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Abstract: Maize, a major food source for the world’s tropical regions, is often impaired by droughts
under a changing climate, which creates the importance of making efforts to improve the tolerance
characteristics of maize under field conditions. The experiment was conducted during the dry
season of the 20202021 period to investigate the stimulatory effects of plant growth regulator (PGR)
ethephon (2-chloroethylphosphonic acid) on the morpho-physio-biochemical traits of maize and to
identify suitable application approaches for efficient production under water stress. The factorial
randomized complete block design was followed for the present experiment. Ethephon was applied
at the vegetative 6 leaves (V6) and/or 10 leaves (V10) stages. Seven application approaches (doses
ingadi. ha~1) of ethephon, i.e., 281 at the V6 stage (E1), 281 at the V6 stage + 281 at the V10 stage
(E2), 281 at the V10 stage (E3), 562 at the V6 stage (E4), 562 at the V6 stage + 562 at the V10 stage (E5),
562 at the V10 stage (E6), and no ethephon (E7), were used for maize production. Another factor
was that three water levels were used, i.e., well-watered conditions (watering every week) (W1),
short water stress (no watering during 48-69 days after planting) (W2), and prolonged water stress
(no watering during 48-83 days after planting) (W3). Water stress negatively affected most of the
morpho-physiological traits, and in W2 and W3 conditions, the grain yield was significantly lower, i.e.,
4.82 and 427 tha 1, respectively, compared to W1 (5.71 t ha~1). The plant height and leaf area index
at the reproductive milk stage of maize (R3) were significantly reduced by all approaches of ethephon
application compared to no ethephon. However, across the water levels, E3 performed better and
produced a higher grain yield (5.11 t ha~!), which was mostly seen by a higher 100-grain weight
(24.52 g) and a slightly higher grain number per plant (356.12). It was also positively supported
by most of the physiological and biochemical traits, as they were especially higher in the relative
growth rate (25.73 mg plant~—! day~!), net assimilation rate (0.79 mg cm~2 day~!) at V6-R3, heat
use efficiency (3.39 kg ha—! °C days ™), electrolyte leakage (5.69%), and proline (28.78 pwmol g~
FW). These traits, under prolonged stress, also gave the maximum drought tolerance index by E3,
i.e., the relative growth rate (1.00) and net assimilation rate (1.00) at V6 to R3, heat use efficiency
(1.06), relative water content (1.00), electrolyte leakage (1.65), proline (1.88), 100-grain weight (1.01),
grain yield (1.11), and water productivity (1.53). A path analysis showed that the shoot weight at
R3 (1.00), the stem diameter at the R3 stage (1.00), net assimilation rate (0.95), relative water content
(0.95), 100-grain weight (0.90), grain number (0.76), proline (0.75), SPAD value (0.71), and total soluble
sugar (0.57) were highly positive, and electrolyte leakage (—0.84) was negatively correlated with the
grain yield under prolonged water stress. The maximum positive direct effect on the grain yield was
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found in the shoot weight (1.05), net assimilation rate (0.68), leaf area index at R3 (0.45), SPAD (0.22),
and electrolyte leakage (0.21). The ethephon application as the E3 approach was more efficient in
both short and prolonged stress, especially under prolonged stress, as it showed a higher energy use
efficiency (1.55) and less CO,-eq emission (3603.69) compared to the other approaches of ethephon.
The subsequent efficient ethephon approaches were E1 under short water stress, E6 under prolonged
water stress, where E5 performed minimally, and no application of ethephon, which exhibited the
worst efficiency under water stress.

Keywords: tropical region; water stress; dry season Zea mays; ethephon; path coefficient;
CO;-eq emission

1. Introduction

Droughts are the greatest threat to crops and livestock in almost every region of the
world [1,2], affecting an estimated 55 million people yearly. About 40% of the world’s
population suffers from water scarcity, and by 2030, 700 million people could be at risk of
being displaced due to droughts [3]. Rapid climate change impacts the rainfall intensity
and amounts [4] and increases temperatures, which accelerates water evaporation and
raises the risk of a drought or extended periods of droughts, particularly in the tropics [5].
The tropics are the areas of the Earth that are closest to the Equator, between the Tropics
of Cancer and Capricorn, and are often hotter [6]. The tropics cover 36% of the planet’s
landmass and account for 39.8% of its surface area [7,8]. Tropical countries frequently
face droughts due to global climate change, and their effects become more detrimental
under warm weather [9]. Southeast Asia, which is under the tropics, has experienced rising
temperatures at a pace of 5 percentage points each decade beginning in 1971, with an abrupt
rise from 1971 to 2005 [10], leading to an increase in droughts [11]. Due to an increase in
the mean annual temperature of up to 0.85 °C and a decline in the mean annual rainfall,
Thailand is prone to annual droughts; from 1989 to 2013, 29 of 72 provinces experienced
drought-related damage [12,13].

In tropical regions with food insecurity, especially in Asian countries, climate change
has threatened agricultural production [14]. Thailand is in the tropics, and its agricultural
productivity is particularly vulnerable to climate change [15]. Maize is an important crop
that can be used for food, feed, and bioenergy purposes [16]. Maize (Zea mays) is an
important economic crop in Thailand [17] and is significantly impacted by droughts, which
result in disproportionately high yield declines [18-20]. The development and productivity
of maize are greatly influenced by drought stress affecting germination, vegetative growth,
dry matter production, reproductive development, reproductive processes, grain yield,
and grain quality [21-26]. The length and severity of the drought stress as well as the
phenological stage at which the crop is affected determine how much yield is lost [27-31].
Inadequate accessible soil water affects the maize’s metabolic activity, biomass deposits,
and photosynthetic rate by reducing the chlorophyll content in the leaves, subsequently
leading to a drop in the maize yield [32-36]. Several studies revealed that proline, the total
soluble sugar, root/shoot ratio, relative water contents, etc., are important considerations
for the water stress tolerance of maize [37-42].

Ethephon, 2-chloroethyl phosphonic acid, is a synthetic bioregulator that positively
absorbs and subsequently releases ethylene into plant tissues and is used to control the
plant canopy size [43] or as an anti-lodging agent in maize [44-50]. The leaves are the site of
photosynthesis, and they lose water through transpiration. A balanced leaf area is desirable
under water stress conditions, which can maintain photosynthesis at a satisfactory level
and can minimize water loss through transpiration [51]. Plant growth retardants, on the
other hand, could be used to minimize early-season crop water use by lowering the LAI,
leading to extended water availability for critical reproductive activities under drought
stress [43,51-56].
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Ethylene signaling regulates plant growth and development by increasing N assimila-
tion [57,58] and senescence-dependent N mobilization [59,60] and by regulating proline
production in plants under optimum or stress conditions [57,61]. Sugars have been identi-
fied as important regulatory molecules of source activity and sink strength in the context of
a changing source-sink balance [62-65]. Evidence suggests that ethylene signaling plays
an essential role in a plant’s response to drought stress [52,56,66—-68]. Consequently, it is
crucial to investigate if ethephon can improve drought resistance in the maize output.

