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ABSTRACT

Wheat (Triticum aestivum L.) seedling establishment is very sensitive to temperature and drought stresses. The present
study was conducted to investigate the effects of foliar exogenous 5-aminolevulinic acid (5-ALA) application on wheat
seedling under different temperature (25, 30, and 35 °C) and water regimes (normal and 65% watering). Five different
levels of 5-ALA (0, 25, 50, 100 and 150 mg L") were applied as foliar application. Leaf area, stem diameter, shoot and
root lengths, fresh and dry weights of shoot and root, and physiological parameters were measured. Drought stress (W»)
decreased leaf area by 14.9% compared with normal watering (W). High temperature (35 °C) increased malondialdehyde
(MDA) content by 72.1% compared with control (25 °C). 35 °C with W» reduced root and shoot dry weights by 71.8%
and 51.9% relative to 25 °C and W;. At 35 °C, 25 mg L' 5-ALA increased root length by 17.1% and 3.4% at W, and W,
respectively. 150 mg L' 5-ALA increased root fresh weight by 101.0% compared with 0 mg L' 5-ALA at W, and 35 °C.
The highest protein content (8.35 mg g! FW) was achieved at the interaction between W», 35 °C and 50 mg L' 5-ALA.
At W5 and 35 °C, 150 mg L' 5-ALA increased proline content by 66.5% relative to 0 mg L. The results of the present
study suggest that foliar application of 5-ALA could be useful to alleviate the temperature and/or drought stresses of
wheat seedling.
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INTRODUCTION

Wheat (Triticum aestivum L.) is the third largest crop in production in the world (Fuentealba-Sandoval et al., 2020). It
is critical to increase wheat production to meet the food security (Sharma et al., 2015). However, wheat growth can be
affected by drought and temperature stress at any developmental stage (Pavia et al., 2019).

The temperature is predicted to rise by 2 °C by the end of this century (Zandalinas et al., 2018). High temperature
can harm all the stages of plant growth from germination to reproduction, causing adverse changes in plant growth,
development, physiological processes, and yield (Hussain et al., 2019). Under heat stress, wheat growth is retarded due
to reduced cell division and elongation as well as decreased shoot length, root number and diameter (Igbal et al., 2019).
Heat stress can also generate excessive reactive oxygen species (ROS) including superoxide radical (O*) and hydrogen
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peroxide (H»0»), rise lipid peroxidation, and cause deterioration in cell membrane (Djanaguiraman et al., 2018), which
inevitably leads to oxidative stress (Akter and Islam, 2017).

Drought is another major stress that occurs widely and affects crop growth, development, and productivity in the world,
particularly in arid and semi-arid regions (Hussain et al., 2019). All the growth and development stages are affected under
drought stress by loss of turgor and subsequently disordered enzyme activities, impairment of water and nutrient uptake
and transport, and decreased energy supply from photosynthesis (Ahmad et al., 2018). Moreover, drought significantly
affects growth, osmotic substances, photosynthetic rate, and other physiochemical processes (Lv et al., 2020). Drought
can also result increased levels of ROS in leaves.

Seedling stage is the most vulnerable phase in the life cycle of wheat plants, which is significantly reduced by abiotic
stress. Seedling growth is significantly reduced by heat and drought stresses at initial stages of growth in most field crops
(Yan, 2015; Ali et al., 2019). The first significant step for crop production is the successful seedling establishment, which
determines the success or failure of future harvest (Finch-Savage and Bassel, 2016). Environmental stresses during initial
stages are likely affect later stages of seed development and consequently grain size (Li et al., 2018).

