Original Research Article
Effects of high night temperatures on cotton leaf gas
exchange and energy levels at flowering.

ABSTRACT

Higher than optimum day temperatures are known to affect negatively many physiological processes of
cotton but little attention have been given to the effects of high night temperatures. The objective of this
study was to monitor the effects of high night temperatures on leaf photosynthesis and respiration,
stomatal conductance and energy levels of cotton. Growth chamber experiments were conducted using
cotton (GossypiumhisrsutumL.) cultivar ST5288B2F with the treatments consisting of normal day/night
temperatures (32/24°C) and high night temperatures (32/30°C) for two weeks at flowering. Leaf
photosynthetic rates and stomatal conductance rates remained unaltered under higher night
temperatures during both weeks of the experiment. In contrast, a significant increase in leaf respiration
rates was observed at the end of the second week of the experiment with plants grown under conditions
of high night temperatures increasing their respiration rates by 30% compared to those grown under
normal temperatures. Conversely, leaf adenosine triphosphate (ATP) levels were significantly decreased
under conditions of elevated night temperatures. It was concluded that higher than optimum temperatures
during flowering had no significant effect on cotton leaf photosynthesis and stomatal conductance in
contrast to leaf respiration and ATP levels that were significantly decreased.

Keywords:cotton, photosynthesis, respiration, stomatal conductance, night temperatures, energy levels
1. INTRODUCTION

Heat stress constitutes a major threat to crop production worldwide and significant increases in global
temperatures are anticipated by the end of the century[1]. Extensive research has been dedicated on the
negative effects increased temperatures on plant growth and development but interestingly enough, night
temperatures are expected to increase faster and to a greater extent than day temperatures as a result of
increased cloudiness and consequently decreases in heat radiant loss [2]. Cotton (Gossypiumhirsutum
L.) may be a perennial that originates from hot and arid areas but with its physiological optimum at 28°C
[3] heat stress becomes a constraint more often than not during the growing season. Considerable
research has been conducted on the effects of higher than optimum temperatures during daytime on
cotton recording significant inhibition of photosynthetic rates ([4]-[6]) and increases in respiration[7]that
are accompanied by reductions in pollination and fertilization ([8]leading ultimately to compromised
reproductive efficiency and decreased yields [9].Significantly less attention has been given on the subject
of elevated night temperatures and their effects on cotton physiology and growth.Previous research has
reported that night temperatures between 28 and 42.5°C caused an in increase in the Qo of respiration
rates by 1.86 [10]while Reddy et al. [11] indicated that high night temperatures inhibit photosynthesis.
However, in their experiments, day and night temperatures were raised proportionally to each other and
therefore it was not possible to determine the effect of night temperature alone. Loka and Oosterhuis [12]
on experiments with higher than optimum night temperatures during cotton’s vegetative stage of growth
observed significant increases in respiration rates. Consequently depletion in leaf carbohydrates content
and significant reductions in leaf energy levels were reported [12]ultimately resulting in yield reduction
[13].

The reproductive stage appears to be more heat susceptible to heat stress than the vegetative stage[14]
and research in other crops has indicated that high night temperatures occurring during the reproductive
stage result in significant yield reductions due to increases in male sterility and floral abscission [15], [16],
delays in flowering [17] and decreases in pollen viability and grain filling [18]. Variable responses have
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been reported on photosynthesis [19-22] while respiration have been shown to increase under conditions
of high night temperature stress [18, 23, 24].

As mentioned above, little or no attention has been given to the effects of increasing night temperatures
during the reproductive stage on leaf gas exchange and energy levels. Since night temperatures are
projected to increase faster and to a longer extent compared to day temperatures it is important that
research should focus on their effects. It was hypothesized that high night temperatures will have a
negative effect on cotton photosynthesis, respiration, and stomatal conductance that would result in
significant reductions of energy levels. The objective of these studies was to evaluate and quantify the
effect of high night temperatures on cotton photosynthesis, respiration, stomatal conductance and
subsequent ATP content.