The precise amount of water needed to efficiently reach the target soil moisture level
is delivered during irrigation scheduling to maximize the field output. This approach
conserves water and energy and reduces the environmental impacts, including fertilizer
loss and energy consumption, resulting in benefits such as lower CO; emissions, enhanced
biodiversity, and reduced pollution [69-71]. The apparent sensitivity of the atmospheric
CO;, growth rate to tropical warmth and droughts has changed significantly over the past
six decades [72], and the drought associated with the severe El Nino event from 2015 to
2016 shifted tropical regions from a carbon sink to a carbon source [73-76]. Furthermore,
agriculture is a major source of greenhouse gas (GHG) emissions; thus, it is critical to utilize
agricultural techniques that emit fewer GHGs, lowering the carbon footprint and ultimately
delaying climate change [71,77-79].

Considering that agriculture depends on the environment and, consequently, is sus-
ceptible to climate change, it is essential to find solutions for this sector to adapt to the
changing climate [80], especially droughts. Plant growth regulators may positively affect
the stress-tolerant characteristics of maize, and they may vary depending on the application
frequency and concentration and the stage of plant development. It is important to deter-
mine the best application stage of the plant and dose of growth regulators to enhance the
desirable stress-tolerant characteristics in maize. Therefore, the present study was under-
taken at the field level to stimulate the water-stress-tolerant morpho-physio-biochemical
traits of maize using suitable ethephon application approaches for efficient production
under drought stress in the tropics.

2. Materials and Methods
2.1. Experimental Location, Design, Treatments and Materials

The field experiment was conducted in 2020-21 at Saraburi, Thailand (14°51'01.1” N,
101°25'37.2” E). The vegetative 6 leaves stage (V6), vegetative 10 leaves stage (V10), vegeta-
tive tasseling stage (VT), reproductive milk stage (R3), and physiological maturity stage (R6)
of maize were emphasized in data collection. The Randomized Complete Block design with
factorial arrangement was used in the study with two factors and four replications. The
first factor was three levels of water (W), i.e., W1: well-watered conditions (about 40 mm
irrigation every week); W2: short water stress, i.e., irrigation withdrawal from 48 to 69 days
after planting (DAP); and W3: prolonged water stress, i.e., irrigation withdrawal from
48 to 83 DAP. Seven ethephon (E) application approaches were the second factor, i.e., E1:
ethephon @ 281 g a.i. ha~! at V6 stage; E2: ethephon @ 281 g a.i. ha ! at V6 + 281 g ai. ha™!
at V10 stage; E3: ethephon @ 281 g a.i. ha™! at V10 stage; E4: ethephon @ 562 g a.i. ha~! at
V6 stage; E5: ethephon @ 562 g a.i. ha™! at V6 + 562 g a.i. ha~! at V10 stage; E6: ethephon
@562 g ai. ha ! at V10 stage; and E7: no ethephon (Figure 1). When working with maize
and varying doses of ethephon, several investigators [43,52] observed that, in high plant
population density situations, 560 g a.i. ha~! might boost maize production; however, in
normal population situations, it dropped. Therefore, in the current investigation, a similar,
lower dose was examined with standard plant spacing. Ethephon52 (2-chloroethyl phospho-
nic acid 52% W/V SL) was used as ethephon treatment. The maize cultivar, ‘SUWAN5819,
developed by the National Corn and Sorghum Research Center, Thailand was used for the
field trial. The basal fertilizer was 16:16:16 NPK @ 313 kg ha~!, while the top dressing was
46 N @ 313 kg urea ha~! at 23 DAP. Each treatment plot size was 7.5 m x 7.5 m, and the
plant spacing was 70 cm x 25 cm.
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Figure 1. Schematic view of watering (W1: well-watered conditions; W2: short water stress during
48 to 69 days after planting (DAP); W3: prolonged water stress during 48-83 DAP) and ethephon
(E1: ethephon 281 g a.i. ha~! at V6 stage; E2: ethephon 281 g a.i. ha~! at V6 + 281 g a.i. ha=! at V10
stage; E3: ethephon 281 g a.i. ha~! at V10 stage; E4: ethephon 562 g a.i. ha-1 at V6 stage; E5: ethephon
562 g a.i. ha—1at V6 + 562 g a.. ha—latVv10 stage; E6: ethephon 562 g a.i. ha—1at V10 stage; E7: no
ethephon) application schedule with important growth stages of maize (considering well-watered
(WW) plant—VE: vegetative emergence; V6: vegetative 6 leaves stage at 30 days after planting (DAP);
V10: vegetative 10 leaves stage at 42 DAP; VT: vegetative tasseling stage at 63 DAP; R3: reproductive
phase 3 at 79 DAP; R6: maturity stage).

2.2. Meteorological Information of the Experimental Location

The historical long-term (1991-2020) climatic data were retrieved from the World Bank
source (Figure Sla). The historical data showed that maximum rainfall occurred in August
(271.52 mm), and minimum rainfall occurred in February (16.56 mm). The maximum
mean temperature was recorded in April (29.36 °C), the minimum mean temperature
was recorded in December (23.9 °C), and the maximum temperature was recorded in
April (35.3 °C). In the present study, meteorological data on rainfall, temperature (Temp.),
and relative humidity (RH) were collected during the experimental period by installing a
mini weather station at the field (Figure S1b). There was little rainfall during the whole
experimental period, especially during the water stress period. There was very little rainfall
at 23 and 24 days after water withholding, around 13 mm each day. At the end of the
maturity stage, there was further little rainfall for a few days, ranging from 0.4 to 25.48 mm
per day. The maximum, minimum, and average daily temperatures (°C) ranged from 22.22
to 38.49, 12.22 to 27.22, and 16.83 to 32.44, respectively (Figure S1b).

2.3. Plant Sampling and Different Measurements

Morpho-physio-biochemical data were collected at V6, V10, VT, R3, and R6 stages.
Five plants were randomly picked from each treatment plot to obtain destructive data on
various attributes at various stages. By hand harvesting, grain yield was obtained from the
two mid rows in the center 4 m long section on 5.6 m? inside each plot. Data were collected
on plant height at R3 (PH-R3) from plant base to topmost fully expanded leaf or base of
tassel; stem diameter at R3 (SD-R3) from stem base; fully expanded green leaf area at V6,
V10, VT, and R3 (FEGLA-V6, FEGLA-V10, FEGLA-VT, and FEGLA-R3) from green portion
only; leaf area index at R3 (LAI-R3) from green leaves only; shoot weight at V6, V10, and R3
(SW-V6, SW-V10 and SW-R3); grain number per plant at harvest (GNP); 100-grain weight
(100-GW) at harvest; grain yield at harvest (GY); relative growth rate at V6 to V10, V10
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to R3, and V6 to R3 (RGR-V6V10, RGR-V10R3, and RGR-V6R3); net assimilation rate at
V6 to V10, V10 to R3, and V6 to R3 (NAR-V6V10, NAR-V10R3, and NAR-V6R3); water
productivity at harvest (WP); accumulated growing degree days after harvest (AGDD);
heat use efficiency after harvest (HUE); SPAD value of ear leaves just after a water stress
period (SPAD-JAWSP); relative senescence rate at R3 (RSR-R3); relative water content of
ear leaves just after water stress period (RWC-JAWSP); electrolyte leakage of ear leaves
just after a water stress period (EL-JAWSP); proline of ear leaves just after a water stress
period (PrL-JAWSP); and total soluble sugar of ear leaves just after a water stress period
(TSSL-JAWSP).

Leaf greenness was evaluated using SPAD value, which was measured using the
Minolta SPAD 502 chlorophyll meter (Minolta, Osaka, Japan). SPAD stands for Soil Plant
Analysis Development. A SPAD value is a non-destructive measurement of the relative
chlorophyll content of a leaf.

