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ABSTRACT: The increasing frequency and intensity of drought caused by climate change necessitate the implemen-
tation of effective ways to increase the ability of wheat to withstand drought, with humic acid being a promising
approach. Therefore, a pot experiment was conducted to determine the efficacy of exogenous humic acid on wheat under
water deficit stress via a completely randomized design (CRD) with three replications. The impacts of four growing
conditions, i.e., well water (65% field capacity), water deficit stress (35% field capacity), soil application of humic acid
(44 mg kg™! soil) under water deficit stress and foliar feeding of humic acid (200 ppm) under water deficit stress, were
investigated on two wheat varieties (BWMRI Gom 1 and BWMRI Gom 3). The results demonstrated that water deficit
stress substantially decreased the studied morphological and physiological traits, yield components and yield, in both
genotypes, with the exception of the proline content of flag leaves. Compared with soil application, foliar feeding of
humic acid promoted the ability of wheat to overcome stress conditions better. In the present study, humic acid as a soil
application increased the grain yield by 9.13% and 13.86% and the biological yield by 9.94% and 5.19%, whereas foliar
treatment increased the grain output by 24.76% and 25.19% and the biological yield by 19.23% and 6.50% in BWMRI
Gom 1 and BWMRI Gom 3, respectively, under water deficit stress. Therefore, exogenous foliar humic acid treatment
was more effective than soil application in alleviating the effects of drought stress on wheat.
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1 Introduction

Wheat is a major cereal, accounting for approximately 29% (806.50 million tons) of total cereal
production from 2022-2023, as reported by the FAO [1]. Additionally, after rice, it is Bangladesh’s 2nd most
important cereal crop, with an area of 0.32 million ha under production and a yearly yield of 1.17 million
metric tons, but the average yield (3.69 t ha™') is lower than that of other countries [2]. According to
the IPCC (Intergovernmental Panel on Climate Change) awareness report, the potential yield of wheat in
Bangladesh is projected to decline by 32% by the year 2050 [3]. On the other hand, the worldwide demand
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for wheat will be increased by as much as 60% by 2050 [4] because of the faster growth of the economy,
expanding urbanization, and consequent changes in lifestyle [5]. National wheat production can only fulfil
approximately 20% of its overall consumption, creating a demand-supply gap that imports can only fill [6].

The rapid expansion of the world population has led to a problematic situation regarding food
security. This is caused primarily by global climate change and increased unpredictability in weather
precedents, resulting in drought-prone regions worldwide, including the crop-growing areas in northwestern
Bangladesh, which severely hinder crop productivity [7]. Bangladesh is confronted with a significant
risk of moisture stress, as almost 3.50 million hectares of land are experiencing drought, accounting for
approximately 47% of the country’s total area [8].

Drought has been identified as a polygenic stress that primarily occurs due to a reduction in rainfall
and the subsequent period of drought [9], which limits crop productivity and quality as well as the overall
potential of land globally [10]. The detrimental impacts of drought on crops are well documented. Drought
inhibits nutrient uptake, shortens phenology during regular growth and development periods, and modifies
physio-biochemical processes. As a result, it decreases the production of dry matter, grain output, and quality
of wheat [11]. The main constraint of water shortages during wheat grain filling can shorten its duration,
lowering grain size and quantity and ultimately leading to a decrease in grain output [12]. The effects of
drought stress on wheat may be minimized in two ways: first, by managing optimal agronomic practices
efficiently, and second, by developing drought-resistant wheat cultivars [13]. Researchers have developed
strategies to mitigate drought stress through the use of film mulch [14], drought-tolerant varieties [15],
nanoparticles [16], superabsorbent hydrogels and biochar [17], humic acid [18], and plant growth-promoting
rhizobacteria [19]. In fact, in China, humic acid has been widely added to common urea and phosphate
fertilizers to increase their effectiveness.

Humic acid is a vital element of soil organic materials that strengthens the physicochemical and
biological aspects of soil while enhancing grain production and crop quality [20]. It is an active ingredient
of organic fertilizers and may provide a replacement for conventional soil fertilization and quick reservoirs
of nitrogen, especially in semiarid areas [21]. Humic acid applied to leaves improves photosynthesis activity,
gas exchange capacity, chlorophyll pigments, protein and starch ratios, and physiological processes and
increases tolerance to abiotic stress [22]. Several researchers have reported that the application of humic
acid under drought stress conditions can reduce drought-induced adverse impacts on wheat [23], maize,
sorghum, mungbean [24] and rapeseed [25]. Therefore, the present study aimed to reduce the adverse effects
of drought stress on wheat through the administration of humic acid and to observe the effectiveness of
various application methods.

