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Exogenously applied growth
regulators protect the cotton
~crop from heat-induced injury
e« by modulating plant defense
et mechanism
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Episodes of extremely high temperature during reproductive stages of cotton crops are common in

. many parts of the world. Heat stress negatively influences plant growth, physiology and ultimately lint

. yield. This study attempts to modulate heat-induced damage to cotton crops via application of growth
regulators e.g. hydrogen peroxide (H,0, 30ppm), salicylic acid (SA 50ppm), moringa leaf extract (MLE
30 times diluted) and ascorbic acid (ASA 70ppm). Cotton plants were exposed to different thermal

. regimes by staggering sowing time (field) or exposing to elevated temperatures (38/24 °C and 45/30 °C)

. for one week during reproductive growth stages (glasshouse). Elevated temperatures significantly

. induced lipid membrane damage, which was evident from an increased malondialdehyde (MDA) level in
cotton leaves. Heat-stressed plants also experienced a significant reduction in leaf chlorophyll contents,
net photosynthetic rate and lint yield. Hydrogen peroxide outclassed all the other regulators in
increasing leaf SOD, CAT activity, chlorophyll contents, net photosynthetic rate, number of sympodial

. branches, boll weight and fiber quality components. For example, hydrogen peroxide improved boll

weight of heat stressed plants by 32% (supra), 12% (sub) under glasshouse and 18% (supra) under field

. conditions compared with water treated plants under the same temperatures. Growth regulators,
specifically, H,0, protected physiological processes of cotton from heat-induced injury by capturing

. reactive oxygen species and modulating antioxidant enzymes. Thus, cotton performance in the future

 warmer climates may be improved through regulation (endogenous) or application (exogenous)

. hormones during reproductive phases.

© Abiotic stresses such as salinity, drought and extreme temperatures strongly influence crop production through-
out the world. Among these, high temperature is one of the most common stresses, which impacts defensive
system, chlorophyll contents, photosynthetic apparatus, antioxidant enzymes and productivity of field crops'.
For example, daily average temperature for optimum cotton growth ranges from 27-29°C and 25.5°C*?® and
: cotton crop is predominantly cultivated under semiarid conditions where maximum day temperature reaches
© to 48-50°C* Important physiological process e.g. leaf chlorophyll and carbon assimilation process of cotton has
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Control 39.21¢+0.88 | 56.37 d+£2.65 28.69a+1.6 1.49b+0.80 0.50b+0.30
H,0, (30 ppm) 52.59a+0.50 | 139.13a£7.60 |2220b=+1.1 1.70a+1.20 0.55a+£0.32

32/20°C SA (70 ppm) 40.46 ¢+0.90 | 59.50d+3.35 29.97a+1.8 1.53b+0.93 0.49b+0.28
MLE (30 times diluted) | 51.57a40.79 | 84.90b+5.91 2350b+1.2 1.51b+1.26 0.50b+0.26
ASA (70 ppm) 4594b40.79 | 72.84c+3.98 24.85bc+1.3 1.50b+1.16 0.49b+0.24
Control 58.82d+1.20 | 87.33e+4.57 51.16a+2.6 0.89¢c+0.56 0.33¢+0.19
H,0, (30 ppm) 99.24a+2.55 | 300.31a+16.44 | 30.88d+1.7 1.342+0.83 0.45a+£0.21

45/30°C SA (70 ppm) 68.93¢+0.55 | 142.17d+7.53 | 48.06b+2.5 0.90 ¢£0.60 0.32¢+0.22
MLE (30 times diluted) | 88.09b=+2.08 | 249.97b+13.18 | 34.58 c+ 1.6 1.15b+0.70 0.41b+0.25
ASA (70 ppm) 86.38b+1.20 | 214.03c+11.80 | 34.45¢c+1.7 1.14b+0.66 0.40b+0.22
Control 42.90d+0.87 | 60.83 e+3.89 41.51a+2.2 1.40b+0.78 0.44b+0.23
H,0, (30 ppm) 59.34a+1.04 | 147.74a+8.18 |30.01d+1.6 1.62a+0.91 0.49a+£0.27

38/24°C SA (70 ppm) 47.14c¢+1.05 | 67.91d+4.10 3801b+1.9 1.44b+0.82 0.42b+0.18
MLE (30 times diluted) | 59.00a+0.97 | 94.55b45.85 32.19¢c%1.6 1.43b+0.76 0.43b+0.21
ASA (70 ppm) 53.16b+0.94 | 84.41 c£5.36 3246c¢c+1.7 1.39b+0.85 0.43b+0.24
LSD 2.83 5.31 1.57 0.051 0.023

Table 1. Effect of growth regulators and thermal regimes on superoxide dismutase (SOD), catalase (CAT),
chlorophyll contents and malondialdehyde contents (nmol g~! FW) in glass house conditions. Mean of three
replications (n = 3) & SE and variants having same alphabets are not statistically significant at P < 0.05.
Main factors and interaction are significant at P < 0.01. By using the LSD of the interaction between growth
regulators and thermal regimes, lettering is done separately for each thermal regime.