To increase plant resistance against adverse environmental conditions, numerous substances such as plant hormones,
steroids, and vitamins, have been applied exogenously to plants via seed soaking and/or foliar spraying. These compounds
may improve the plants’ capability to make osmotic adjustments, strengthen antioxidant enzyme defense mechanism,
upregulate the biosynthesis of chlorophyll, improve radiation use efficiency, and ultimately enhance growth and biomass
accumulation (Lv et al., 2020). It is reported that 5-aminolevulinic acid (5-ALA) successfully regulates the antioxidant
enzyme activities and thereby increases the resistance of plants to different stresses, including chromium toxicity in
sunflower, low temperature and weak light in cucumber seedling, osmotic stress in strawberry and drought stress in
wheat (Anwar et al., 2020; Cai et al., 2020; Farid et al., 2020; Wang et al., 2020). The application of 5-ALA enhanced the
resistance of wheat plants to drought and increased grain yield by improving growth, chlorophyll a and b, glycine betaine,
root, leaf and root N contents in wheat at different water regimes (Kosar et al., 2015). In addition, 5-ALA increased the
growth of cucumber seedling by repressing heat stress-induced levels of malondialdehyde (MDA), O*, and H>O,, and
increased chlorophyll content and photosynthetic capacity (Anwar et al., 2020).

As can been from these previous studies, 5S-ALA was applied only under an individual stress. There is little knowledge
available on the effects of 5-ALA under combined stress of high temperature and drought. The details of the physiological
and metabolic mechanisms of 5-ALA in wheat in high temperature and drought stresses still need to be elucidated. With
this in mind, this study was intended to elucidate the effects of exogenous 5-ALA on morphological (root and shoot
growth) and physiological measurements in wheat seedlings exposed to high temperature and drought stresses.

MATERIALS AND METHODS

A controlled pot study was done in 2019 at the Joint International Research Laboratory of Agriculture and Agri-Product
Safety of the Ministry of Education of China, Yangzhou University, Yangzhou (32.30° N, 119.43° E). The seeds of wheat
(Triticum aestivum L.) ‘Emam’ were obtained from the Ministry of Agriculture of Sudan. Seeds with uniform size were
sown in plastic pots (9.5 cm in diameter, 8.5 cm in depth, and without holes at the bottom) filled with 400 g washed and
sterilized sands. The study was designed as a 3-factorial experiment arranged in a completely randomized design with
three replicates for each treatment. Ten seeds were sown at 1 cm depth in each pot after full irrigation with distilled
water. After 7 d, pots were separated into three growth chambers (PYX-300G-B, Yangzhou Yiwei Automatic Instrument,
Jiangsu, China) setting at 25, 30, and 35 °C. All the chambers were set at 55%-60% RH and a photoactive radiation of 500
W m? (12/12 h day/night). On the 7" day after sowing, two water regimes, i.e., normal watering (80 mL pot') and drought
(65% normal watering), designated as W and W respectively, were applied at a 3-d interval based on a preliminary test
on soil field capacity. Five levels of 5-aminolevulinic acid (5-ALA), 0, 25, 50, 100, and 150 mg L', were applied at a 3-d
interval as foliar spray (until leaves dripped) to the seedlings on the 6™ day after seed sowing. During the study period, 100
mL full strength of Hoagland solution was added into each pot on the 3", 7", and 14" day after seed sowing.

Growth attributes

On the 21* day after sowing, all the seedlings were harvested. Five seedlings from each pot were randomly selected to
measure stem diameter, leaf area, length, fresh weight, and dry weight of shoot and root. Stem diameter was determined
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using a vernier calliper. Lengths of shoot and root were measured using a ruler. Leaf area was calculated using the
following equation (Quarrie and Jones, 1979):
Leaf area (cm?) = Length (cm) x Width (cm) x 0.75
The shoot and root of three plants per pot were sampled, weighed and dried in an oven at 70 °C for 3 d to constant
weight for dry weight determination. The SPAD readings were recorded using a chlorophyll meter (SPAD-502Plus,
Konica Minolta, Tokyo, Japan) at the tip, middle, and base of each leaf. The average of SPAD readings of the leaves of
each pot was calculated.

Physiological measurements

The leaves of seedlings from each treatment were harvested and carefully washed with tap water, immersed in liquid
nitrogen for 20 min, and stored in a low-temperature freezer (-80 °C) for the determination of contents of malondialdehyde
(MDA), proline and soluble protein. The content of soluble protein was determined using bovine serum albumin as the
protein standard (Bradford, 1976). The proline content was determined in leaf using the method of Bates et al. (1973). The
content of MDA was determined according to the method of Zhang et al. (2007).