2 Materials and Methods

2.1 Location of the Observations

A pot experiment was administered at the Department of Crop Physiology and Ecology (CPE) research
farm at Hajee Mohammad Danesh Science and Technology University (HSTU), Dinajpur, from November
2022 to March 2023. This area is situated under AEZ-1 and has medium-high terrain with an elevation of
3758 m above sea level. The weather conditions during the crop growth stage are presented in Fig. 1. The
physical and chemical characteristics of the initial soil samples used in the pot experiments are available
in Table 1.
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Figure 1: Weekly average weather data during the wheat growing season from 2022-23. Source: Bangladesh Wheat and

Maize Research Institute, Dinajpur

Table 1: Physical and chemical characteristics of the initial soil samples used in the pot experiments

Physical characteristics Value
Particle size (%)
Sand (2-0.02 mm) 60.0
Silt (0.02-0.002 mm) 270
Clay (<0.002 mm) 13.0
Textural class Sandy loam
Bulk density (g cm™) 0.86-1.07
Chemical characteristics Analytical value Interpretation
pH 5.25 Moderately acidic
Organic carbon (%) 0.97 Low
Organic matter (%) 1.67 Low
Total N (%) 0.084 Very low
Available P (ug/g) 42.68 Medium
Exchangeable K (meq/100 g soil) 0.33 Medium low

Source: Analysis of initial soil samples was performed at SRDI, Dinajpur, Bangladesh.

2.2 Plant Material Sources

The sources of both wheat varieties BWMRI Gom 1 and BWMRI Gom 3’ are from ‘Bangladesh Wheat
and Maize Research Institute, Dinajpur, 5200, Bangladesh.
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Available link (BWMRI Gom 1): https://bwmri.portal.gov.bd/site/page/3c2b3935-f97b-4182-9034-
45a9d2718d14/- (accessed on 24 December 2024).

Available link (BWMRI Gom 3): https://bwmri.portal.gov.bd/site/page/606e5786-c25t-4bbl-b01a-
2d7172985069/- (accessed on 25 December 2024).

2.3 Treatments and Experimental Design

This experiment was performed via a completely randomized design (CRD) comprising two factors
with three replications. Factor A included four growing conditions: (i) good water conditions (65% of the
field capacity of the pot’s soil), (ii) water deficit stress conditions (35% of the field capacity of the pot’s soil),
(iii) soil application of humic acid (44 mg kg™! soil) under water deficit stress, and (iv) foliar feeding of humic
acid (200 ppm) under water deficit stress. Factor B: two wheat varieties: (i) BWMRI Gom 1 and (ii) BWMRI
Gom 3.

2.4 Production Technology

Twenty-four plastic pots (26 cm in diameter and 30 cm in height) were collected, and a small pore was
made at the bottom of each pot for the drainage system. The dirt was collected from a depth of 15 cm in
the CPE research field, which was free from contamination, pulverized well and dried in the sun. The pots
were filled with equal amounts (11 kg pot™") of a combination of soil and compost (weight ratio = 3:1). Each
pot was fertilized with urea, triple superphosphate (TSP), Muriate of Potash (MoP) or gypsum as described
in Table 2.

Table 2: Description of nutrients and their methods of application

Fertilizer Nutrient Rate of Rate of Methods of application
nutrient fertilizer
(kg ha™) (g/pot)
Urea N 78.2 1.01 1/3 urea as basal dose and rest of urea as top
dressed in two equal splits, at 20, 45 DAS
TSP P 67.2 0.83 Full amount as basal dose
MoP K 90 0.89 Full amount as basal dose
Gypsum S 21.6 0.71 Full amount as basal dose

A modest amount of irrigation was applied after sowing to ensure equal germination. All the experi-
mental pots were subjected to field-controlled soil moisture until 30 days after sowing (DAS) for better plant
growth. After 30 DAS, irrigation water was regulated by weight to apply well water (65% of field capacity)
and stressful water (35% of field capacity) at one-day intervals. Water loss was measured via daily pot weight
measurements. The study avoided precipitation by covering it with plastic. During the growing season,
necessary actions are taken to guard the crop from several insect pests and diseases.