H,0, (30 ppm) 28.44+0.53a |4.0a+0.20 287a%£1.5 309a+17 23.3a+£0.56 3.7a+0.19

32/20°C SA (70 ppm) 256+0.50b |3.9a+0.19 27.8a+1.3 30.1a£1.6 22.8a+0.44 3.8a+£0.20
MLE (30 times diluted) |24.9+£0.50b |4.2a+0.23 278a+1.6 29.7a+14 23.2a+0.41 3.8a+0.21
ASA (70 ppm) 251+041b |41a+£0.21 28.1lax14 29.8at15 22.9a+£0.40 3.7a+£0.18
Control 215+0.52¢ |32b+0.16 18.6b+1.0 218b+1.1 14.8b+0.31 2.6b+0.17
H,0, (30 ppm) 26.1+0.49a |3.8a%0.19 23.0ax1.1 269a+13 17.62£0.37 34a+0.14

45/30°C SA (70 ppm) 219+046¢c |3.2b+0.16 18.8b+0.9 20.7b+1.0 14.5b+0.33 2.7b+0.16
MLE (30 times diluted) |23.7+£0.49b |3.7a+0.18 2l.6at12 26.8at12 17.42+0.43 3.2a+£0.13
ASA (70 ppm) 240+0.39b |3.7a+0.17 21.8a+1.3 257a£13 17.3a£0.31 3.1a+£0.15
Control 159+031¢c |3.5b+0.18 239c+t14 252b+1.1 19.7b£0.50 32a+0.17
H,0, (30 ppm) 21.6+0.36a |4.0a%0.21 27.1ax15 29.0a£15 22.1a+£0.45 3.6b+0.18

38/24°C SA (70 ppm) 15.0£029¢ |3.4b+0.17 22.6ct1.1 241b+1.2 19.7b+0.39 33a+0.19
MLE (30 times diluted) |17.8+0.32b | 3.9a+0.23 258b+1.2 27.7at14 22.9a+£0.53 33b+0.16
ASA (70 ppm) 17.94£0.37b |3.9a+0.20 26.0at14 28.6at1.6 22.8a+0.52 3.7a+£0.19
LSD 1.42 0.21 1.43 1.51 1.02 0.20

Table 2. Effect of growth regulators and thermal regimes on net photosynthetic rate-Pn (u mol m=2 sec™?), fiber
quality components, number of sympodial branches per plant and boll weight (g) under glass house conditions.
Mean of three replications (n=3) £ SE and variants having same alphabets are not statistically significant at

P < 0.05. Main factors and interaction are significant at P < 0.01. By using the LSD of the interaction between
growth regulators and thermal regimes, lettering is done separately for each thermal regime.

been found very sensitive to high temperature>®. For example, a small increase in air temperature above opti-
mum (30 °C) can significantly reduce leaf photosynthesis’. Further, a temperature above 35-40 °C significantly
restrict elongation of fruiting branch (sympodial branches) in cotton® Heat stress influences cellular biochemis-
try by accelerating reactive oxygen species (ROS) production®. While, plants may metabolize these ROS through
up-regulating antioxidants defense enzymes e.g. superoxide dismutase (SOD) and catalase (CAT)>!°.

Plant growth regulators have been found effective in improving crop performance against abiotic stresses by
activating defensive system!'!. For example, hydrogen peroxide, a signaling molecule has been found effective
to activate plant defensive system in plants under high temperature stress'?. Similarly, ascorbic acid can reduce
oxidative cellular injury'®, improve chlorophyll contents and maintain redox state of photosynthetic process'*!°.
An organic extract from Moringa leaves containing zeatine-a group of cytokinin'® has also been found effective in
increasing chlorophyll of drought-stressed maize crop’’.
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Figure 1. Effect of growth regulators and thermal regimes on (a) superoxide dismutase (SOD), (b) catalase
(CAT), (c) malondialdehyde contents (nmol g~! FW), (d,e) chlorophyll contents and (f) net photosynthetic
rate-Pn (n mol m~2 sec™!) in glasshouse conditions. Bars indicate SD and mean values with + SD (n=3) are
given.

As the physiological process of plants including carbon assimilation are very sensitive to heat stress in cot-
ton, we proposed that negative effects of heat could be meliorated by modulating plant defense mechanism
through plant growth regulators. For this, we conducted experiments under glasshouse and field conditions to
(1) Compare the leaf bio-chemistry, physiology, yield components and fiber quality of cotton under different
temperature regimes and (2) To assess the effect of various growth substances for mitigating the adverse effects
of high temperature.

Materials and Methods

Glasshouse experiment.  Glasshouse of Faculty of Agriculture, University of Agriculture Faisalabad (UAF),
Pakistan was used to conduct the pot trials. Cotton plants were grown under 14/10h day/night light. To get a clear
response to growth regulators, a medium heat tolerant variety (cv. AA-802), was used in these experiments. Soil
properties and growth condition were same as have been reported in the previous study'®. Three temperature
regimes viz. 45/30°C (prevails in Pakistan during cotton growing season), 38/24°C (considered as critical range
for cotton) and 32/20°C (optimum) were maintained under three different chambers of glass house. Florescent
bulbs were lighted in these chambers as supplement light as the main part of photosynthetically active radiations
(1400-1600 mmol m~2 sec™!) were available from sun. Different foliar sprays (distilled water, 30 ppm hydrogen
peroxide, 50 ppm salicylic acid, 30 times diluted moringa leaf extract and 70 ppm solution of ascorbic acid) were
applied on cotton plants and pots were shifted after 24 hours of foliar spray to medium and high temperature