Fully expanded green leaf area (FEGLA) per plant (less than 50% of leaf surface yellow
or dead) was computed using the following formula [81]:

FEGLA <cm2plant_1) = Length x maximum width x 0.75 1)

Leaf area index (LAI) was calculated using the following formula, where leaf area is
the one-sided green leaf area per unit ground surface area [82]:

LAI = Leaf area / Ground area 2)

Relative growth rate (RGR) was determined using the following formula [83]. To
determine the dry weight of plants at V6, V10, VT, and R3 stages, five plants were randomly
taken from each plot. The plants were dried in an oven at 75 °C for 72 h.

RGR (mg planrldayfl) = (Ln Wy —LnWy) / (T, — Tq) 3)
where W1: dry weight of the plant at time T1; Wy: dry weight of the plant at time T; Tq

and Ty: time interval in days; and Ln: natural logarithm.
Net assimilation rate (NAR) was determined using the following formula [84]:

(4)

NAR (mg cm*2day’1) = <W2 — Wl) X <Ln LAy — Ln LAl)

T, -1 LA, — LA,

where W; and W are the plant’s dry biomass weights at times T and T7, and LA, and LA;
are the leaf areas corresponding to times T, and T;.
Water productivity (WP) was calculated using the following [85]:

WP (kg ha™! m*3> = Grain yield inkgha™! / (Irrigation in m> + Rainfall in m3> ®)

Accumulated growing degree days (AGDD) and heat use efficiency (HUE) was calcu-
lated according to [86] as follows:

n
AGDD (°Cdays) = Y T, — T, (6)
i=1

HUE (kg ha~'°C daysfl) = Grain yield in kg ha~'/AGDD in °C days (7)

where i is the ith day after sowing, T;is the average temperature for that day, n is the number
of days in the growing season, and T} is the base temperature, which was set to 10 °C.
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Relative senescence rate (RSR) was determined using the following formula consider-
ing green leaf number at VT to R3 stages [87]:

(GLN t1 — GLN t2) 2

RSR (%) = (— 1) “ (GLN H + GLN ) o

where GLN: green leaf number (<50% yellow), ¢1: days to VT stage, and ¢,: days to R3 stage.
Relative water content (RWC) was measured just before the end of the water-stressed
period from ear leaves as follows [81]:

RWC (%) = (Fresh weight — Dry weight) x 100/ (Turgid weight — Dry weight)  (9)

Electrolyte leakage (EL) was measured from 0.1 g leaf discs with 20 mL of added de-
ionized water and incubated at 32 °C for 2 h, and then the first conductivity measurement
was performed (EC1). After autoclaving the sample for 15 min at 121 °C, the second con-
ductivity measurement (EC2) was performed. The percentage of EL was calculated using

the following formula [88]:

EL (%) — % « 100 (10)

Proline content of ear leaf (PrL) was determined following [89]. One gram of fresh
sample was crushed with a mortar and pestle and homogenized with 5 mL of 3% sulfosali-
cylic acid. The homogenate was spun at 6000 rpm for 15 min. A total of 1 mL of supernatant
was taken, and 1 mL of ninhydrin and 1 mL of acetic acid were added. This was heated
in a water bath for 1 h and then incubated on ice for 5 min. Two milliliters of solution
was extracted with two milliliters of toluene and vortexed rapidly. The upper phase was
taken, and absorbance was measured at 520 nm with a spectrophotometer. To determine
the proline content of the sample, a standard curve was constructed using pure proline.

Total soluble sugar content in leaf (TSSL) was determined following [90]. In a mortar,
0.5 g of fresh material was crushed, and 5 mL of 80% ethanol was added. The mixture was
filtered using Wathman No.1 filter paper. The solution was combined with 12.5 cc of 80%
ethanol. One milliliter of solution was taken, and one milliliter of anthrone was added. The
mixture was heated for 10 min at 100 °C. After 5 min on ice, the response was stopped. A
spectrophotometer set at 620 nm was used to measure the total soluble sugar content. The
total soluble sugar content was calculated using a standard curve.

Drought Tolerance Index (DTI) was calculated [91] as follows:

s X
DTI = (VT}/”) (11)

p
where ys, yp, and Y}, denote the mean performance of the examined trait under water stress
conditions for each ethephon level, the normal conditions for each ethephon level, and the
overall mean under normal conditions for all ethephon levels, respectively. When the DTI
is >1.0, the ethephon level is significant for stimulating the tolerance; when the DTT is <1,

the ethephon level is nonsignificant for stimulating the tolerance.

The energy use efficiency was computed based on the energy equivalents of the inputs
and outputs (Table S1) according to [71]. The energy approach is based on converting all pro-
duction components and products utilized in the maize production process into energy units.

The CO,-eq emission was calculated while considering the CO,-eq emissions derived
directly from crop management practices, materials, and machinery inputs. The total sum
of the maize CO,-eq emission was calculated by following [92]:

CO, — eq emission = SUM (IR x CE) (12)

where IR denotes the input ratio and CE denotes the CO,-eq emission coefficient for each
input (kg COp-eq kg™') (Table S2).
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2.4. Statistical Analysis

ANOVA was used to analyze different data for a factorial Randomized Complete Block
design. At p = 0.05, the mean values were compared using the Fisher’s Protected Least
Significant Difference (LSD) approach. For analysis, the statistical tool, SPSS, for Windows,
Version 16.0. (SPSS Inc., Chicago, IL, USA), MS Excel, and CropStat 7.2 were used. Path
analysis was performed with only prolonged water stress data in two separate groups
(morphological and physiological) to better depict the impact of water stress on maize.

3. Results

The results of the data collected during the experimental period on the environmental
conditions, soil moisture tension, morpho-physio-biochemical characteristics of maize,
and their interrelations, as well as the effects on the yield, drought tolerance index, and
efficiency, especially energy use and CO,-eq emissions, are presented in this section.

3.1. Environmental Conditions, Soil Moisture Tension and Soil Status

Global climate change impacted the weather in Thailand. From the long-term data
(Figure Sla), it was found that December and January are the relatively cool months, and
March to May are the relatively hottest months. However, the present data showed that
the mean temperature in January is around 20 °C (Figure S1b), whereas the long-term data
showed it being around 25 °C. But the hotter month became hotter, and it was found that
in March, the mean temperature was around 28-30 °C, whereas in the long-term data, it
was around 24 °C. In the case of rainfall, the long-term data showed that the maximum
rainfall occurred in September, followed by August and July, and the minimum rainfall
occurred in December and January, whereas the present data showed that from December
to March, there was no rainfall except on February 14 and 15, when very little rainfall
occurred (13.6 mm each day). Figure 2 shows that these two days of rainfall occurred
on the 23rd and 24th days after water withdrawal in the W2 and W3 treatments, though
the water stress period was finished in the W2 treatment. However, these two days of
rainfall had very little effect on the soil water tension, and it remained at 90-95 kPa in W3
(Figure 2). The soil moisture tension remained at 15 to 36 kPa in a well-watered plot. In W2,
the maximum soil water tension was recorded just before the end of the water stress period,
and it was 98 kPPa. In W3, the maximum soil water tension was recorded to be 123 kPa
just before the end of the 35-day water withdrawal period. The soil moisture tension (in
kPa) was measured on a daily basis using a soil water tension sensor from a 0 to 30 cm soil
depth of all water level plots (W1, W2, and W3).