2.5 Preparation and Application of Humic Acid

As a soil application, humic acid was applied to the potted soil (44 mg kg™! soil) at 30 days after sowing
when water deficit stress was applied. A solution of 200 ppm humic acid was prepared for foliar application
during tillering (27 DAS), booting (55 DAS), and anthesis (72 DAS) through a hand sprayer.
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2.6 Data Collection
2.6.1 Morphological Traits

The number of leaves plant™" and the length and breadth of the flag leaf blade were manually measured
at 71 DAS from three plants in each treatment replication, and the average values were calculated.

2.6.2 Physiological Traits
Relative Leaf Water Content (RLWC)

The relative water content of the flag leaf was measured at 10 days after anthesis, following the procedure
described by Kocheva et al. [26]. The RLWC was computed via the following formula:

Fresh weight — Dry weight

RLWC (%) = x 100

Turgid weight — Dry weight
SPAD Values
The SPAD values of the flag leaves were measured via a portable SPAD meter at 15 days after anthesis.
Leaf Temperature

A portable infrared thermometer was used to evaluate this characteristic at 16 days after anthesis in the
presence of strong sunlight and minimal breeze at midday.
Total Chlorophyll

The quantification of the photosynthetic pigment content (total chlorophyll) of flag leaves was con-
ducted at 10 days after anthesis via the method outlined by Witham et al. [27] and measured on the basis of
fresh weight. The total chlorophyll content was calculated via the following formula:

Total chlorophyll (mg g™! FW) = [20.2 (Dg4s) + 8.02 (Dgs3)] x [V/(1000 x W)]
where V = volume of 80% aqueous acetone (ml); W = weight of fresh leaf (g); D¢ss = absorbance at a
wavelength of 645 nm; and Dge3 = absorbance at a wavelength of 663 nm.
Proline Content

The proline content of the flag leaf was assessed at 15 days after anthesis via the Bates et al. [28] method.

The proline content was estimated via a standard curve, and the fresh weight was measured on the basis of
the following formula:

[(pg proline/mL) x ml toluene)/115.5 pg/umole]
[(g sample)/5]

pmoles proline/g of fresh plant material =

2.7 Postharvest Observations

Three plant samples were chosen randomly from each replication of every treatment to record the
features mentioned in Table 3. The average value was then computed.
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Table 3: Yield and yield contributing traits with their methods of evaluation

Traits Methods of evaluation
Plant height (PH, cm) From the base of the plant (above soil) to the tip of spike
excluding the awn
Number of tillers plant™ Counted the tiller number per plant
(NTPP, no.)
Number of spikes plant™ Counted the number of spikes per plant
(NSPP, no.)
Spike length (SL, cm) From the base of the spike to the tip of spike excluding the
awn
Individual spike weight (ISW, g) Weigh the individual spike using electric balance
Number of spikelets spike™ Counted manually the number of spikelets per spike
(NSPS, no.)
Number of grains spike™ Separated the grain manually from spike and counted
(NGPS, no.)
100 grains weight (HSW, g) 100 grains were taken randomly from dried sample and

weighed by electric balance
Grain yield plant™! (GYPP, g) The grains were separated by threshing the plant and sun
dried for adjusting to 12% moisture later weighed by
electric balance
Above ground biological yield ~ Above ground biological yield of each plant was weighed
plant™ (BY, g) via electric balance

2.8 Statistical Analyses

The software package “STAR” [29] was used to establish the ANOVA table. The average means of the
parameters were then compared via Tukey’s test.

3 Results
3.1 Morphological Traits

Under well-watered conditions (WW), BWMRI Gom 3 had a greater number of leaves than that of
BWMRI Gom 1. When subjected to water deficit stress (WDS), both varieties presented reductions in leaf
count and flag leaf dimensions (Table 4). The length of the flag leaf for both varieties was markedly decreased
under WDS, with the BWMRI Gom 1 decreasing from 27.78 to 21.78 cm (-21.59%) and the BWMRI Gom 3
decreasing from 27.71 to 19.83 cm (—28.43%) (Table 4). The soil application of humic acid was less effective
than the foliar methods in mitigating the adverse effects of water deficit. For example, the soil application
resulted in a flag leaf length of 21.09 cm for BWMRI Gom 1, showing a reduction of only 24.08%. The foliar
application led to a length of 25.56 cm (+17.36%). In terms of leaf breadth, both varieties also experienced
reductions under WDS, with the BWMRI Gom 1 decreasing from 1.80 to 1.56 cm (—13.34%) and the BWMRI
Gom 3 decreasing from 1.68 to 1.44 cm (-14.29%). The use of humic acid improved leaf breadth, with
the BWMRI Gom 1 reaching at 1.62 cm (+3.85%) with soil application and 1.72 cm (+10.26%) with foliar
application. Similarly, the BWMRI Gom 3 improved with the soil and foliar application of humic acid
(Table 4).
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Table 4: Interaction effects of growing conditions and varieties on the morphological traits of wheat at the grain-filling
stage