Statistical analyses

This study was a 3-factorial design arranged in a completely randomized design with three replicates for each treatment.
The data collected were subjected to ANOVA with the statistical package of MSTAT-C (Gomez and Gomez, 1984). When
F values were significant, means were separated by the Tukey’s test at the 0.05 probability level.

RESULTS

Growth attributes

Water regime, temperature, 5-ALA, and their interactions affected root length (Table 1). Root length was reduced with
increased temperature level. At W; and 25 °C, 150 mg L' 5-ALA had the longest root length (17.13 cm). Moreover, 150
mg L' 5-ALA achieved the highest root length at 30 °C with W». At high temperature (35 °C), 25 mg L' 5-ALA increased
root length by 17.1% and 3.4% at W, and W», respectively (Table 1).

Water regime, temperature, 5-ALA, and their interactions significantly affected root fresh weight (Table 2). At W, and
25 °C, 100 mg L' 5-ALA had the maximum root fresh weight (1.03 g) relative to 0 mg L' 5-ALA. Root fresh weight
was increased 101% by 150 mg L' 5-ALA compared with 0 mg L' 5-ALA at W, and 35 °C (Table 1). In addition, 150
mg L' 5-ALA increased root fresh weight by 14.0% compared with O mg L' 5-ALA at W, and 25 °C. Water regime,
temperature, 5-ALA, and the interaction between water regime and temperature significantly affected root dry weight
(Table 2). Root dry weight was reduced 71.8% by 35 °C with W, relative to 25 °C and W, (Table 3). Among different
5-ALA concentrations, the maximum root dry weight (0.106 g) was recorded at 0 and 25 mg L' 5-ALA (Table 4).

W, shortened shoot length by 12.3% compared with the W1 (Figure 1a). High temperature treatment (35 °C) decreased
shoot length from 30.4 cm at 25 °C to 22.2 cm at 35 °C (Table 4). Shoot length was significantly higher at 25 mg L™
5-ALA relative to other 5-ALA concentrations (Table 5). Stem diameter declined by 8% at W relative to W (Figure 1b).
Stem diameter gradually decreased with increasing temperature. At high temperature (35 °C), stem diameter was reduced
by 10.8% compared to 25 °C (Table 4).

Leaf area was affected significantly by water regime, temperature and 5-ALA application (Table 2). W» decreased leaf
area by 14.9% compared with W, (Figure 1c). At 30 and 35 °C, leaf area was reduced by 16.3% and 41.3%, respectively,
compared with 25 °C (Table 4). The application of 25 mg L' 5-ALA had highest leaf area, although at 100 and 150 mg L
leaf area was slightly decreased (Table 5). In the interaction between water regime and temperature, the greatest reading
of SPAD (36.5) was recorded in W, and 25 °C, while the lowest (29.6) was recorded in W, and 35 °C (Table 3).

Shoot fresh and dry weights were significantly affected by the interaction between temperature and 5-ALA. The interaction
between water regime and temperature significantly affected on shoot dry weight (Table 2). W5 decreased shoot fresh weight
by 22.0% as compared with W; (Figure 1d). At 30 °C, shoot fresh and dry weights were gradually reduced by increasing
5-ALA rate. At high temperature (35 °C), 150 mg L' 5-ALA increased shoot fresh weight by 13.2% compared with O mg L™
(Figure 2a). In addition, 25 mg L' 5-ALA had maximum shoot dry weight (0.26 and 0.150 g) at 25 and 35 °C, respectively
(Figure 2b). High temperature (35 °C) and W5 reduced shoot dry weight by 51.9% compared with W at 25 °C (Table 3).
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Table 1. Effect of the interaction between water regime, temperature, and 5-aminolevulinic acid (5-ALA) on root length,
root fresh weight, and the contents of protein and proline of wheat seedlings.