The soil sample (0-30 cm depth) was gathered from the experimental site two weeks
before the start of the research to be analyzed for physical and chemical qualities (Table 1).
The experimental soil was silty clay with medium organic matter (OM) and nitrogen (N)
contents, but it was high in phosphorus (P) and potassium (K) in the crop root zone. The
pH of the soil was slightly alkaline, and the electrical conductivity (EC) was normal.

Table 1. Physico-chemical properties of experimental field soil collected from depth of 0 to 30 cm.

Parameter Sand Silt Clay pH EC oM Total N Available P Exchangeable K
(%) (%) (%) (Acetate) (dSm-1) (%) (%) (mg kg—1) (mg kg—1)
Value 10.00 37.33 52.67 7.77 0.22 2,01 0.28 166.00 296.67
Status Silty clay soil Slightly Normal Medium Medium Very high Very high

alkaline
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Soil moisture tension and weather during water stress period
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Figure 2. Experimental field soil moisture tension at 0-30 cm depth during the water stress period
under well-watered conditions (W1), short water stress (W2), and prolonged water stress (W3) is
shown at the lower part. X: no irrigation in W2; X: no irrigation in W3. The weather pattern during
the water stress period is shown in the upper part.

3.2. Treatment Effects on Morpho-Physio-Biochemical Traits of Maize

The individual effects of each water level and ethephon application approach, as well
as their interactions, on the 27 investigated traits are shown by the results of the ANOVA
given in Tables 2—4 for the morphological, physiological, and physio-biochemical traits,
respectively. For the morphological traits, the influence of water levels was significant for
practically all traits apart from FEGLA-V10 and SW-V10, whereas the influence of ethephon
was significant for all traits apart from FEGLA-V6, SW-V6, and GNP. The interaction
between the water levels and ethephon applications were significant for PH-R3, SD-R3,
FEGLA-R3, LAI-R3, SW-R3, and GY. In terms of the physiological traits, both the water
levels and the ethephon application approaches had significant impacts on each trait. The
effect of the interaction between the water levels and ethephon application approaches was
nonsignificant for RGR-V6V10 and AGDD, but significant for all other traits. All of the
physio-biochemical traits were significantly affected by the water levels, as well as by the
ethephon application approaches. The interaction between the water levels and ethephon
applications were significant for all traits except for SPAD-JAWSP and RWC-JAWSP.

Table 2. Analysis of variance as it relates to water levels, ethephon, and their interaction effects on
different morphological traits of maize in the field.

Source of

Mean Sum Square

FEGLA- FEGLA- FEGLA- SW-

Variance 4 puRs  sDR3 0 V10 R3 SW-ve yio SWR3  gnp 100 GY

A ! ., LAI-R3 & @ GW Y
(cm) (cm) (cm (cm (cm lant-1) (g lant-1) (no.) ®) (tha-1)

plant-1) plant-1) plant-1) P plant-1) P 8

Replication 3 6163 0.07 18,455 115975 271,988  0.09 2.64 18.81 571 16973 8.00 0.31
Wat?‘r/\}ivels o LOSE o 41037 24835ns 01007 gmpwm giem 133ns 20132 34529 1858 g 45
Ethfgf"“ 6 34004*  020*  14951ns 7107 07407 pig3wm qg4ns 233440 98,659 5?55 049*  30.99*
W x E 2 B3 g19+ 3720ms 38'%3'0 5910228 = 193« 431ns  1145ns 7% 02ns Or,1050 16.60 **

Error 60 346656 0.43 113412 816281 1670232 054 1643 133.03 3760 104579 4930  2.06

R3: reproductive phase 3 of maize plant at 79 days after planting (DAP) considering well-watered (WW) plant; Vé:
vegetative 6 leaves stage at 30 DAP considering WW; V10: vegetative 10 leaves stage at 42 DAP considering WW;
PH-R3: plant height at R3; SD-R3: stem diameter at R3; FEGLA-V6, FEGLA-V10, and FEGLA-R3: fully expanded
green leaf area at V6, V10, and R3, respectively; LAI-R3: leaf area index at R3; SW-V6, SW-V10, and SW-R3: shoot
weights at V6, V10, and R3, respectively; GNP: grain number per plant; 100-GW: 100-grain weight; GY: grain
yield; * and **: significant at p < 0.05 and p < 0.01 levels, respectively; ns: nonsignificant; df: degree of freedom.
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Table 3. Analysis of variance as it relates to water levels, ethephon, and their interaction effects on
different physiological traits of maize in the field.

Mean Sum Square

Source of df RGR- RGR- RGR- NAR- NAR- NAR- HUE
Variance V6V10 V10R3 V6R3 V6V10 V10R3 V6R3 WP AGDD (kg ha—1
(mg plant~1 (mgplant~! (mgplant~! (mgecm—2 (mgem=—2 (mgem—2 (kgm=3)  (°Cdays) °C
day—1) day—1) day—1) day—1) day-1) day—1) days—1)
Replication 3 16.19 5.09 7.17 0.002 0.01 0.01 0.01 39,964 0.10
Water levels (W) 2 38.96 ** 661.73 ** 380.63 ** 0.005 ** 1.11** 1.20 ** 0.03 ** 93,870 ** 12.86 **
Ethephon (E) 6 1875.72 ** 225.72 ** 197.52 ** 0.322 ** 0.35 ** 0.60 ** 1.25** 47,406 ns 9.35 **
W x E 12 32.33 ns 210.33 ** 115.34 ** 0.008 * 0.33 ** 0.46 ** 0.59 ** 10,750 ns 5.82 **
Error 60 116.01 31.07 46.15 0.018 0.03 0.04 0.08 251,875 0.68
Vé: vegetative 6 leaves stage of maize plant at 30 days after planting (DAP) considering well-watered (WW) plant;
V10: vegetative 10 leaves stage at 42 DAP considering WW; R3: reproductive phase 3 at 79 DAP considering
WW; RGR-V6V10, RGR-V10R3, and RGR-V6R3: relative growth rates at V6-V10, V10-R3, and V6-R3, respectively;
NAR-V6V10, NAR-V10R3, and NAR-V6R3: net assimilation rates at V6-V10, V10-R3, and V6-R3, respectively; WP:
water productivity at final harvest; AGDD: accumulated growing degree days; HUE: heat use efficiency at final
harvest; * and **: significant at p < 0.05 and p < 0.01 levels, respectively; ns: nonsignificant; df: degree of freedom.
Table 4. Analysis of variance as it relates to water levels, ethephon, and their interaction effects on
different physio-biochemical traits of maize in the field.
Mean Sum Square
Source of df TSSL-
Variance SPAD- RSR-R3 RWC-JAWSP EL-JAWSP PrL-JAWSP JAWSP
o 0, [ -1
JAWSP (%) (%) (%) (wmol g 1 FW) 5 k)
Replication 3 25.88 0.06 93.87 0.42 7.74 52,462.9
Water levels (W) 2 1026.69 ** 4.83 ** 2108.57 ** 177.23 ** 5266.61 ** 5544.07 **
Ethephon (E) 6 190.05 ** 1.18 ** 695.38 ** 22.05 ** 866.21 ** 1925.07 **
W x E 12 44.65 ns 0.65 ** 196.65 ns 10.80 ** 225.28 ** 4,130,239 **
Error 60 159.38 0.40 588.42 3.17 55.83 470,809

JAWSP: just after water stress period; R3: reproductive phase 3 of maize plant at 79 DAP considering WW;
SPAD-JAWSP: SPAD value for leaf greenness at JAWSP; RSR-R3: relative senescence rate at R3; RWC-JAWSP:
relative water content at JAWSP; EL-JAWSP: electrolyte leakage at JAWSP; PrL-JAWSP: proline in leaves at JAWSP;
TSSL- JAWSP: total soluble sugar in leaves at JAWSP; **: p < 0.01 levels; ns: nonsignificant; df: degree of freedom.