Varieties Growing Leaves plant™ Length of flagleaf  Breadth of flag leaf
conditions

no. % Change cm % Change cm % Change

over WW over WW over WW
Well water (WW)  4.67 - 27.78a - 1.80a -
Water deficit stress ~ 4.63 -0.86 21.78¢ -21.59 1.56¢d -13.34
(WDS)
BWMRI Gom 1 WDS + Soil 5.41 +15.85 21.09¢cd -24.08 1.62bc -10.00
application of (+16.85) (-3.17) (+3.85)
humic acid
WDS + Foliar 4.95 +5.99 25.56b -7.99 1.72ab —4.45
application of (+6.91) (+17.36) (+10.26)
humic acid
Well water (WW)  5.76 - 27.71a - 1.68bc -
Water deficit stress  5.35 -712 19.83d —28.43 1.44d -14.29
(WDS)
BWMRI Gom 3 WDS + Soil 5.63 -2.26 21.01cd -24.19 1.57¢ —-6.55
application of (+5.23) (+5.95) (+9.02)
humic acid
WDS + Foliar 5.70 -1.04 21.91c -20.93 1.68bc 0.0
application of (+6.54) (+10.49) (+16.67)
humic acid
F test (0.05) NS e *
CV (%) 8.19 2.77 2.52
Critical value for comparison 1.2419 1.8635 0.1188
SE+ 0.3521 0.5283 0.0337

Note: In the column, means with similar letter(s) did not differ significantly at the p < 5% level according to the Tukey’s
test. **indicates significance at the 1% level of probability, *indicates significance at the 5% level of probability and
NS indicates non-significant. The values in parenthesis indicate the % improvement over water deficit stress in the
different varieties.

3.2 Physiological Traits

The relative leaf water content (RLWC) was significantly decreased under WDS for both varieties. The
BWMRI Gom 1 decreased from 78.62% to 67.00% (—14.78%), whereas the BWMRI Gom 3 decreased from
73.43% to 60.52% (—17.58%) (Table 5). The application of humic acid, both through soil and foliar methods,
improved the RLWC in stressed plants. Notably, foliar application resulted in a significant increase to 75.89%
(+13.27%) for BWMRI Gom 1, demonstrating its effectiveness in enhancing water retention and mitigating
stress effects. The total chlorophyll content was also adversely affected by WDS, decreasing for both varieties.
The BWMRI Gom 1 decreased from 2.29 mg g™' FW to 1.95 mg g~' FW (-14.84%), whereas the BWMRI
Gom 3 decreased more severely, from 1.74 mg g~' FW to 1.23 mg g~' FW (-29.31%). Both types of humic
acid application showed the potential to increase chlorophyll levels. In BWMRI Gom 1, foliar application
increased the total chlorophyll content to 2.28 mg g~' FW (+16.92%), whereas soil application resulted in
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a smaller increase to 2.01 mg g~' FW (+3.07%). For BWMRI Gom 3, the soil application improved the
chlorophyll content to 1.60 mg g™' FW (+30.08%), indicating that humic acid can support chlorophyll
synthesis even under stress. Proline, an osmoprotectant, was increased significantly under WDS, with
BWMRI Gom 1 increasing to 2.41 umol g~! FW (+21.71%) and BWMRI Gom 3 increasing to 2.37 pmol g™
FW (+65.73%). Following humic acid application, proline levels varied slightly (Table 5). In BWMRI Gom
1, the soil application resulted in a decrease to 2.23 pmole g~! FW (~7.47%), whereas the foliar application
caused a decrease to 2.00 umole g~ FW (~17.01%). The SPAD values, which are indicative of leaf greenness
and chlorophyll content, decreased under WDS. The BWMRI Gom 1 decreased from 54.40 to 53.78 (-1.13%),
whereas the BWMRI Gom 3 decreased from 56.67 to 52.47 (-7.41%).