SCIENTIFICREPORTS |(2018)8:17086 | DOI:10.1038/s41598-018-35420-5 3



www.nature.com/scientificreports/

(2) (b)

B Control (H20 spray) BH202 (30 ppm) OSA (50 ppm) ®MLE (30 times diluted) B ASA (70 ppm) BControl (H20 spray) BH202 (30 ppm) OSA (50 ppm) WMLE (30 times diluted) BASA (70 ppm)

w = o

=

Fiber fineness (micronaire)
S

3200+2°C 45530 £2°C 3824£2°C 3220£2°C 45530 £2°C 3824+2°C
Thermal regimes Thermal regimes
) (d
BControl (H20 spray) BH202 (30 ppm) O'SA (50 ppm) ®MLE (30 times diluted) B ASA (70 ppm) BControl (H20 spray) @H202 (30 ppm) OSA (50 ppm) ®MLE (30 times diluted) BASA (70 ppm)
]
<
—~ 9
g :
< o
g ]
:
2] K
c o
2 E 5
L e
.“E 3
E :
3200+£2°C 45530 £2°C 3824 £2°C 3 3220£2°C 45530 £2°C 3824+2°C
Thermal regimes Thermal regimes

)

E Control (H20O spray) EBH202 (30 ppm) OSA (50 ppm) = MLE (30 times diluted) B ASA (70 ppm)

Boll weight (g)

S = N W h~ W0

32/20 + 2°C 45/30 +2°C 38/24 £ 2°C
Thermal regimes

Figure 2. Effect of growth regulators and thermal regimes on (a—c) fiber quality components, (d) number
of sympodial branches per plant and (e) boll weight under glass house condition. Bars indicate SD and mean
values with + SD (n=3) are given.

chambers. Seven days after this foliar spray, leaves samples were taken to measure chlorophyll contents and the
activity of superoxide dismutase (SOD) and catalase (CAT) enzymes and pots were shifted back to optimum
temperature range chamber. It took 120 days to complete the experiment.

Conditions for field experiment. Location. The field experiment was conducted at Agronomy Farm in
2012 and repeated in 2013. During first year, crop was sown on 2" April, 3 May and 17 June while during sec-
ond year planting was done on 4% April, 2" May and 19" June. Weather data were obtained from the staff engaged
at the metrological observatory of Agronomy Department, University of Agriculture Faisalabad, Pakistan and has
been shown in previous study'®. Different sowing times referred as thermal regimes provided different temper-
atures to crop'®. Randomized complete block design with split plot treatment structure was employed keeping
sowing dates in main plot and growth substances in subplots. Six lines were sown in each experimental unit meas-
uring 6.0 m x 4.5 m. Foliar spray of 30 ppm hydrogen peroxide, 50 ppm salicylic acid, 30 times diluted moringa
leaf extract and 70 ppm of ascorbic acid were applied thrice at square initiation, flower appearance and at boll
initiation. Seven days after this foliar spray, leaves samples were taken to measure chlorophyll contents and the
activity of superoxide dismutase (SOD) and catalase (CAT) enzymes.

Leaf physiology. In order to measure leaf SOD activity, photoreduction of nitroblue tetrazolium was inhibited
and the absorbance was recorded at 470 nm?. A total volume of 3 mL of reaction mixture (50 mM phosphate
buffer (pH 7) + 5.9 mMH,0,) was used to extract CAT activity from 0.1 mL enzyme extract?'. Procedure of** was
used to measure leaf MDA contents.

SCIENTIFICREPORTS | (2018)8:17086 | DOI:10.1038/s41598-018-35420-5 4



www.nature.com/scientificreports/

(@) (b)

O Control (H20 spray) BH202 (30 ppm) OISA (50 ppm) ®MLE (30 times diluted) @ASA (70 ppm) @Control (H20 spray) BH202 (30 ppm) DSA (50 ppm) WMLE (30 time diluted) @ASA (70 ppm)
30
i £
g 10 220
ER =150
. i
'gl 20 ? 50
S 2
< Supra- =
8 optimal optimal 5 optimal optimal
@ regimes regimes regimes regimes
2013 2013
Thermal regimes Thermal regimes
() (d)
BControl (H20 spray) BH202 (30 ppm) OSA (50 ppm) WMLE (30 times diluted) @ASA (70 ppm) Dol (R0gmy)  CHN2G0ppm)  DSA(Oppm)  WMLEGOineslued)  BASA (0 )
J
E% Ll
‘an% ?:5“
3 a
<
E Optima Optima §“
b3 regimes | optimal | regimes regimes 2 (Optimal regimes| Sub-optimal | Supra-optimal
regimes regimes U regies
2013 002 003
Thermal regines Thenmal regimes

©) ()

@Control (H20 spray)  @H202 (30 ppm) DSA (0 ppm) WMLE (30 times diluted) @ ASA (70 ppm) BControl (H20 spray) BH202 (30 ppm) OSA (50 ppm) WMLE (30 times diluted) BASA (70 ppm)

07
s

optimal | regimes
fegimes

2013

optimal fegimes

fegimes

Sub-optinal {Supra-optimal fegimes regimes

regimes | - regimes

fegimes | - regimes

2013
Thermal regimes Themal regines

regimes regimes

2002

Figure 3. Effect of growth regulators and thermal regimes on (a) superoxide dismutase (SOD), (b) catalase
(CAT), (c) malondialdehyde contents (nmol g~! FW), (d,e) chlorophyll contents and (f) net photosynthetic
rate-Pn (u mol m~2 sec™!) under field conditions during both years of study. Bars indicate SD and mean values
with+ SD (n=3) are given.