3.2.1. Morphological Traits of Maize
Plant Height (PH)

The plant height is an important morphological characteristic in maize, and the grow-
ing conditions and management approaches may have an impact on it. The PH was
measured at the R3 (PH-R3) stage after the end of the water stress period. The PH-R3
was significantly affected by water levels (W), ethephon application approaches (E), and
their interactions (W x E) (Tables 5-7). The plant height was measured from the base of
the ground to the base of the topmost leaf. The longest plant height was measured in the
well-watered (W1) treatment, followed by the short water stress (W2) treatment, and the
smallest plant (12.38% lower than W1) was observed in the prolonged water stress (W3)
plot. In the case of ethephon application, the highest plant height was recorded in E7,
which was identical to E3 and E1. The moderate size of the plant was observed in the E4
treatment. The identically shortest plant heights were observed in E6, E5, and E2, which
were 7.40, 6.79, and 6.78% lower than E7. The interaction effect showed that the plant
height was decreased due to ethephon application under prolonged water stress, and it
was reduced more (10.26%) in the W3E2 treatment combination.
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Table 5. The main effects of water levels on different morphological traits of maize in the field.
Data presented are mean values, where LSDy g5 is the Least Significant Difference at the 0.05 signifi-
cance level.

Source

FEGLA- FEGLA- FEGLA- 100-

of Vari- PH-R3 SD-R3 V6 V10 R3 LAI- SW-Vé6 SW-V10 SW-R3 GNP GW GY
ation (cm) (cm) (cm? (cm? (cm? R3 (gplant-1) (gplant-1) (gplant-1) (no.) @ (tha1)
plant-1) plant-1) plant-1) 8
Wil 219.25a 2.39a 1172.26b  3134.62  5367.53a 3.07a 14.02b 39.93 275.02a 363.27a  2491la 5.71a
w2 210.63b 2.30b 1207.18a  3131.14  4455.24b  2.55b 14.61a 40.19 186.00b 358.40a  24.64a 4.82b
W3 195.09¢ 2.25b 1153.89b  3134.94  4030.16¢ 2.30c 13.97b 40.19 158.35¢ 34790b  23.81b 4.27¢
i\js;t *% *% *% ns *% *% *% ns % *% *3% *%
LSDg 05 4.06 0.05 23.24 62.36 89.20 0.06 0.28 0.80 4.23 7.06 0.48 0.10
** significant at p < 0.01; ns = nonsignificant; means within a column with the same or no letters are not significant
at p < 0.05 based on the LSD test. W1: well-watered conditions; W2: short water stress during 48 to 62 days
after planting (DAP); W3: prolonged water stress during 48-79 DAP; R3: reproductive phase 3 of maize plant
at 79 days after planting (DAP) considering well-watered (WW) plant; V6: vegetative 6 leaves stage at 30 DAP
considering WW; V10: vegetative 10 leaves stage at 42 DAP considering WW; PH-R3: plant height at R3; SD-R3:
stem diameter at R3; FEGLA-V6, FEGLA-V10, and FEGLA-R3: fully expanded green leaf area at V6, V10, and
R3, respectively; LAI-R3: leaf area index at R3; SW-V6, SW-V10, and SW-R3: shoot weight at V6, V10, and R3,
respectively; GNP: grain number per plant; 100-GW: 100-grain weight; GY: grain yield.
Table 6. The main effects of ethephon application levels on different morphological traits of maize in
the field. Data presented are mean values, where LSDy o5 is the Least Significant Difference at the
0.05 significance level.
S FEGLA- FEGLA- FEGLA- 100-
Ve PH-R3  SD-R3 V6 V10 R3 LAl SW-V6  SW-VI0 SW-R3 GNP .= GY
Oati:nl (cm) (cm) (cm? (cm? (cm? R3 (gplant-1) (gplant-1) (gplant-1) (no.) @ (tha-1)
plant-1) plant-1) plant1) &
El 217.62ab  2.35ab 1159.65b  3063.74b  5142.09¢ 2.94c 14.09ab 38.69b 219.37c 356.12  24.52ab 5.11c
E2 204.78c 2.31bc 1193.87ab 3079.82b  3781.06f 2.16f 14.01b 38.85b 174.67f 354.34  24.43ab 4.49d
E3 217.92ab 2.39%a 1173.00ab 3527.48a 5427.25b  3.10b 14.15ab 45.30a 260.67a 357.44 24.90a 5.96a
E4 211.98b 2.26cd 1176.52ab 2592.77c¢  4122.33e 2.36e 14.33ab 33.18c 185.17e 355.58  24.44ab 4.53d
E5 204.73c 2.24d 1175.46ab 2601.95c 3234.95g  1.85g 14.06ab 33.04c 158.83g  353.35 24.17b 4.18e
E6 203.58c  2.30bcd  1199.92a 3523.98a 4667.30d  2.67d 14.44a 45.42a 243.50b 356.67  24.44ab 5.63b
E7 218.64a  2.33ab  1166.0lab 3545.22a 5948.52a  3.40a 14.32ab 46.25a 202.98d  352.14 24.38ab  4.63d
F tESt 3% *% n 3% *3% 3% n *3% *3% n * *3%
W) s s s
LSDg 05 6.21 0.07 35.50 95.25 135.25 0.12 0.43 1.22 6.46 10.78 0.64 0.15
* and ** mean significant at p < 0.05 and p < 0.01 levels, respectively; ns = nonsignificant; means within a column
with the same or no letters are not significant at p < 0.05 based on the LSD test. E1: ethephon 281 g a.i. ha™!
at V6 stage; E2: ethephon 281 g a.i. ha~! at V6 + 281 g a.i. ha™! at V10 stage; E3: ethephon 281 g a.i. ha™! at
V10 stage; E4: ethephon 562 g a.i. ha™! at V6 stage; E5: ethephon 562 g a.i. ha=! at V6 + 562 g a.i. ha=! at V10
stage; E6: ethephon 562 g a.i. ha™! at V10 stage; E7: no ethephon; R3: reproductive phase 3 of maize plant at
79 days after planting (DAP) considering well-watered (WW) plant; V6: vegetative 6 leaves stage at 30 DAP
considering WW; V10: vegetative 10 leaves stage at 42 DAP considering WW; PH-R3: plant height at R3; SD-R3:
stem diameter at R3; FEGLA-V6, FEGLA-V10, and FEGLA-R3: fully expanded green leaf area at V6, V10, and
R3, respectively; LAI-R3: leaf area index at R3; SW-V6, SW-V10, and SW-R3: shoot weight at V6, V10, and R3,
respectively; GNP: grain number per plant; 100-GW: 100-grain weight; GY: grain yield.
Table 7. Interaction effects of water levels and ethephon applications on different morphological
traits of maize in the field. Data presented are mean values, where LSD) g5 is the Least Significant
Difference at the 0.05 significance level.
Source FEGLA- FEGLA- FEGLA- 100-
of ;lla:‘i- PH-R3 SD-R3 V6 V10 R3 LAI- SW-V6 SW-V10 SW-R3 GNP GW GY
ation (cm) (cm) (cm? (cm? (cm? R3 (gplant~1) (gplant-1) (gplant-1) (no.) @ (tha1)
plant-1) plant-1) plant-1) 8
WIE1 223.11c 2.3%bc 1177.03 ~ 3058.12  5944.34c  3.40b 13.88 39.11 278.12d  362.85 24.98 5.32ef
WI1E2 204.66ef 2.39bc 1217.79 3106.05 4398.85h  2.51ef 14.11 39.22 221.50f 361.04 24.89 5.03gh
WI1E3 221.21cd 2.43b 1157.08  3536.11  6242.67b  3.57b 13.88 45.38 317.00b 364.21 25.07 6.74ab
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Table 7. Cont.
Source FEGLA- FEGLA- FEGLA- 100-
of Vari- PH-R3 SD-R3 V62 VlO2 R32 LAI- SW-V6 SW-V10 SW-R3 GNP GW GY
ation (cm) (cm) (cm (cm (cm R3 (gplant~1) (gplant~1) (gplant~1) (no.) ©) (tha™1)
plant-1) plant-1) plant-1)