The use of humic acid also positively influenced the SPAD values (Table 5). The foliar application of
BWMRI Gom 1 resulted in a slight increase to 55.33 (+2.89%), indicating improved chlorophyll retention.
For BWMRI Gom 3, the soil application improved the SPAD value to 54.07 (+3.05%). The leaf temperature
increased under WDS, with the BWMRI Gom 1 increasing to 22.49°C (+20.59%) and the BWMRI Gom 3
increasing to 21.11°C (+24.99%). The application of humic acid helped to regulate the leaf temperature. For
BWMRI Gom 1, the soil application maintained a relatively stable temperature at 22.11°C (-1.69%), whereas
the foliar application reduced it to 20.99°C (-6.67%). For BWMRI Gom 3, the temperature was slightly lower
at 21.05°C (-0.28%) following soil application (Table 5).

3.3 Yield and Yield Contributing Traits

Under optimal watering conditions, the height of the wheat plants reached a maximum, with the
BWMRI Gom 1 reaching 81.86 cm and the BWMRI Gom 3 reaching 73.13 cm (Table 6). However, water
deficit stress resulted in a reduction in plant height for both varieties. Specifically, plant height decreased to
77.90 cm for BWMRI Gom 1 (—4.83%) and to 68.87 cm for BWMRI Gom 3 (—-5.82%). The foliar application
of humic acid was the most effective treatment, particularly for BWMRI Gom 1, which reached a height of
81.19 cm (+4.22%) (Table 6).
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Table 6: Interaction effects of growing conditions and varieties on plant height and number of tillers plant™' of wheat
at harvest

Wheat varieties Growing conditions Plant height Tillers plant™
cm % Change over  no. % Change over
wWw wWw
Well water (WW) 81.86a - 4.88a -
Water deficit stress 77.90b -4.83 3.99bc -18.23
(WDS)
BWMRI Gom 1 WDS + Soil application ~ 78.34b -4.30 3.99bc -18.23
of humic acid (+0.56)
WDS + Foliar application  81.19a -0.82 4.33ab -11.27
of humic acid (+4.22) (+8.52)
Well water (WW) 73.13¢ - 3.85bc -
Water deficit stress 68.87d -5.82 3.30c -14.29
(WDS)
BWMRI Gom 3 WDS + Soil application ~ 70.49d -3.61 3.77bc -2.07
of humic acid (+2.35) (+14.24)
WDS + Foliar application  69.17d -5.62 3.77bc -2.07
of humic acid (+0.43) (+14.24)
F test (0.05) i *
CV (%) 2.16 5.99
Critical value for comparison 2.5081 0.6879
SE+ 0.7111 0.1950

Note: In the column, means with similar letter(s) did not differ significantly at the p < 5% level according to Tukey’s
test. **indicates significance at the 1% level of probability and *indicates significance at the 5% level of probability.
The values in parenthesis indicate the % improvement over water deficit stress in the different varieties.

Under optimal conditions, the number of tillers per plant was maximized, with BWMRI Gom 1
producing 4.88 tillers and BWMRI Gom 3 producing 3.85 tillers. Under WDS, a meaningful decrease in tiller
number was observed for both varieties. The BWMRI Gom 1 decreased to 3.99 tillers (—18.23%), whereas the
BWMRI Gom 3 decreased to 3.30 tillers (—14.29%). The foliar application of humic acid led to an increase in
tiller number for BWMRI Gom 1, which reached 4.33 tillers (+8.52%) (Table 6).

Under well-watered conditions, BWMRI Gom 1 had the highest number of spikes plant‘1 (4.40),
whereas WDS significantly reduced the count by 16.59% (Table 7). The application of humic acid under WDS
improved the spike number, with foliar application yielding the highest recovery (+25.61%). Spike length was
longest in BWMRI Gom 1 under well-watered conditions (13.65 cm) and decreased most significantly under
WDS (-24.83%). Compared with WDS alone, the soil and foliar applications of humic acid improved the
spike length by 2.24% and 9.25%, respectively (Table 7).