2. MATERIALS AND METHODS

Growth chamber studies were conducted and repeated at the Altheimer Laboratory, University of
Arkansas. Cotton (Gossypiumhirsutum L.) cultivar ST5288B2F was planted in 2L pots containing
horticulture mix (SunGro Distribution Inc., Bellevue, WA). Pots were arranged in a growth chamber
(Conviron PGW36) that was equipped with incandescent and fluorescent lamps and set for a 14h
photoperiod with a photosynthetic flux density (PPFD) of 800-850 pmol/m®s and a relative humidity of
60%. Half-strength Hoagland’s nutrient solution was applied daily to all pots in order to maintain adequate
nutrients and water. Plants were grown until first flower stage (approximately eight weeks after planting)
under normal day/night temperatures of 32/24°C (maximum during the day, minimum during the night,
respectively) simulating a normal diurnal variation. At the first flower stage pots were divided in two
groups and one group was transferred into a second growth chamber, with similar conditions of photon
flux density, humidity and photoperiod as the first chamber, but with night temperatures raised to 30°C for
6h at the start of the dark period (18:00-24:00) and a gradual decrease to 24°C, for an overall duration of
two weeks, while the control plants remained under normal conditions (32/24°C). Measurements of
photosynthesis, respiration, stomatal conductance and ATP levels were conducted at the end of the first
and second week from a total of 40 plants (10 replications for each week-group).

2.1. Photosynthesis and respiration measurements

A Li-Cor Model 6200 portable photosynthesis system (LiCor Inc., Lincoln, NE) was used to determine
photosynthetic and respiratory rates from the fourth uppermost main-stem leaf (n=10). Photosynthesis
measurements were taken at 13:00 at the end of the first and second week. Respiratory rates were taken
at 22:00at the end of the first and second week. The results were expressed as pmol/m?s.

2.2. Stomatal conductance measurements

Stomatal conductance measurements were taken at the end of each week from the fourth uppermost
main-stem leaf from 11:00 until 12:00 using a Decagon SC-1 Porometer (Decagon Inc. Pullman, WA).
Three measurements of various areas of the leaf were taken and then averaged and the results were
expressed as mmol/m?2s.

2.3. ATP content measurements

ATP content was measured according to Loka and Oosterhuis [12]. Six leaf disks per subtending leaf
were excised using a cork borer (d=1cm) at the end of the dark period. The leaf disks were placed
immediately in tubes containing 10ml TRIS solution and the tubes were put in a boiling waterbath for
10min, for the extraction of ATP. The resulting aliquot was then stored in 1.5 ml microcentrifuge tubes at
-80°C. The substrate-enzyme complex of luciferin-luciferase (ATP bioluminescent assay kit, Sigma
Chemical Company, St. Louis, MO) that converts the chemical energy associated with ATP into light was
used and the light produced (proportional to the ATP content of the sample) was determined with a
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20/20n Luminometer (Turner Biosystems Inc. Sunnyvale, CA) and the help of a standard curve. The
concentrations of the standards were 0, 0.00001, 0.0001, 0.001, 0.01, 0.04 pg ATP/ml.

2.4. Statistical analysis

The experimental design was a two-factor factorial, the two factors being temperature and time (weeks),
with 40 replications in each of the temperature treatment. The trends of the two growth chamber studies
were similar and the data were pooled. No significant interaction was observed between the two factors
across all measurements and the effects of temperature were analyzed for each week using a Student’s
ttest. Means were considered significantly different at P<0.05.

3. RESULTS AND DISCUSSION

3.1. Photosynthesis and respiration

Photosynthetic rates were not significantly affected by high night temperatures (Figure 1). No significant
interaction was observed between the main factors (time and temperature, P = 0.89 for photosynthesis
and P =0.45 for respiration) and the effect of temperature was analyzed using Student’s t-test for each
week. Plants grown under high night temperatures increased their photosynthetic rates by 5% and 6.5%
the first and the second week respectively, after initiation of treatment compared to the control. In contrast
to photosynthesis, respiration rates significantly increased at the end of the second week of high night
temperatures with heat-stressed plants having a 30% higher respiration rates compared to the control
(Figure 2).
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Fig.1. Effect of high night temperatures on leaf photosynthesis rates one and two weeks after the
night temperatures were raised. Pairs of columns of columns within each time interval with the same
letter are not significantly different (P < 0.05). C = 24°C night temperature, HNT = 30°C night temperature.
Error bars indicate +1 standard error.
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Fig. 2. Effect of high night temperatures on leaf respiration rates one and two weeks after the
night temperatures were raised. Pairs of columns of columns within each time interval with the same
letter are not significantly different (P < 0.05). C = 24°C night temperature, HNT = 30°C night temperature.
Error bars indicate +1 standard error.