Infrared gas analyzer (LCi Analyser having Broad Head, Part Number LCi-002/B with Serial Number 32455)
was used to determine the net photosynthetic rate (Pn, p mol m2sec™!) at three different growth stages of the
cotton crop.

Fiber quality. Seed cotton from ten randomized selected plants were picked. After picking, 10 g of lint sample
was kept at 20 °C with 65-68% relative humidity for 6-8 hours for conditioning purpose. High volume instrument
(HVT) was used to measure fiber length (mm), fineness/micronaire and strength (g/tex).

Moringa leaf extract (MLE), boll weight (g) and number of sympodial branches/plants.  Fully grown moringa
leaves (Moringa oleifera) were collected to obtain their extract.

Cotton bolls were collected from the 10 mature plants of each experimental unit, and average boll weight
was determined by dividing total seed cotton yield per plant to the total number of bolls. Number of sympodial
branches per plant were calculated from 10 randomized selected plants of each experimental unit.

Statistical procedures. Data were analyzed through Statistix 10.1 software. Individual and interactive effects of
high temperature and growth regulators on leaf SOD, CAT, chlorophyll contents, number of sympodial branches
per plant, averaged boll weight (g) and fiber quality components were analyzed through two-way analysis of
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Control 39.08 ab+2.80|39.47 bc+2.69|60.69b+4.42 |59.37b+4.00 |40.25a+3.8 |50.03a+49 |1.54a+0.11 |1.58a=+0.11
H,0, (30 ppm) 53.69a43.84 |53.70a+4.57 |140.89a+10.78 |136.55a+£12.10 [31.00c+£2.9 |32.04c£3.1 |1.64a+0.14 [1.67a£0.13

Optimal regime | SA (70 ppm) 41.13ab+2.52|40.84ab+2.7 |62.19b+4.47 |66.61b+4.15 |3550b+34 |44.72b+4.0 |1.53a+0.09 |1.56a+0.10
MLE (30 times diluted) |47.03a+3.20 |47.14a+3.24 [81.10b+6.99 |79.47b+6.47 |31.25¢+2.9 |33.56c+3.2 |1.50a+0.10 |1.54a+0.12
ASA (70 ppm) 43.99a+2.92 |44.28ab+3.04|70.72b+5.02 |70.32b+572 |32.33c¢+3.1 [33.72c¢+3.3 |1.48a+0.09 |1.49ab+0.10
Control 58.54d+4.87 |54.40d+4.12 |89.96e+6.50 |83.65e+6.74 |51.96a+4.8 |39.49a+3.8 |0.96c+0.07 |1.04c=£0.07
H,0, (30 ppm) 101.26a47.83|96.23a+6.12 |286.76 a+20.36 |279.01 a+£20.28 |31.15¢+3.0 |31.13b+3.0 |1.37a+0.09 |1.45a%0.11

Supra-optimal SA (70 ppm) 74.69 c+5.48 |65.58c+3.89 |127.02d+9.06 |118.74d+8.64 |4558b+4.3 |36.33a+3.5 |0.95¢+0.06 |1.06c=+0.08
MLE (30 times diluted) |85.37b+6.07 |81.49b+7.27 [229.24b+17.04 |223.28b+£16.41 |32.56c+3.1 |32.96ab+3.1 |1.20b+0.10 |1.28b=+0.07
ASA (70 ppm) 87.92b+6.58 |79.65b+£5.39 |182.90 c+12.85 |175.23 c+11.63 |32.60c£3.0 |32.46ab+2.9 |1.19b+0.08 |1.29b+0.10
Control 4821ab+3.91|43.97cd+2.71|72.39¢£570 [69.56bc+5.62 |29.07a+2.8 |28.93a+27 [1.46a+0.1 1.58 a£0.09
H,0, (30 ppm) 63.04a+3.87 |59.86a+4.27 |157.78a4+10.20 |153.05a+9.16 |2421b+2.1 |22.17b+2.1 |1.60a+0.13 |1.71a+0.14

Sub-optimal SA (70 ppm) 51.21ab+4.92|51.03b+£2.99 |74.18 c+4.27 |68.00bc+4.20 |31.67a+3.0 |31.04a+3.0 |147a+0.11 |1.57a=+0.10
MLE (30 times diluted) |58.08a44.01 |51.51b+3.20 |97.20b+6.70 |92.02b+6.83 |24.30b+2.2 |24.19b+2.3 |1.43ab+0.10|1.53ab+0.11
ASA (70 ppm) 52.56ab+3.19|48.39bc+2.84|83.91bc+5.56 |7447b+556 |2440b+2.3 |2479b+2.0 |1.39ab=+0.09 |1.49ab=+0.09
LSD 10.55 7.88 23.06 21.35 4.57 4.11 0.16 0.15

Table 3. Effect of growth regulators and thermal regimes on superoxide dismutase (SOD), catalase (CAT),
malondialdehyde contents (nmol g~! FW) and chlorophyll a contents in field conditions during 2012 and 2013.
Mean of three replications (n = 3) £ SE and variants having same alphabets are not statistically significant at

P < 0.05. Main factors and interaction are significant at P < 0.01. By using the LSD of the interaction between
growth regulators and thermal regimes, lettering is done separately for each thermal regime.