Under WW, BWMRI Gom 1 presented the heaviest spike weight (18.80 g), whereas WDS decreased it
by 29.78%. Foliar application of humic acid resulted in the most significant improvement in individual spike
weight (+30.15%) under WDS. The BWMRI Gom 3 produced the greatest number of spikelets spike™! under
WW (19.33). In BWMRI Gom 1, spikelet count was minimally affected under WDS conditions, while with
foliar application of humic acid showing a slight increase (+6.47%) relative to WDS (Table 7).
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Table 7: Interaction effect of growing conditions and varieties on yield-contributing traits of wheat at harvest

Wheat Growing conditions Spikes plant™ Spike length Individual spike Spikelets spike™
varieties weight
no. % cm % g % no. %
Change Change Change Change
over WW over WW over WW over WW
Well water (WW) 4.40ab - 13.65a - 18.80a - 17.00cd -
Water deficit stress 3.67bc -16.59 10.26b —24.83 13.20cd -29.78 16.67d -1.94
(WDS)
WDS + Soil application  4.67a 6.14 10.49b -23.15 15.07bc -19.84 16.99cd —-0.05
BWMRI of humic acid (+27.24) (+2.24) (+14.17) (+1.91)
Gom1 WDS + Foliar 4.61a 478 1.21b  -1788  1718ab  -8.62  18.10bc  6.47
application of humic ~ (+25.61) (+9.25) (+30.15) (+8.58)
acid
Well water (WW) 3.67bc - 11.31b - 16.72ab - 19.33a -
Water deficit stress 2.89¢ -21.25 9.86b -12.82 12.20d -27.03 18.65ab —-3.51
(WDS)
BWMRI WDS + Soil application ~ 3.00c -18.25 10.70b -5.39 13.55cd —-18.96 18.78ab -2.84
of humic acid (+3.80) (+8.52) (+11.06) (+0.69)
Gom 3 WDS + Foliar 3.67bc 0.0 1.08b  -2.03 1397cd  -1645 1933 0.0
application of humic ~ (+26.98) (+12.37) (+14.50) (+3.64)
acid
F test (0.05) * - bl - * - * -
CV (%) 7.56 - 5.21 - 4.89 - 2.27 -
Critical value for comparison 0.8324 - 1.6590 - 21229 - 1.1824 -
SE+ 0.2360 - 0.4703 - 0.6019 - 0.3352 -

Note: In the column, means with similar letter(s) did not differ significantly at the p < 5% level according to Tukey’s
test. **indicates significance at the 1% level of probability and *indicates significance at the 5% level of probability. The
values in parenthesis indicate the % improvement over water deficit stress in the different varieties.

The BWMRI Gom 3 produced a greater number of spike™! grains under watered conditions than did the
BWMRI Gom 1. Water deficit stress reduced the number of grains in both varieties, with decreases of 8.38%
for BWMRI Gom 1 and 4.85% for BWMRI Gom 3 (Table 8). The application of humic acid mitigated some
of this loss, especially in BWMRI Gom 3, where foliar application increased the grain number by 3.24% over
WDS alone. The highest 100-grain weight was observed in the BWMRI Gom 1 under well-watered conditions
(5.09 g). WDS reduced the 100-grain weight for both varieties, with decreases of 8.05% for BWMRI Gom 1
and 14.60% for BWMRI Gom 3 (Table 8).

The soil application of humic acid slightly improved the grain weight in BWMRI Gom 3 (+1.90%) under
WDS, although foliar applications resulted in limited improvement. The grain yield was highest in BWMRI
Gom 1 under well-watered conditions (5.76 g), which was decreased significantly under WDS by 27.78%.
Foliar application of humic acid markedly improved yield under WDS for BWMRI Gom 1 (+24.76%) and
BWMRI Gom 3 (+25.19%), suggesting that foliar application may effectively support yield resilience under
water stress. The biological yield was highest in BWMRI Gom 1 (15.85 g) under well-watered conditions and
was significantly lower in WDS (22.59% decrease). Compared with WDS alone, foliar application of humic
acid increased the biological yield under WDS for BWMRI Gom 1 by 19.23%, indicating that humic acid
application may increase aboveground biomass retention during drought stress (Table 8).
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Table 8: Interaction effects of growing conditions and varieties on yield-contributing traits and yield of wheat at harvest