3.2. Stomatal conductance

Stomatal conductance measurements indicated that high night temperatures had no significant effect on
the function of stomates. Again, no significant interaction was observed between the main factors (time
and temperature, P = 0.49) and the effect of temperature was analyzed using Student’s ttest for each
week. A non-statistically significant increase of 6% and 2.5% was recorded the first and the second week
respectively (Figure 3), compared to the control.
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Fig. 3. Effect of high night temperatures on leaf stomatal conductance rates one and two weeks
after the night temperatures were raised. Pairs of columns of columns within each time interval with the



129
130

131

132
133
134
135
136

137

138
139
140
141

142

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158
159

same letter are not significantly different (P < 0.05). C = 24°C night temperature, HNT = 30°C night
temperature. Error bars indicate +1 standard error.

3.3. ATPlevels

Contrary to both photosynthesis and stomatal conductance functions, leaf ATP levels were considerably
affected by high night temperatures (Figure 4). No significant interaction was observed between the main
factors (time and temperature, P= 0.35) and the effect of temperature was analyzed using Student’s t-test
for each week. Heat-stressed plants had 14% and 18% lower ATP levels at the end of the first and the
second week respectively, after initiation of stress compared to control.
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Fig. 4. Effect of high night temperatures on leaf ATP content one and two weeks after the night
temperatures were raised. Pairs of columns of columns within each time interval with the same letter are
not significantly different (P < 0.05). C = 24°C night temperature, HNT = 30°C night temperature. Error
bars indicate +1 standard error.

3.4. Discussion

Temperature plays a major role regulating plant growth and development and ultimately yield since it
determines the function of several physiological and metabolic processes. Photosynthesis, a function
closely related with crop productivity is considered to be directly affected by temperature, being one of the
most heat-sensitive processes in plants. Leaf photosynthetic rates are known to decrease under
conditions of high day temperature stress [4] [6,25]; however, controversial reports exist on the
photosynthetic response under high night temperature stress.Kanno et al. [22] andTurnbull et al. [19] with
experiments on rice (Oryzasativa) and cottonwood (Populus deltoids) respectively, indicated that leaf
photosynthetic rates were increased under higher than optimum night temperatures, while the opposite
was reported byPrasad et al. [26] and Djanaguiraman et al. [24] on wheat (Triticumaestivum) and
soybean (Glycine max) respectively. In our study leaf photosynthetic rates remained unaffected from the
high night temperature regime during the first and the second week of our experiment which is in
accordance with Mohammed and Tarpley [18] and Prasad et al. [26], where no change in the leaf
photosynthetic rates of rice and sorghum (Sorghum bicolor) respectively, was observed. In studies with
cotton, Reddy et al. [11] reported that photosynthesis decreased after heat stress; however, in their
experiment day and night temperatures were increased.

Carbon dioxide supply for photosynthesis is dependent on stomatal function and in our study higher than
optimum night temperatures had no significant effect on leaf stomatal function. Contrary to our
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results,Prasad et al. [26] and Djanaguiraman et al. [24] reported significant decreases in leaf stomatal
conductance rates under conditions of high night temperature stress which were accordingly to their
photosynthetic rates. They suggested that this could be due to indirect effects of high night temperatures
on leaf senescence.