Control 0.58a+0.045 | 0.57a+0.043 |20.5+1.37¢c [19.2£1.22¢ 4.0b£0.20 34b+3.0 225b+2.1 |22.1b£2.0
H,0, (30 ppm) 0.61a+0.051|0.57a+0.048 |26.6+1.63a |[24.6+£1.78a 4.6a+0.26 39a+37 265a+24 [263a+24
Optimal regime | SA (70 ppm) 0.55a+0.040 | 0.53a+0.039 |20.3+£1.20c |18.6+1.15¢ | April | 3.8b£0.23 33b+3.1 227b+2.0 |223b+2.1
MLE (30 times diluted) | 0.56 a+0.044 | 0.54a+0.041 |23.54+1.35b |21.5+1.44b 45a+0.22 39a+38 26.6a+23 |262a£25
ASA (70 ppm) 0.55a£0.039 | 0.52a+0.037 |23.6+1.50b [21.4+1.35b 46a+0.24 39a+36 254a+22 |255a£23
Control 0.40b+0.032 | 0.41b+0.022 |17.7+1.01¢ [25.5+1.50b 33b+0.17 41a+4.0 19.1b+1.7 |27.0b+2.6
H,0, (30 ppm) 0.52240.038 | 0.532+0.033 |24.1+1.60a |285+1.85a 3.8a+0.26 42a+4.1 23.6a+23 |28.1a+27
Supra-optimal SA (70 ppm) 0.36b+0.026 | 0.35b+0.024 |17.4+£0.98¢c |25.1£1.60b | May |3.2b=+0.17 43a+42 195b+1.8 [273a+25
MLE (30 times diluted) | 0.48 a+0.035 | 0.50 a+0.048 |20.8+1.30b |23.8+1.45b 3.7a+0.23 4lat39 245a+22 |272a+24
ASA (70 ppm) 0.48a+0.037 | 0.49a+0.039 |20.6+1.26b [23.5+1.35b 3.8a+0.17 40a+3.8 234a+21 |268a£23
Control 0.51a+0.043 | 0.55a+0.045 |28.2+1.71b [28.7+1.80b 4.0a+0.18 42a+42 26.1a+25 |27.5a+2.6
H,0, (30 ppm) 0.55240.049 | 0.59a+0.051 |31.4+2.01a [32.0£1.90a 3.8a+0.23 3.8a+35 262a+24 |264a£22
SA (70 ppm) 0.49a+0.040 | 0.54a2+0.037 [28.04+1.55b|28.0+1.60b 38a+0.21 41a+3.7 264a+2.6 |256a+22
Sub-optimal June
MLE (30 times diluted) | 0.50 a+0.037 | 0.54a40.040 |26.74+1.42b |26.9+1.50b 3.7a+0.20 39a+39 262a+23 |278a£27
ASA (70 ppm) 0.47 a£0.035 | 0.52ab+0.041 | 26.4+1.47b [27.1+1.65b 3.7a+0.22 38a+3.6 259a+2.1 |266a+24
LSD 0.052 0.058 2.85 2.10 0.42 0.41 2.43 2.35

Table 4. Effect of growth regulators and thermal regimes on chlorophyll b contents and net photosynthetic
rate-Pn (u mol m~2 sec™!) in field conditions during 2012 and 2013. Mean of three replications (n=3) 4= SE
and variants having same alphabets are not statistically significant at P < 0.05. Main factors and interaction are
significant at P < 0.01. By using the LSD of the interaction between growth regulators and thermal regimes,
lettering is done separately for each thermal regime.

variance (ANOVA). Regression analysis (R?) was run separately for all studied parameters under field and glass
house conditions. Level of significance was reported at 5 and 1% of probability.

Results

Green house experiment. Medium (38/24°C =+ 2) and high temperature (45/30°C = 2) stress at three
reproductive stages significantly enhanced MDA contents and antioxidant enzyme levels (SOD and CAT) of
cotton leaves. Heat-stressed cotton plants had significantly lower leaf chlorophyll contents, net photosynthetic
rate, fiber quality (fiber length, fineness and strength), number of sympodial branches per plant and averaged
boll weight (g) (Tables 1-2, Figs 1 and 2). In the absence of growth regulator application, heat-stressed plants
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Figure 4. Effect of growth regulators and thermal regimes on (a—c) fiber quality components, (d) number of
sympodial branches per plant and (e) boll weight under field conditions during both years of study. Values are
the means = SD (n = 3) and the bars indicate SD.