Root fresh
Water regime ~ Temperature 5-ALA Root length weight Protein Proline
°C mg L' cm g 3 plants’! mg g' FW ———
Wi 25 0 16.81ab 0.996a 7.94ij 38.49jkl
25 16.06abc 0.916ab 8.27abc 19.211lm
50 15.67bed 0.919ab 7.97hij 25.32klm
100 16.89ab 1.034a 8.12defg 36.69jkl
150 17.13a 0.686¢ 791j 41.30ijk
30 0 16.89ab 0.531d 8.21bcd 35.82jkl
25 15.26¢d 0.391ef 8.04ghi 42.52ijk
50 14.73de 0.250hijkl 8.21bcd 11.31m
100 13.73ef 0.265ghijk 8.21bcd 11.75m
150 11.98ghij 0.251hijkl 8.17bcdef 12.03m
35 0 11.15jkl 0.172jkl 8.24abcd 53.57hij
25 13.06fgh 0.164jkl 8.28ab 61.33ghi
50 10.16Im 0.159jk1 8.19bcde 82.14efg
100 11.90hij 0.227hijkl 8.08efgh 100.72cde
150 9.85m 0.346efgh 8.24abcd 94.01de
W2 25 0 15.83bcd 0.693¢ 8.26abc 98.47cde
25 13.90ef 0.802bc 7.89j 107.03bed
50 15.84bcd 0.760c 8.20bcde 173.00a
100 11.78ij 0.465de 8.22abcd 97.81cde
150 12.94fghi 0.790c 8.14cdefg 84.29ef
30 0 13.44f 0.380efg 8.22bcd 20.02lm
25 13.22fg 0.304fghi 8.25abcd 26.27klm
50 13.57ef 0.279fghij 8.21bcd 91.45de
100 13.53ef 0.335fgh 8.05fghi 64.43fgh
150 13.68ef 0.312fghi 7.85j 44 .8%hijk
35 0 11.29jkl 0.199ijkl 8.29ab 96.80de
25 11.67jk 0.166jkl 8.21bcd 123.01b
50 11.23jkl 0.1341 8.35a 118.05bc
100 11.47jk 0.176jkl 8.19bcde 157.31a
150 10.41klm 0.150k1 8.23abcd 161.28a

Means followed by different letters in the same column are significantly different at the 0.05 probability level.
Wi: Normal watering; W2: 65% of normal watering.

Table 2. ANOVA results for growth attributes of wheat plants as influenced by water regime, temperature, and
5-aminolevulinic acid (5-ALA) application.

Root Root fresh Root dry Shoot Stem Leaf Shoot fresh Shoot dry

length weight weight length diameter area weight weight
Source of F F F F F F F F
variation MS value MS value MS value MS value MS value MS value MS value MS  value
Drought (D) 3050 11.62%% 0.8 7.82%% 0006 13.20%* 228.10 4509** 031 23.64** 2920 38.05%* 1.67 56.95% 003 7280%*
Temperature (T) 129.00  49.41**  3.14 13240%* 0078 173.6**  637.86 126.09** 026 2006** 99.80 130.30** 3.14 107.20%* 007 148.40**
5-ALA (A) 1130 435 007 335 0004 927% 555 L10** 002 187" 041  0.54% 007  243% 0004 9.005%*
DxT 6.51  248% 002  089% 0002 342%* 1849 366" 001 0.16" 250 326m 009 326m 0003 7.356%*
DxA 316 121 002 094 0001 140" 556 110 002 @ 1.32v 114 147 002 068 0001 1265
TxA 295 13 002 091 0001 131 702 1A 002 129 112 1450 006  202% 0011 2.882%*
DxTxA 551 2.10% 005  204* 0001 125 404 080 001 087" 059 077 002 051 0001 0.796™
*, **Significant at the 0.05 and 0.01 probability level, respectively; ™: nonsignificant; MS: mean square.
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Table 3. Effect of the interaction between water regime and temperature on root dry weight, shoot dry weight and SPAD
of wheat.

Water regime Temperature Root dry weight Shoot dry weight SPAD
°C g 3 plants™! g 3 plants!

Wi 25 0.174a 0.27a 34.77ab
30 0.082c 0.19¢ 32.66ab
35 0.057d 0.16d 35.15ab

W, 25 0.131b 0.21b 36.49a
30 0.084c 0.17d 33 .44ab
35 0.049d 0.13e 29.64b

Wi: Normal watering; W»: 65% of normal watering.
Means followed by different letters in the same column are significantly different at the 0.05 probability level.

Table 4. Effect of temperature on shoot length, stem diameter, leaf area and malondialdehyde (MDA) of wheat.