Respiration, is another key metabolic process controlling crop growth. Dark respiration (in contrast to
photorespiration and photosynthesis) occurs during day and night with the energy being produced divided
between growth and maintenance components[27]. Similarly to photosynthesis, respiration is greatly
controlled by temperature with Salvucci and Crafts-Brandner[10] reporting high night temperatures
between 28 and 42.5°C causing an increase in the Qo of respiration rates by 1.86 in cotton plants. As our
results have shown, high night temperatures of 30C increased leaf respiration rates during the second
week of our experiments but not the first. Loka and Oosterhuis [12] also reported significant increases in
respiration rates under high night temperature conditions during cotton’s vegetative stage indicating that
reproductive and vegetative stage are equally sensitive to high night temperatures. Research in other
crops such as sorghum[28], soybean [24, 29] and rice [18]also noticed that higher than optimum night
temperatures resulted in increasing rates of respiration.

The significantly lower leaf ATP levels observed in plants grown at higher than optimal night temperatures
compared to the levels of those grown at normal temperatures are attributed, we assume, to the
increased respiration rates that resulted in significant decreases in leaf ATP levels. Similar to our results,
Djanaguiraman et al. [24] reported significant decreases in leaf ATP levels of soybean plants grown under
high night temperatures conditions and they speculated that this was due to increases in thylakoid
membrane’s permeability which resulted in leakage of protons. In support of our assumption, Loka and
Oosterhuis [12] reported substantially lower levels of leaf ATP in cotton under increased night
temperatures during cotton’s vegetative stage. Furthermore, Lawrence and Holaday [30] observed lower
ATP values in expanding cotton leaves for plants grown and 30/28C compared to those for plants grown
at 30/19°C leading us to assume that leaf ATP levels are susceptible to increased night temperatures at
all growth stages of cotton.

4. CONCLUSION

In conclusion, contrary to our expectations and hypothesis, high night temperatures had no significant
effect on leaf photosynthesis and stomatal conductance with plants grown at higher temperatures having
almost similar photosynthetic and stomatal conductance rates with those grown under normal conditions.
However, leaf respiration rates were significantly increased under high night temperatures which
consequently resulted in considerable decreases in leaf ATP pools leading us to conclude that both
functions, respiration and ATP production during cotton’s reproductive stage are as sensitive, to higher
than optimum night temperatures, as during its vegetative stage.

REFERENCES

1.IPCC (Intergovernmental Panel on Climate Change). 2007. Climate Change 2007: Impacts, Adaptation
and Vulnerability. In: Contribution of Working Group Il to Fourth Assesment Report of the
Intergovernmental Panel on Climate Change. M.L. Parry, O.F. Cnaziani, J.P. Palutikof, P.J. van der
Linden, and C.E. Hanson (eds.) Cambridge University Press, Cambridge, UK.

2. Alward RD, Detling JK, Milchunas DG. Grassland vegetation changes and nocturnal global warming.
Science 1999; 283:229-231.

3. Conaty WC, Burke JJ, Mahan JR, Neilsen JE, Sutton BG. 2012. Determining the optimum plant
temperature of cotton physiology and yield to improve plant-based irrigation scheduling. Crop Sci. 2012;
52:1828-1836.

4. Bibi AC, Oosterhuis DM, Gonias EG. Photosynthesis, quantum yield of photosystem Il and membrane
leakage as affected by high temperatures in cotton genotypes. J. Cotton Sci. 2008; 12:150-159.



206
207

208
209

210
211

212
213

214
215

216
217

218
219

220
221

222
223

224

225
226

227
228

229
230

231
232

233
234

235
236

237
238

239
240

241
242

243
244
245

5. Burke JJ, Hatfield JL, Mahan JR. Crop specific thermal kinetic windows in relation to wheat and cotton
biomass production. Agron. J. 1988; 80:553-556.

6. Snider JL, Oosterhuis DM, Kawakami EM. Diurnal pollen tube growth rate is slowed by high
temperature in field-grown Gossypiumhirsutum pistils. J. Plant Physiol. 2011; 168:441-448.

7. Krieg DR. Feedback control and stress effects on photosynthesis. In: Proceedings of the Beltwide
Cotton Conference. Natl. Cotton Counc. Am., Memphis, TN, 1986; 227—243.

8. Snider JL, Oosterhuis DM, Skulman BW, Kawakami EM. Heat stress induced limitations to
reproductive success in Gossypiumhirsutum. Physiol. Plant. 2009; 137:125—138.

