration (El-Zik and Thaxton 1996) this
genotype was selected for its improved tolerance to abiotic
stresses. FM960 showed increased levels of catalase acti-
vity with higher temperatures but not glutathione reductase
activity. Increased activities of glutathione reductase and
catalase with high temperatures were also reported in wheat
(Triticum aestivum L.) genotypes (Sairam et al. 1997) and
in commercial cotton cultivars (Bibi ef al. 2004). However,
this report is the first to present data for high temperature
tolerance in a ruderal genotype of G hirsutum also well as
the response of commercial cotton genotypes to high tem-
perature using antioxidant enzymes activity.

Finally, the effect of increased high temperature was
detrimental to leaf extension growth. Leaf extension of all
the genotypes was decreased significantly with increased
temperature. However, P1631044 was significantly less af-
fected by high temperature stress compared to ST474,
DP444, and FM960. This further supports the tolerance of
this genotype to high temperature that was previously shown
with quantum yield of PSII and the antioxidant enzymes
catalase and glutathione reductase. In addition, the effect of
high temperature on Tamcot Sphinx was intermediate, i.e,
more from the ruderal genotype but numerically less than
the other commercial genotypes. The increased levels of
glutathione reductase and catalase observed in Tamcot
Sphinx compared to the other commercial lines indicates
that Sphinx has some tolerance to high temperature stress.
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Previous work with cotton has focused on the effects of
water-deficit stress on leaf extension for irrigation sche-
duling (Oosterhuis ef al. 1990), while cotton leaf area ex-
pansion has been used for modeling purposes by Reddy et
al. (1992). Our study is the first report of the use of leaf
extension as a screen for differences in tolerance to high
temperature between commercial genotypes and a ruderal
genotype of G hirsutum.

The superior high temperature tolerance of the ruderal
genotype compared to the commercial cultivars was evident
in this study. Among the commercial cultivars, Tamcot
Sphinx showed some tolerance to high temperature how-
ever this was not supported by measurements of quantum
yield of PSII. The results of all three measurements in this
study supported our hypothesis that the ruderal genotype of
G. hirsutum would be more tolerant to high temperature
stress compared to the commercial cultivars of this species.
The fact that the P1631044 exhibited greater tolerance to
high temperature than commercial cultivars is of particular
importance in germplasm improvement in Upland cotton.

CONCLUSIONS

The concern about global warming and the narrow genetic
focus of the commercial genotypes has drawn attention to
the search for temperature tolerance. Our results clearly
supported the stated hypothesis that the ruderal cotton was
more tolerant to high temperature stress than the com-
mercial cotton genotypes. The superiority of the ruderal
genotype to high temperature conditions was reflected by
the maintenance of both physiological functions and growth
during high temperature. Knowledge that tolerance to high
temperature exists in native cottons indicates that ruderal
genotypes of G hirsutum L. need to be further examined as
a promising source for high temperature tolerance in cotton.
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