W1E4 211.48de  2.30c-g 1124.87  2561.13  4429.98gh 2.53e 13.78 32.81 240.50e 362.31 24.90 4.89hi
WIE5 200.38fg  2.29¢c-g 1160.24 2629.20  3769.79ij  2.15hi 13.83 32.34 203.50h 360.03 24.82 4.67ij
W1E6 225.64bc  2.34b-e 1211.43 3521.31  5379.77de 3.07c 14.35 45.12 295.00c 363.42 24.90 6.50b
WIE?7 248.25a 2.57a 1157.38 3530.42  7407.31a 4.23a 14.30 45.52 369.50a 369.00 24.84 6.79a
W2E1 231.21bc 2.38bc 1168.31 3046.10  5159.51ef  2.95c 14.28 38.34 221.00fg 357.99 24.71 5.62cd
W2E2 225.87bc  2.31b-f 1188.56  3032.05 3593.63j  2.05hi 14.00 38.51 167.50i 356.20 24.62 4.55jk
W2E3 234.65b 2.39bc 1222.58 3551.12  5388.99de 3.08c 14.71 45.00 240.50e 359.32 24.79 5.75¢
W2E4 230.70bc  2.25d-g  1248.60  2605.04 3948.50i  2.26gh 14.80 33.39 172.50i 357.46 24.63 4.65ij
W2E5 229.36bc  2.23efg 1198.70 2598.34  3049.421 1.74jk 14.43 33.86 148.00kl1 355.21 24.55 4.16lm
W2E6 182.761 2.28c-g 1237.85 3540.21  4641.48g  2.65de 15.09 45.40 225.50f 358.54 24.63 5.29efg
W2E7 202.84efg  2.23efg 1185.66 3545.12  5405.16d  3.09¢ 14.97 46.84 127.00n 364.05 24.57 3.74n
W3E1 198.54fg  2.29¢c-g 1133.62 3087.01  4322.42h 2.47efg 14.11 38.61 159.00jk 347.51 23.87 4.38kl
W3E2 183.81hi  2.23efg 1175.27  3101.35  3350.71k  1.91jj 13.92 38.83 135.00mn  345.77 23.79 3.90mn
W3E3 197.90fg  2.36bcd 1139.33 3495.21  4650.09g  2.66de 13.86 45.52 224.50f 348.80 23.96 5.38de
W3E4 193.76gh  2.23efg 1156.08 2612.14  3988.52i  2.28fgh 14.42 33.33 142.50lm  346.99 23.80 4.05m
W3E5 184.47hi 2.19g 1167.44 2578.30  2885.641 1.65k 13.90 32.92 125.00n 344.80 23.72 3.70n
W3E6 202.33efg  2.27c-g 1150.48 351041  3980.65i 2.27fgh 13.89 45.75 210.00gh  348.04 23.80 5.10fgh
W3E7 204.82ef 2.20fg 1155.00 3560.13  5033.11f  2.88cd 13.69 46.40 112.450 353.39 23.74 3.370
F(‘t;:;t ** * ns ns ** ** ns ns ** ns ns **
LSDyos 1075 0.12 - - 235.99 0.25 - - 11.20 - - 0.26

* and ** mean significant at p < 0.05 and p < 0.01 levels, respectively; ns = nonsignificant; means within a column
with the same or no letters are not significant at p < 0.05 based on the LSD test. W1: well-watered conditions;
W2: short water stress during 48 to 62 days after planting (DAP); W3: prolonged water stress during 48-79 DAP;
El: ethephon 281 g a.i. ha~! at V6 stage; E2: ethephon 281 g a.i. ha=! at V6 + 281 g a.i. ha~! at V10 stage; E3:
ethephon 281 g a.i. ha™! at V10 stage; E4: ethephon 562 g a.i. ha~! at V6 stage; E5: ethephon 562 g a.i. ha™! at V6
+562 g a.i. ha~! at V10 stage; E6: ethephon 562 g a.i. ha™! at V10 stage; E7: no ethephon; R3: reproductive phase 3
of maize plant at 79 days after planting (DAP) considering well-watered (WW) plant; V6: vegetative 6 leaves stage
at 30 DAP considering WW; V10: vegetative 10 leaves stage at 42 DAP considering WW; PH-R3: plant height at
R3; SD-R3: stem diameter at R3; FEGLA-V6, FEGLA-V10, and FEGLA-R3: fully expanded green leaf area at V6,
V10, and R3, respectively; LAI-R3: leaf area index at R3; SW-V6, SW-V10, and SW-R3: shoot weight at V6, V10,
and R3, respectively; GNP: grain number per plant; 100-GW: 100-grain weight; GY: grain yield.

Stem Diameter (SD)

The diameter of the stem is an important character in maize, and thicker stems are
often preferred as they can protect the lodging and can encourage deeper root production,
and these all are desirable under drought conditions. From the results, it was found
that both short and prolonged water stress levels significantly reduced the stem diameter
(SD-R3). The maximum SD-R3 was measured in W1, and it was reduced by 3.77% and
5.86% in W2 and W3, respectively. The highest SD-R3 was observed in E3, which was
statistically like E1 and E7. The higher doses of ethephon had negative effects on SD-R3,
and subsequently, the minimum SD-R3 was observed in E5, and it was also identical with
other higher doses of ethephon like E4 and E6. However, under both water stress levels,
ethephon application increased the SD, and the maximum was 7.29% and 7.49% higher in
W2E3 under short water stress and prolonged water stress, respectively.