1

Wheat Growing conditions Grains spike™ 100-Grains weight Grain yield Above ground
varieties plant™ biological yield
plant™’
no. % g % g % g %
Change Change Change Change
over WW over WW over WW over WW
Well water (WW) 45.78¢ - 5.09a - 5.76a - 15.85a -
Water deficit stress 41.94d -8.38 4.68ab -8.05 4.16¢ —-27.78 12.27¢ -22.59
(WDS)
BWMRI WDS + Soil application  42.24d -7.73 4.99a -1.97 4.54bc —21.18 13.49¢d —14.89
of humic acid (+0.71) (+6.62) (+9.13) (+9.94)
Gom 1 WDS + Foliar 44.17¢ -3.52 4.92a -3.33 5.19ab -9.89 14.63b -7.69
application of humic (+5.31) (+5.12) (+24.76) (+19.23)
acid
Well water (WW) 50.50a - 4.93a - 5.25ab - 14.46bc -
Water deficit stress 48.05b —4.85 4.21b -14.60 3.97¢ —24.38 12.14e -16.04
(WDS)
WDS + Soil application  48.30b -4.36 4.29b -12.98 4.52bc -13.90 12.77de  -11.68
B(‘;':')xil of humic acid (+0.52) (+1.90) (+13.86) (+5.19)
WDS + Foliar 49.61ab -1.76 4.23b -14.19 4.97ab -5.34 12.93de -10.58
application of humic ~ (+3.24) (+0.48) (+25.19) (+6.50)
acid
F test (0.05) * - * - * - * -
CV (%) 2.27 - 4.41 - 5.84 - 2.75 -
Critical value for comparison 1.6802 - 0.5933 - 0.8066 - 1.0755 -
SE+ 0.4763 - 0.1682 - 0.2287 - 0.3049 -

Note: In the column, means with similar letter(s) did not differ significantly at the p < 5% level according to Tukey’s
test. * indicates significance at the 5% level of probability. The values in parenthesis indicate the % improvement over
water deficit stress in the different varieties.

4 Discussion

The grain yield of agricultural crops depends on photosynthesis, and leaves are vital determinants for
improved photosynthetic capacity [30]. According to the results of the present study, the use of humic acid
led to an increase in the number of leaves compared with that of stressed plants. Research conducted by de
Freitas Moura et al. [31] also corroborates our findings. Additionally, Arslan et al. [32] reported that humic
acid suppressed the activity of the GRF gene, which is known to be sensitive to drought in wheat, promoting
wheat development in environments prone to drought. The flag leaf is the primary supplier of photosynthates
and acts as a nearby food source for the grain during the reproduction stage [33]. We observed that water
deficit stress substantially hampers the morphological traits of the flag leaves of wheat plants. These results
align with the findings reported by Ahmad et al. [34]. However, humic acid accelerates nutrient uptake,
photosynthesis, translocation, and photosynthate utilization, resulting in rapid cell division, which might be
the reason behind the increase in leaf morphology [35].

The data in Table 3 also confirmed that, compared with soil application, exogenous application of humic
acid in adverse situations improved flag leaf shape. Sindabad et al. [36] reported that water deficiency stress
considerably reduces the relative leaf water content in wheat. In our investigation, the use of humic acid
considerably improved the RLWC of the flag leaves of wheat compared with that under water scarcity
stress. Research conducted by Abou Tahoun et al. [37] indicated that humic acid molecules increase the
osmotic adjustability and water retention of plants and maintain their photosynthetic and antioxidant
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metabolism when they are subjected to drought stress. The findings of Wang et al. [38] align with our
findings, indicating that drought reduces photosynthetic activity because of both stomatal and nonstomatal
restrictions. However, humic acid enhances photosynthesis, respiration, hormone synthesis, and protein
synthesis in plants [39]. Humic acid promotes chlorophyll production by stimulating ascorbate peroxidase
activity, which removes ROS in the thylakoids and minimizes chlorophyll breakdown in drought-stressed
plants [39]. Tohidi [40] reported that humic acid increased the wheat chlorophyll content under water deficit
stress, which justifies our present findings. Proline acts as an enzyme stabilizing agent that helps control
and decrease water loss from cells during periods of water scarcity. It also helps to maintain the osmotic
equilibrium and contributes to the structure of subcellular components [41]. A study by Nowsherwan
et al. [42] demonstrated that higher crop plants significantly increase proline levels in response to abiotic
stresses. Similarly, Liang et al. [41] reported countable increases in proline concentrations in wheat leaves
under conditions of water scarcity, which is in accordance with our present results. The decline in greenness
(SPAD value) under water deficit stress may be explained by photooxidation and degradation of chlorophyll
in the leaves [43]. Water deficit stress impairs the greenness and photosynthetic machinery of green plants.