(exposed to 45/30°C) had 0.49, 1.40 and 0.78 times greater (averaged across three growth/reproductive phases)
SOD, CAT and MDA contents over the optimal temperature plants. Application of growth substances e.g. H,0,
followed by ASA and MLE further increased antioxidant enzymes but reduced MDA contents in cotton leaves at
three reproductive stages than SA and water treated plants. For example, H,O, treated leaves had 0.69, 0.38 and
0.34 folds higher SOD contents than leaves treated with water under supra, sub and optimal temperature regimes,
respectively (averaged across of three growth/reproductive phases). Similarly, H,0, enhanced chlorophyll a con-
tents in cotton leaves by 50%, 15% and 13% under supra (high), sub (medium) and optimal temperature regimes,
respectively than the leaves treated with water.

Thermal regimes and growth regulators showed significant effect (P < 0.01) on Pn, number of sympodial
branches per plant and averaged boll weight (Table 2, Figs 1f and 2d-e). Averaged across three reproductive
stages, Pn was reduced by 59% (supra-optimal) and 34% (sub-optimal) compared the water treated plants of
these thermal regimes with water treated plants of optimal thermal regime. Among the regulators, H,O, (followed
by ASA and MLE) improved Pn by 32% and 21% (averaged across three growth/reproductive phases) in supra
and sub-optimal thermal regime than water spray. Number of sympodial branches per plant were decreased by
40% and 8% (averaged across of under various treatments) in the plants exposed to supra (high) and sub opti-
mal temperature regimes. Various growth substances (H,0,, MLE and ASA) improved number of sympodial
branches per plant significantly under sub and supra-optimal thermal regimes. Among the growth regulators,
H,0, increased number of sympodial branches by 18.5% and 12% under supra and sub-optimal thermal regimes
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Figure 5. Association between malondialdehyde (nmol g~! FW) and (a) fiber length, (b) fiber fineness, (c)
fiber strength, (d) boll weight under glass house conditions. * and ** indicate significance at 5 and 1% levels,
respectively.

than the optimal thermal regime. Similarly, boll weight was reduced in medium and high temperature regimes
and the foliar spray of hydrogen peroxide improved boll weight. High temperature (sub and supra-optimal ther-
mal regimes) significantly reduced fiber quality components e.g. fiber fineness, fiber length and fiber strength.
Different growth substances significantly improved fiber quality components.

Relationship between leaf MDA, fiber quality and boll weight.  The association between MDA with
quality parameters (fiber length, fineness and fiber strength) (Fig. 5a—c) and MDA with boll weight was stud-
ied through regression analysis (Fig. 5d). The degree of relation differed significantly for optimal (32/20°C+2),
sub-optimal (38/24 °C 4 2) and supra-optimal temperature regimes. Irrespective of degree of association, leaf
MDA contents were positively and non-significantly correlated with fiber quality parameters (fiber fineness, fiber
length and with fiber strength under optimal thermal regime (Figs 5 and 6). The association between MDA con-
tents and fiber quality parameters was significant and negative under sub and supra-optimal thermal regimes,
irrespective of magnitude. Mean squares of regression were significant at 1% in supra-optimal and at 5% in
sub-optimal thermal regime.

Field experiment. Exposure to increasing temperature significantly increased antioxidant enzymes
(SOD and CAT) and MDA in cotton leaves (thermal regimes x regulators P < 0.05) (Table 3 and Fig. 3a-c). In
the water-sprayed plants, leaf SOD activity was increased by 0.44 and 0.17 folds under high temperature-supra
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Figure 6. Difference of regression coeflicient of (a) fiber length (b) fineness (c) fiber strength and (d) boll
weight under glass house conditions. * and ** indicate significance at 5 and 1% levels, respectively.

and medium temperature-sub-optimal regimes over optimal thermal regime. Similarly, leaf CAT contents were
increased by 1.16 folds and 0.14 folds under supra and sub-optimal thermal regime (averaged across both years of
study at three reproductive stages). Plants under high temperature regime (May sowing during first and April sow-
ing during second year of the study) showed higher leaf MDA contents as compared to plants grown under optimal
thermal regime-June sowing. Hydrogen peroxide-H,O,, ascorbic acid-ASA and moringa leaf extract-MLE stimu-
lated plant defensive system significant than salicylic acid and water treated plants. Hydrogen peroxide treated plants
had 0.75, 0.33 and 0.36 folds higher leaf SOD activity over the plants treated with water under high (supra), medium
(sub) and optimal temperature regimes, respectively. Similarly, H,O, increased CAT contents by 2.26, 1.19 and 1.31
folds under supra (high), sub (medium) and optimal thermal regimes, respectively than plants treated with water.
Leaf chlorophyll were significantly reduced by high temperature regimes (April and May sown crops) during
both years of study (thermal regimes x regulators P < 0.05) (Tables 3—4 and Fig. 3d-f). Further, the difference in
leaf chlorophyll contents and net photosynthetic rate of the plant under supra and sub thermal regimes was also
significant. All the growth substances improved leaf chlorophyll content than water treated plants. For example,
41% and 8% higher chlorophyll a content (averaged across of three reproductive/growth stages during two years
of study) were observed in leaves treated with hydrogen peroxide under high-supra and medium-sub-optimal
thermal regimes, respectively, than water-sprayed plants. Salicylic acid had no significant effect on chlorophyll
content under all thermal regimes. Thermal regimes and growth regulators showed a significant two-way interac-
tion (P < 0.05) for Pn, number of sympodial branches per plant and boll weight (g). Leaf Pn was equally affected
by heat during all three developmental stages (squaring, flowering and boll formation). High temperature regimes
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Control 275b+2.6 252b+24 19.1b+£1.23 20.0b+142 34b+030 |3.6b+34
H,0, (30 ppm) 31.5a£3.0 30.1a£29 224a+1.64 23.1a£181 39a£0.36 |42a£40