9. Wahid A, Gelani S, Ashraf M, Foolad MR. Heat tolerance in plants: An overview. Environ. Exp. Bot.
2007; 61:199-223

10. Salvucci ME, Crafts-Brandner SJ. Inhibition of photosynthesis by heat stress. The activation state of
rubisco as a limiting factor in photosynthesis. Physiol. Plant. 2004; 120:179-186.

11. Reddy KR, Hodges HF, McKinion JM. Modeling temperature effects on cotton internode and leaf
growth. Crop Sci. 1997; 37:503-509.

12. Loka DA, Oosterhuis DM. Effect of high night temperatures on cotton respiration, ATP levels and
carbohydrate content. Environ. Exp. Bot. 2010; 68:258-263.

13. Echer FR, Oosterhuis DM, Loka DA, Rosolem CA. High night temperatures during the floral bud stage
increase the abscission of reproductive structures in cotton. J. Agron. Crop Sci. 2014; 200:191-198.

14. Hall AE. Breeding for heat tolerance. Plant Breed. Rev. 1992; 10:129-168.

15. Warrag MOA, Hall AE. Reproductive responses of cowpea to heat stress. 1l. Responses to night air
temperature. Field Crops Res. 1984; 8:17-33.

16. Guinn G. Abscission of cotton floral buds as influenced by factors affecting photosynthesis and
respiration. Crop Sci. 1974; 14:291-293.

17. Zinn KE, Tunc-Ozdemir M, Harper JF. Temperature stress and plant sexual reproduction: uncovering
the weakest links. J. Exp. Bot. 2010; 61:1959-1968.

18. Mohammed AR, Tarpley, L. Impact of high nighttime temperature on respiration, membrane stability,
antioxidant capacity and yield of rice plants. Crop Sci. 2009; 49:313-322.

19. Turnbull MH, Murthy R, Griffin KL. The relative impacts of daytime and night-time warming on
photosynthetic capacity in Populusdeltoides. Plant Cell Environ. 2002; 25: 1729-1737.

20. Gibson LR, Mullen RE. Influence of day and night temperature on soybean seed yield. Crop Sci.
1996; 36:98-104.

21. Frantz MJ, Cometti NN, Bugbee B. Night temperature has minimal effect on respiration and growth of
rapidly growing plants. Ann. Bot. 2004; 94:155—166.

22. Kanno K, Mae T, Makino A. High night temperature stimulates photosynthesis, biomass production
and growth during the vegetative stage of rice plants. Soil Sci. Plant Nutr. 2009; 55:124-131.

23. Manunta P, Kirkham MB. Respiration and growth of sorghum and sunflower under predicted
increased night temperatures. J. Agron. Crop Sci. 1996; 176:267—274.

24. Djanaguiraman M, Prasad PVV, Schapaugh WT. High day- or nighttime temperature alters leaf
assimilation, reproductive success and phosphatidic acid of pollen grain in soybean [Glycine max (L.)
Merr.]. Crop Sci. 2013; 53:1594-1604.



246
247

248
249

250
251

252
253

254
255

256
257

258

25. Crafts-Brandner SJ, Salvucci ME. Rubiscoactivase constrains the photosynthetic potential of leaves
at high temperature and CO,. Proc. Natl. Acad. Sci. USA. 2000; 97:13430-13435.

26. Prasad PVV, Pisipati SR, Ristic Z, Bukovnik U, Fritz AK. Impact of nighttime temperature on
physiology and growth of spring wheat. Cop Sci. 2008; 48:2372-2380.

27. Amthor JS. The McCree-de Witt —Penning de Vries — Thornley respiration paradigms: 30 Years later.
Ann. Bot. 2000; 86:1-20.

28. Prasad PVV, Djanaguiraman M. High night temperature decreases leaf photosynthesis and pollen
function in grain sorghum. Funct. Plant Biol. 2011; 38:993-1003.

29. Zheng SH, Nakamoto H, Yoshikawa K, Furuya T, Fukuyama M. Influence of high night temperature
on flowering and pod setting in soybean. Plant Prod. Sci. 2002; 5:215-218.

30. Lawrence C, Holaday AS. Effects of mild night chilling on respiration of expanding cotton leaves.
Plant Sci. 2000; 157:233—244.