In our study (data in Table 4), humic acid remarkably increased the SPAD value of wheat leaves under
stress conditions. As stated by Nikbakht et al. [44], humic acid improves the nutrient uptake rate (N and
K) in plant shoots, thereby increasing the number of chloroplasts per cell and increasing the synthesis of
chlorophyll as well as the greenness of green plants such as wheat [45]. Leaf temperature serves as a valuable
measure of drought tolerance because of the significant role of stomata in regulating water loss. Plants
respond to drought by experiencing a reduction in water content, which decreases leaf water potential. Thus,
there is a growing inclination towards higher leaf temperatures and a decline in leaf area, leading to a decrease
in both crop productivity and resilience. Humic acid, when applied to plants, particularly through foliar
application, enhances stomatal conductance, leading to stomatal transpiration. This process results in the
cooling of plant leaves and a decrease in leaf temperature. Water scarcity can lead to stunted plant growth
through dehydration of the protoplasm, decreased turgidity, and impaired cell growth and division [46]. Our
results agree with the studies of Jannat et al. [47], who demonstrated that water deficit stress lowered the plant
height and tillering capacity of wheat. The decrease in the number of tillers in plant™ might be due to the
roots receiving less water and nutrient availability under drought conditions, which disrupts plant tissue and
reduces meristematic activity and cell proliferation. Humic acid enhances the transportation and accessibility
of nutrients [48], which encourages the growth and development of plants during both vegetative and
reproductive stages. Haghighi et al. reported that organic compounds such as humic acid decrease watering
intervals, improve WUE, and minimize the effects of drought stress on crop plants, ultimately improving
vegetative development. El-Sayed et al. [49] reported that humic acid administration during water stress
increased the tiller density of bread wheat cultivars. According to Forgane [50], spikes plant™! are a significant
factor that has a favourable relationship with grain yield. In this study, water deficit stress significantly
reduced this component. These findings are supported by those of Jannat et al. [47], who confirmed that
water shortage diminished the number of spikes and spike length compared with nonstress conditions. In
our investigation, humic acid produced a greater increase in the spikes of wheat than that of under stressful
conditions. Nasiroleslami et al. [51] reported a positive relationship between humic acid application and the
number of spikes. Humic acid may improve wheat spike length by adjusting the cellular osmotic pressure and
increasing enzymatic and antioxidant activities [52], which increase plant reproduction. The spike weight
is a crucial component that is strongly correlated with the overall grain yield. Reduced photosynthesis and
a lower supply of photosynthates due to water shortage are the primary drivers that hinder the growth of
vegetative and reproductive development [15]. Nowsherwan et al. [42] reported that water scarcity stress
decreased spike length, spikelets, and grains per spike, lowering grain yield. Water shortage stress reduces the
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number of grains, affecting dry matter production, pollen viability and ovule function. Our findings align
with those of Mehrinfar et al. [53], who reported that foliar humic acid spray altered bread wheat cultivar
grain yield and quality under water stress. Rana et al. [54] reported that water deficiency stress reduces
grain weight, which is consistent with our findings. Humic acid increases plant photosynthetic pigments
and biochemical activity. Arjumend et al. [55] reported that varying humic acid rates and NPK mineral
fertilizers affected wheat thousand grain weight and yield, that is supporting our findings on 100-grain
weight. In this study, both varieties presented decreased grain yield (plant™!) under water deficit stress. This
might be because stress may reduce photosynthetic activity and assimilate supply, reducing grain number
and size [15]. Similarly, Helmy Hegab et al. [56] demonstrated that humic acid increased wheat grain yield
and components. Our study revealed that above-ground biological yield decreased due to water stress at
the vegetative stage, resulting in the production of fewer tillers and less biomass than under well-watered
conditions. Other authors, such as Zhang et al. [57], reported that drought lowered the biomass and yield
of wheat by 25.00% and 27.50%, respectively that is congruent to our present findings on above ground
biological yield.

5 Conclusion

The current investigation revealed that both wheat varieties, BWMRI Gom 1 and BWMRI Gom 3,
presented significant reductions in key growth and yield parameters under water deficit stress compared
with well-watered conditions. All the parameters (except proline) were declined considerably under WDS,
indicating the detrimental impact of water stress on wheat productivity. However, the application of humic
acid, particularly via foliar spraying, has shown promising effectiveness in mitigating these negative effects.
Foliar application of humic acid consistently improved plant resilience under WDS, with increases in spike
number, spike weight, grain number, grain yield, and biological yield in both varieties. Finally, BWMRI Gom
3 appears to be more resistant to drought conditions than BWMRI Gom 1, and foliar application of humic
acid was found to be comparatively more effective than soil application in mitigating the adverse effects of
water deficit stress on wheat.
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