April SA (70 ppm) 26.7b+2.4 232b+2.0 18.6b+1.39 19.5b+1.48 32b+031 |34b=£3.1
MLE (30 times diluted) | 31.6a+2.9 28.8a+26 21.8a+1.51 22.7a£1.70 3.8a£0.37 |41a£39
ASA (70 ppm) 312a+28 288a+25 21.7a+1.43 22.6a+1.59 39a+0.38 |42a+42
Control 23.1b+21 29.9a+28 15.3b=+0.81 16.2b+0.83 28b+025 [29b+27
H,0, (30 ppm) 282a+27 30.6a+2.7 18.0a£1.33 19.1a£1.28 33a£029 |34a£32

May SA (70 ppm) 22.1b+2.0 30.1a£2.6 15.4b40.82 16.5b+0.84 29b4+026 |[29b+2.6
MLE (30 times diluted) | 28.1a+2.6 28.7a+24 17.9a+1.34 18.9a+1.31 33a£0.32 |35a+£31
ASA (70 ppm) 28.0a+25 288a+£25 18.1a£1.08 19.0a£1.07 34a£031 |34a+30
Control 29.6a+29 29.3a+28 12.4a£1.38 12.8a£0.74 2.5a£022 |26a£25
H,0, (30 ppm) 28.7a+27 304a+29 12.2a£1.70 12.7a+0.87 24a+020 |26at24
SA (70 ppm) 294a+£25 30.6a+£3.0 13.3a£089 13.82£0.96 2.5a£023 |27a£23

June MLE (30 times diluted) | 29.3a+2.8 30.0a+2.7 12.1a£0.83 12.6a+1.01 24a£022 |25a+22
ASA (70 ppm) 272a%£24 29.2a+£25 12.3a£0.70 12.82£0.87 24a£021 |25a+24
LSD 3.46 2.02 2.14 2.04 0.37 0.41

Table 5. Effect of growth regulators and thermal regimes on number of sympodial branches per plant and

boll weight (g) in field conditions during 2012 and 2013. Mean of three replications (n=3) £ SE and variants
having same alphabets are not statistically significant at P < 0.05. Main factors and interaction are significant at
P <0.01. By using the LSD of the interaction between growth regulators and thermal regimes, lettering is done
separately for each thermal regime.
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Figure 7. Association between malondialdehyde (nmolg-1FW) and fiber length under April, May and June
sowing dates during 2012 (a) and 2013 (b) under field conditions. *and ** indicate significance at 5 and 1%
levels, respectively.

(April and May sowing) caused 47% reduction in leaf Pn of water treated plants. Hydrogen peroxide increased
leaf Pn by 29% under high temperature regimes (averaged across three growth stages and two years of study).

Number of sympodial branches per plant and averaged boll weight per plant (g) was reduced significantly
under water treated plants of April and May sown crops than June sown crop. Among the growth regulators,
H,0,, MLE and ASA increased number of sympodial branches per plant and averaged boll weight per plant (g)
equally in April and May thermal regimes than salicylic acid and water treated plants (Table 5 and Fig. 4). On
the other hand, hydrogen peroxide treated plants resulted 16.5% and 17.7% (averaged across two years of study)
higher number sympodial branches under April and May thermal regimes respectively than water treated plants.
Effect of different thermal regimes on fiber quality components are shown in Fig. 4a—c and Tables 4-5. June sown
crop indicated more fiber length than May and April sown crop during the first year of study while in second year,
both May and June sowing dates produced higher fiber length than the April sown crop. April and June sown
crops produced higher fiber fineness and strength than May sown crop during 2012 while both May and June
sowing dates represented more fiber fineness and strength during 2013 over the April sown crop
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Figure 8. Association between malondialdehyde (nmolg-1FW) and fiber fineness in April, May and June
sowing dates during 2012 (a) and 2013 (b) under field conditions. *and **indicate significance at 5 and 1%
levels, respectively.
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Figure 9. Association between malondialdehyde (nmolg-1FW and fiber strength under April, May and June
sowing dates during 2012 (a) and 2013 (b) under field conditions. *and **indicate significance at 5 and 1%
levels, respectively.

For April-sown crop (2012), only H,O,significantly improved all fiber quality components of cotton but the effect
of growth regulators e.g. H,O,, MLE and AsA was significant during 2013. For May-sown crop, H,0,, MLE and AsA
showed significantly higher fiber quality parameters over water spray and salicylic acid during 2012, while during
2013 the effect of all regulators remained non-significant. All growth regulators showed non-significant results than
control (water spray) in June sown crop during both study years under all quality components.