Temperature Shoot length Stem diameter Leaf area MDA
°C cm mm cm? umol g FW
25 30.38a 1.67a 8.79a 3.80b
30 29.97a 1.53b 7.36b 3.61b
35 22.20b 149 5.16¢ 6.54a

Means followed by different letters in the same column are significantly different at the 0.05 probability level.

Figure 1. Effects of water regime (W1: normal watering; W2: drought) on shoot length (a), stem diameter (b), leaf area
(c) and shoot fresh weight (d) of five wheat plants.
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Bars with the same letters above are not significantly different at the 0.05 probability level.

Table 5. Effect of S-aminolevulinic acid (5-ALA) on root dry weight (three plants), shoot length, and leaf area of wheat.

5-ALA Root dry weight Shoot length Leaf area
mg L g 3 plants! cm cm?

0 0.106a 28.52ab 7.49a
25 0.106a 28.58a 7.52a
50 0.090b 27.05bc 7.19ab

100 0.090b 26.24c 6.78b
150 0.088b 27.18abc 6.65b

Means followed by different letters in the same column are significantly different at the 0.05 probability level.
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Figure 2. Effect of the interaction between temperature and 5-aminolevulinic acid (5-ALA) on shoot fresh weight (a) and
shoot dry weight (b) of three wheat plants.
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Bars with the same letters above are not significantly different at the 0.05 probability level.

Physiological measurements

Protein content was significantly influenced by the interactions between water regime, temperature and 5-ALA (Table 6).
Among all the interactions, the highest protein content (8.35 mg g' FW) was achieved at the interaction between W», 35 °C
and 50 mg L' 5-ALA (Table 1). Moreover, 25 mg L' 5-ALA had the highest protein content at W; with 25 and 35 °C. At
W, the highest protein content was recorded at 25 mg L', 5-ALA and 30 °C.

Water regime, temperature, 5-ALA, and their interaction significantly affected proline content (Table 6). Proline content
was increased by 7.3 mg g' FW at W, and 25 °C. However, at W», 150 mg L' 5-ALA enhanced proline content by 66.5%
at 35 °Crelative to 0 mg L' 5-ALA (Table 1). At W», 50 mg L' increased proline content by 75.6% and 357.5% at 25 and
30 °C, respectively as compared with 0 mg L' 5-ALA. Moreover, 25 mg L' had the highest proline content (42.5 mg g
FW) at W; and 30 °C. Also, at W; and 35 °C, 100 mg L' 5-ALA increased proline content by 87.9% as compared with
0 mg L' 5-ALA. High temperature increased MDA content by 72.1% compared with control (Table 4).

Table 6. ANOVA for physiological attributes of wheat plants as influenced by water regime, temperature, and
5-aminolevulinic acid (5-ALA) application.

SPAD Protein Proline MDA
Source of variation MS F value MS F value MS F value MS F value
Water regime (D) 22.70 1.32m 0.02 0.84m 64156 89.90%** 0.26 0.04
Temperature (T) 87.55 5.09% 0.15 5.50% 35819 50.20%*%  80.80 11.54%%*
5-ALA (A) 116.30 6.78™ 0.04 1.64™ 5193 7.28%* 9.08 1.29™
DxT 8.55 0.49%:* 0.03 1.16™ 2051 2.88%%* 2.58 0.37™
DxA 3.50 0.20" 0.04 1.51m 2168 3.04%%* 4.90 0.69m
TxA 23.69 1.38™ 0.02 0.86™ 1701 2.19%:* 1.39 0.19m
DxTxA 26.42 1.54m 0.07 2.78%%* 0.05 2.39%%* 5.29 0.76™

*, **Significant at the 0.05 and 0.01 probability level, respectively; ™: nonsignificant.
MS: Mean square; MDA: malondialdehyde.
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DISCUSSION

High temperature and drought stresses are regarded as the major constraints affecting seedling growth and crop
establishment. The winter season in arid and semi-arid regions (e.g., Sudan) is very short. During early seedling growth
of wheat, the temperature rises quickly, resulting in poor crop establishment. The application of plant growth regulators
e.g., 5-ALA at appropriate concentration could promote wheat growth in these regions and eventually leading to better
crop establishment.