Fully Expanded Green Leaf Area (FEGLA) at V6, V10, and R3 and Leaf Area Index (LAI) at R3

Plants’ primary source of transpiration and assimilation comes from their leaves,
which is crucial for maintaining balance, especially when there is a water shortage. In the
present study, it was found that before starting the water stress, the fully expanded green
leaf area (FEGLA) was relatively higher in the W2 plot (2.98%) at the V6 stage and in the
W3 plot (0.1%) at the V10 stage than W1, but after water withholding in W2 and W3, the
FEGLA was decreased compared to W1. The highest FEGLA-R3 was measured in W1,
and it was 33.18% lower in W3. The highest leaf area index at the R3 stage (LAI-R3) was
calculated in W1, and it was 33.48% lower in W3. Ethephon had a significant effect on
the leaf area, and it was varied due to application doses with plant growth stages. Before
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the water withholding period and just before the ethephon application, the FEGLA-V6
was higher in E6, which was identical with the others except for E1. But after ethephon
application in the E1, E2, E4, and E5 treatments at the V6 stage, subsequently, the leaf area
was decreased in those plots at the V10 stage compared to the plots without ethephon
application. However, after the application of ethephon at both the V6 and V10 stages as
per the treatment, the highest FEGLA-R3 was measured in the E7 plot not treated with
ethephon followed by E3, and it was 83.88% decreased in E5. The LAI-R3 was also higher
in E7 (83.78%), followed by E3 (67.57%), compared to E5. The interaction effect showed that
all levels of ethephon application decreased the LAI at the R3 stage under all water levels.
The LAI maximum decreased by 43.58% in the W2E2 treatment under short water stress
and by 42.67% in W3E2 under prolonged stress, compared to no ethephon application in
the respective water stress levels.

Shoot Weight (SW)

The dry shoot weight was assessed to determine the plant’s production under various
treatments. It was discovered that the water levels and ethephon application approaches
considerably affected the SW at the V6, V10, and R3 stages. The interaction between the
water levels and ethephon application approaches was significant only at the R3 stage.
In the current study, it was discovered that the shoot weight (SW) in the W2 plot at the
V6 stage and the W3 plot at the V10 stage was substantially greater than W1 before the
water stress began, but the SW was lower after water withholding in W2 (32.37%) and
W3 (42.42%) compared to W1. Due to the ethephon application doses and plant growth
stages, ethephon’s impact on the SW varied and was significant. The SW-V6 was higher in
E6 (14.44 g plant ') before the water withholding period and right before the ethephon
application. All other plants except for E2 displayed the same SW-V6. However, the SW
in those plots at the V10 stage was lower in those plots following ethephon application
in the E1 (16.34%), E2 (16.00%), E4 (28.26%), and E5 (28.56%) treatments at the V6 stage
compared to the plots without ethephon application. The highest SW-R3 was found in
the E3 plot, followed by E6, while it was 64.12% lower in E5 compared to E3 after the
application of ethephon at both the V6 and V10 phases as per the treatment. All ethephon
application amounts increased the shoot weight at the R3 stage under the W2 and W3 water
levels, according to the interaction effect. When compared to no ethephon application in
the corresponding water stress levels, the SW-R3 increased the maximum by 89.37% in
the W2E3 treatment under short water stress and by 99.64% in the W3E3 treatment under
prolonged water stress.

Grain Number Per Plant (GNP)

The grain number per plant is one of the main components of grain yield, and it
was significantly affected by the water levels but was not significant under ethephon
application. Prolonged water stress (W3) significantly decreased the GNP (4.42%). The
identically higher GNP was counted in W1 and W2.

Hundred-Grain Weight (100-GW)

The grain weight is an important component of the grain yield of maize that may be
influenced by growing conditions. In the present experiment, it is revealed that the 100-GW
was remarkably impacted by the water levels and ethephon application. According to
Table 7, the 100-GW considerably decreased during prolonged water stress (4.42%), was less
affected by short water stress (1.08%), and reached its maximum weight under well-watered
conditions. The highest 100-GW was observed in E3, which was statistically identical with
the other ethephon treatments except for E5, which gave a 3.02% lower 100-GW.

Grain Yield (GY)

The grain yield, the ultimate desired trait of maize, was significantly affected by both
water levels and ethephon application approaches. The highest GY was obtained from the
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W1 treatment, and it was severely affected and decreased by 25.22% in the W3 treatment,
whereas it was moderately affected by W2. Ethephon application had a positive effect
against the yield penalty under water stress. The significantly highest GY was harvested
from the E3 treatment (5.96 t ha—'), followed by the E6 (5.63 t ha—!) and E1 (5.11 t ha™!)
treatments. The GY was 29.27% lower in E5 compared to the E3 treatment. Across all water
levels, the interaction effect demonstrated that ethephon application at all levels reduced
the GY under well-watered conditions but increased under both water stress levels. When
compared to no ethephon application in the corresponding water stress levels, the GY
maximum increased by 53.74% in the W2E3 treatment under short water stress and by
59.50% in the W3E3 treatment under prolonged water stress.

3.2.2. Physiological Traits of Maize
Relative Growth Rate (RGR)

For a crop, a steady growth rate under water stress situations is a desirable trait. The
relative growth rate of the maize plant was measured from the V6 stage to the V10 stage
(RGR-V6V10), from the V10 stage to the R3 stage (RGR-V10R3), and from the V6 stage to
the R3 stage (RGR-V6R3). The effects of the water levels, ethephon application, and their
interactions were found to be significant at all growth stages except for the interaction
effect in the V6V10 period (Tables 8-10). In the current study, it was found that before
the water stress started, the relative growth rates (RGR) in the W1 and W3 plots at the
V6V10 period were significantly higher than the others. However, the RGR was lower after
water withholding in W2 (21.03%) and W3 (29.68%) compared to the W1 plot during the
V10R3 period. The greatest RGR-R6R3 was found in W1 (26.21 mg plant ! day '), and
it was 18.89% lower in W3. The effect of ethephon on RGR varied and was substantial
depending on the ethephon doses and plant growth stages. Prior to the water withholding
period, the RGR-V6V10 was identically higher in E7, E3, and E6 (42.45, 42.12, and 41.49 mg
plant~! day !, respectively). After withholding water, the RGR-V10R3 measured higher in
all ethephon-treated plots than in the non-ethephon-treated plots. The RGR-V10R3 value
was 23.76% higher in E3 compared to E7. On the other hand, the RGR-V6R3 also showed
the maximum value in E3, followed by E6 and E1. The interaction effect showed that all
levels of ethephon application decreased the RGR at the V6R3 period under well-watered
conditions but increased under both short and prolonged water stress levels. The RGR-
V6R3 maximum increased by 30.68% in the W2E3 treatment under short water stress and
by 32.26% in W3E3 under prolonged stress, compared to no ethephon application in the
respective water stress levels.

Table 8. The main effects of water levels on different physiological traits of maize in the field. Data
presented are mean values, where LSDy o5 is the Least Significant Difference at the 0.05 significance level.

Vevio  VioRs  vens  NAR NAR  NAR HUE
Source of V6V10 V10R3 V6R3 WP AGDD 1
Variation (mg (mg (mg (mg cm—2 (mg cm—2 (mg cm—2 (kg m—3) (°C days) (kg ha
plant—1 plant—1 plant—1 day-1) day-1) day-1) °C days—1)
day—1) day—1) day—1) nd y y
Wi1. 37.55a 22.54a 26.21a 0.47a 0.66a 0.84a 0.97b 1705.72b 3.34a
W2 36.33b 17.80b 22.34b 0.46b 0.46b 0.61b 0.95¢ 1774.20a 2.72b
W3 37.92a 15.85¢ 21.26¢ 0.47a 0.39¢c 0.56¢ 1.00a 1778.84a 2.40c
F test (W) *3% *3% *3% *3% *3% *% *% *% *%
LSDy 5 0.74 0.38 0.47 0.001 0.01 0.01 0.02 34.64 0.06

** significant at p < 0.01; means within a column with the same or no letters are not significant at p < 0.05 based on
the LSD test. W1: well-watered conditions; W2: short water stress during 48 to 62 days after planting (DAP); W3:
prolonged water stress during 48-79 DAP; R3: reproductive phase 3 of maize plant at 79 days after planting (DAP)
considering well-watered (WW) plant; V6: vegetative 6 leaves stage at 30 DAP considering WW; V10: vegetative
10 leaves stage at 42 DAP considering WW; RGR-V6V10, RGR-V10R3, and RGR-V6R3: relative growth rates at
V6-V10, V10-R3, and V6-R3, respectively; NAR-V6V10, NAR-V10R3, and NAR-V6R3: net assimilation rates at
V6-V10, V10-R3, and V6-R3, respectively; WP: water productivity at final harvest; AGDD: accumulated growing
degree days; HUE: heat use efficiency at final harvest.
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Table 9. The main effects of ethephon application levels on different physiological traits of maize in

the field. Data presented are mean values, where LSDy o5 is the Least Significant Difference at the

0.05 significance level.