Relationship between (MDA), fiber quality and boll weight under field conditions. The rela-
tionship between MDA, fiber quality parameters (Figs 7-11) and boll weight (Figs 10-11) was studied under
regression analysis. The degree of association was found different for April, May and June sown crops. The rela-
tionship of MDA-fiber quality and MDA-boll weight was significant and negative under April and May thermal
regimes during both years of study. The June thermal regime faced optimal temperature during both years of
study demonstrating positive and non-significant association. May thermal regime during both years of study
presented significant and negative association between MDA-quality parameters and boll weight. Under high
temperature regimes (April and May), mean squares of regression were significant at P < 0.05 and were significant
at 1% probability only at some places. The regression points were focused close to the regression line for negative
association only in supra-optimal thermal regimes.
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Figure 10. Association between malondialdehyde (nmolg-1FW) and boll weight under April, May and June
sowing dates during 2012 (a) and 2013 (b) under field conditions. *and ** indicate significance at 5 and 1%
levels, respectively.

Discussion

The first objective of these experiments was to understand how high temperature influences cotton growth
and yield. Oxidative stress (ROS) due to abiotic stresses influences the integrity of chloroplast/photosynthetic
machinery causing oxidation of cellular components, which are sensitive to heat ROS**?*. High temperature
at three reproductive stages of cotton increased ROS e.g. lipid membrane peroxidation contents (MDA) which
may affect the cell organelles as documented by*. A constricted balance between ROS and antioxidant enzymes
is required®®?’ but the stress conditions affected this balance between chloroplasts or mitochondria. The cotton
plants were unable to protect cells from heat-induced damage of MDA under glass house (45/30°C) and under
high temperature sowing dates (April and May) of field study. The antioxidant enzymes i.e, SOD and CAT were
up-regulated in cotton leaves but could not scavenge the ROS might be due to more stress at organelles. The pres-
ent findings were supported by**. High temperature stress reduced chlorophyll contents and photosynthetic rate
in tomato leaves® which might be due to reduced CO, fixation and photosynthesis process?*. Relatively lower
chlorophyll contents and net photosynthetic rate was observed in sub and supra-optimal thermal regimes of glass
house and under high temperature regimes of field study at three reproductive stages of cotton crop might be
due to higher oxidative stress. Medium and high temperature stress reduced number of sympodial branches and
averaged boll weight (g) of cotton as documented by*! which might be due to hindrance in assimilates supply to
developing bolls causing fruit abscission®?. High temperature stress of glass house and field study decreased the
fiber quality components (fiber fineness, length and strength) as reported by** which might be due to reduction
in photosynthesis as 90% of fiber is cellulose®.

To access the effect of various growth regulators such as H,0,, SA, MLE and ASA on plant defense, leaf phys-
iology, yield and fiber quality components was the second objective of this study.

Foliar spray of H,0, under heat stress significantly enhanced SOD and CAT contents, reduced MDA contents
and induced thermo-tolerance through capturing ROS*? found that H,O, pre-treatment on cucumber leaves
mitigated the heat stress effects, improved growth and reduced oxidative stress by protecting DNA structure. This
might be due to strong signaling process of H,O, which activates the plant defensive system against oxidative
stress”’. Similarly, foliar spray of moringa leaf extract and ascorbic acid increased antioxidants and decreased
oxidative stress as documented by***. Hydrogen peroxide followed by moringa leaf extract and ascorbic acid
improved chlorophyll contents and net photosynthetic rate under high temperature regimes of both field of stud-
ies. Hydrogen peroxide increased chlorophyll contents under high temperature regimes may be due to protecting
the chloroplast from oxidative damage*. Similarly, ascorbic acid and moringa leaf extract improved chlorophyll
contents under high temperature stress of mung bean and under salinity stress of wheat***! which might reduce
senescence and increased photosynthetic pigments*2. Hydrogen peroxide is a signaling molecule which might
have activated the plant defensive system protecting the photosynthetic apparatus under heat stress conditions*®.
Similarly, Moringa leaf extract is rich with zeatine** while ascorbic acid is most abundant antioxidant protecting
the photosynthetic apparatus from oxidative stresses* thus both may maintain the redox stat of photosynthetic
apparatus. Apple yield and quality was improved when H,O, was applied exogenously under normal conditions*
in contrary to high temperature regime of this study. Similarly, exogenous application of ASA and MLE increased
yield and the related components under salinity and normal conditions of wheat*>*” as found in this study. The
growth regulators (H,0,, MLE and ASA) increased fiber quality components under sub and supra-optimal ther-
mal regimes of glass house and under high temperature sowing dates of field study (Figs 3a—c, 5a—c and Table 1).
H,0, has role in cell expansion, fiber development*® and is involved in secondary wall differentiation of cotton
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Figure 11. Difference of regression coeflicient of (a) fiber length (b) fineness (c) fiber strength and (d) boll
weight under field conditions. * and ** indicate significance at 5 and 1% levels, respectively.

fibers*->! as found in this study where H,0, improved the fiber quality components under high temperature
regimes. Moringa leaf extract is rich with cytokinins!”*? which may increase fiber quality components like IAA.

Conclusion

Cotton crop experienced significant reduction in yield and fiber quality when exposed to high temperature con-
ditions during reproductive stages. This yield reduction was the result of lower number of sympodial branches
and boll weight, which was associated with impaired leaf photosynthesis in heat stressed plants. Various growth
regulators specifically H,O, (followed by ASA and MLE) ameliorated heat-induced damage to cotton yield. These
growth regulators also up-regulated antioxidant enzymes (SOD and CAT) activities, improved leaf chlorophyll
and photosynthetic efficiency of cotton crops under medium and high temperature regimes.
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