Stress conditions can change the visible growth attributes of the plant, which is an important indicator of stress effects.
The warm environment yields lower biomass or causes dehydration related to plants grown under optimum or low
temperature and subsequently restricts the growth and development of plants (Akter and Islam, 2017). Wheat seedling in
this study showed reductions in leaf area, stem diameter and shoot length under high temperature (Table 4). Our results
agree with those of Igbal et al. (2019), who reported that exposure of wheat plants to heat stress reduced plant fresh
weight, plant length and leaf area. Reduction in leaf size appeared an adaptive mechanism to unfavourable conditions,
resulting in a decrease in photosynthesis parts and poor assimilating supply for the shoot (Ashraf and Harris, 2013;
Mathur et al., 2014). Lower photosynthetic rate was detected at heat stress which leading to oxidative damage of cell
organelle and thylakoid membrane lipid composition (Djanaguiraman et al., 2018). The peroxidation of unsaturated fatty
acids increased MDA content, which is responsible for cell membrane disturbance (Song et al., 2016). In this study, the
higher content of MDA at high temperature was observed (Table 4). The reduction in seedling growth under heat stress
may be partially due to high MDA content.

Cell growth and development are the most drought-sensitive physiological processes. The growth of morphological
parameters like leaf enlargement depends on turgor, temperature, and assimilates supply (Hasanuzzaman, 2020). Drought
conditions lead to loss of turgor and subsequently disordered activities of enzyme, membrane injury, impairment of
water and nutrient uptake, and decreased energy supply from photosynthesis (Osakabe et al., 2014). The reduction in
leaf area, shoot length and stem diameter under drought stress was observed in this study (Figure 1). Our finding, similar
with those of Jain et al. (2019), demonstrated that drought affects leaf size, stems extension and decreases water use
efficiency. Drought-induced reduction in growth or photosynthetic rate was mostly attributed to a decreased intercellular
CO;, concentration due to stomatal closure (Biswas et al., 2019).

The interaction effect of drought and high temperature stresses are usually bigger than the effects of drought or heat
stress alone (Biswas et al., 2019). Our results indicate that the effect of temperature and drought together significantly
reduced shoot and root dry weights (Table 3). Similarly, heat and drought stress produced substantial decreases in leaf
area and DM accumulation in roots and shoots in rapeseed (Biswas et al., 2019). In these conditions, heat causes plant
attempts to cool down its leaves by transpiration, while the drought has a reverse effect to avoid water loss through
stomata closure (Mittler and Blumwald, 2010). Combination stress led to a higher decline in photosynthetic activity and
improve production of ROS in mung bean (Nahar et al., 2017).

Use of exogenous 5-ALA increased resistance of plant to numerous abiotic stresses including drought stress (Kosar et
al., 2015) and heat stress (Zhang et al., 2012). Similarly, in this study, foliar addition of 5-ALA enhanced root length, root
fresh weight, under combined effects of drought and high temperature (Table 1). Our observation agrees with that of Han
et al. (2018), who reported that applied 5-ALA increased fresh biomass and radicle length under drought stress.

Drought and high-temperature environments lead to osmotic stress, plants adapt to these conditions by accumulating
organic or inorganic materials (Ozdeniz, 2019). Free proline and soluble protein are some of the critical organic
compounds in osmotic adjustment. Application of 5-ALA promoted free proline and soluble protein contents in this
study (Table 1). The accumulation of these compounds can decrease cell water potential and support to hold water of
cell, relative the injury of water deficiency, and develop resistance of plants to drought stress (Liu et al., 2016). The
present study is the first investigation reporting that 5-ALA application alleviates combined stress of temperature and
drought at seedling stage.
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CONCLUSIONS

Our study indicated that the combined temperature and drought stress had various effects on growth and development
of wheat plants. However, their effects differed considerably among various evaluated parameters. Foliar application of
5-aminolevulinic acid (5-ALA) improved root dry weight and shoot length under high temperature. In addition, 5-ALA
enhanced root length, root fresh weight, protein and proline contents under combined effect of temperature and drought
stresses. Exogenous 5-ALA at appropriate levels under high temperature and drought stresses conditions can be used to
mitigate the deleterious effect of these abiotic stresses.
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