RGR- RGR- -
Vsc\;/m V1(0;§3 5?1?3 NAR- NAR- NAR- HUE
Source of V6V10 V10R3 V6R3 WP AGDD 1
Variation (mg (mg (mg (mg cm—2 (mg cm—2 (mg cm—2 (kg m—3) (°C days) (kg ha
plant-1 plant-1 plant—1 day-1) day-1) day-1) °C days—1)
day-1) day1) day—1) il y y
El 36.56b 20.07ab 24.11c 0.45¢ 0.52c 0.67b 1.01c 1757.47ab 291c
E2 36.92b 17.40d 22.18d 0.45¢ 0.46e 0.63c 0.89d 1734.69b 2.60d
E3 42.12a 20.41a 25.73a 0.53ab 0.57a 0.79a 1.18a 1757.47ab 3.39%
E4 30.39c 19.90ab 22.47d 0.38d 0.54b 0.64c 0.90d 1734.69b 2.62d
E5 30.93¢ 18.19¢ 21.31e 0.38d 0.50d 0.62¢ 0.83e 1723.13b 2.43e
E6 41.49a 19.58b 24.95b 0.52b 0.57a 0.79a 1.11b 1762.46ab 3.20b
E7 42.45a 15.56e 22.15d 0.54a 0.37f 0.54d 0.89d 1800.53a 2.60d
P test (W) *3% *3% *3% *3% *3% *3% *3% ns *%
LSDy 05 1.14 0.59 0.72 0.01 0.02 0.02 0.03 5291 0.09
** significant at p < 0.01; ns = nonsignificant; means within a column with the same or no letters are not significant
at p < 0.05 based on the LSD test. E1: ethephon 281 g a.i. ha~! at V6 stage; E2: ethephon 281 g a.i. ha—! at V6 +
281 g a.i. ha™! at V10 stage; E3: ethephon 281 g a.i. ha~! at V10 stage; E4: ethephon 562 g a.i. ha™! at V6 stage;
E5: ethephon 562 g a.i. ha~! at V6 + 562 g a.i. ha™! at V10 stage; E6: ethephon 562 g a.i. ha~! at V10 stage; E7:
no ethephon; R3: reproductive phase 3 of maize plant at 79 days after planting (DAP) considering well-watered
(WW) plant; V6: vegetative 6 leaves stage at 30 DAP considering WW; V10: vegetative 10 leaves stage at 42 DAP
considering WW; RGR-V6V10, RGR-V10R3, and RGR-V6R3: relative growth rates at V6-V10, V10-R3, and V6-R3,
respectively; NAR-V6V10, NAR-V10R3, and NAR-V6R3: net assimilation rates at V6-V10, V10-R3, and V6-R3,
respectively; WP: water productivity at final harvest; AGDD: accumulated growing degree days; HUE: heat use
efficiency at final harvest.
Table 10. Interaction effects of water levels and ethephon applications on different physiological
traits of maize in the field. Data presented are mean values, where LSD)) g5 is the Least Significant
Difference at the 0.05 significance level.
Source of (mg (mg (mg V6V10 V10R3 V6R3 WP AGDD (kg ha1
Variation plant 1 plant 1 plant1 (ncllg c{;}fz (ncllg cﬂfz (n:lg cﬂfz (kg m~3) (°C days) °C days-1)
day-1) day-1) day-1) ay™!) ay™1) ay™1)
WI1E1 37.49 23.03bc 26.57bc 0.46d 0.65bc 0.80d 0.91efg 1723.12 3.09bcd
WI1E2 37.01 20.32e 24.41de 0.45d 0.58d 0.74ef 0.86gh 1688.35 2.98de
W1E3 42.86 22.82bc 27.73ab 0.54a 0.67b 0.89b 1.15bc 1723.12 391a
WI1E4 31.39 23.38b 25.34cd 0.3% 0.71a 0.83c 0.83hi 1688.35 2.90ef
W1E5 30.74 21.59d 23.83e 0.37f 0.63¢ 0.76de 0.79i 1688.35 2.77fg
WI1E6 41.46 22.04cd 26.80b 0.51bc 0.67b 0.8%b 1.11c 1705.64 3.8la
WI1E7 4191 24.58a 28.82a 0.53ab 0.73a 0.94a 1.16bc 1723.12 3.94a
W2E1 35.75 20.56e 24.28de 0.44d 0.53e 0.68g 1.11c 1774.65 3.17bc
W2E2 36.63 17.25hi 22.00f 0.45d 0.46f 0.63h 0.90fg 1757.87 2.5%hi
W2E3 40.47 19.67ef 24.77de 0.50c 0.52e 0.71fg 1.13¢ 1774.65 3.24b
W2E4 29.45 19.27f 21.77fg 0.36f 0.51e 0.60h 0.92ef 1757.87 2.65gh
W2E5 30.86 17.31hi 20.63ghi 0.39%f 0.48f 0.60h 0.82hi 1740.53 2.39jk
W2E6 39.87 18.81fg 23.97e 0.50c 0.52e 0.72ef 1.04d 1774.65 2.98de
W2E7 41.28 11.711 18.95jk 0.54ab 0.21i 0.36k 0.74j 1839.23 2.03n
W3E1 36.44 16.61jj 21.47fgh 0.45d 0.39g 0.54i 1.02d 1774.65 2.47ij
W3E2 37.12 14.63k 20.14ij 0.45d 0.35h 0.52ij 0.91ef 1757.87 2.22Im
W3E3 43.04 18.73fg 24.68de 0.55a 0.52e 0.76e 1.26a 1774.65 3.03cde
W3E4 30.33 17.05hi 20.30hi 0.38ef 0.39g 0.50j 0.95e 1757.87 2.30kl
W3E5 31.21 15.66j 19.47ijk 0.39%f 0.40g 0.52ij 0.87fgh 1740.53 2.13mn
W3E6 43.15 17.89gh 24.07e 0.55a 0.52e 0.76de 1.19b 1807.09 2.82f
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Table 10. Cont.

vevio  viRs  veks  NAR  NAR NAR HUE
Source of (mg (mg (mg V6V10 V10R3 V6R3 WP AGDD (kg ha1
T -2 -2 -2 -3 o
Variation plant-1 plant-1 plant-1 (II(E Cit;) (n(;i Cit;) (n&i cir;) (kg m—3) (°C days) °C days1)
day-1) day—1) day—1) Y y Y
WB3E7 4417 10.39m 18.66k 0.55a 0.18j 0.33k 0.79i 1839.23 1.830
F test (W) ns *F *% * *% *% *% ns *%
LSDg g5 - 1.02 1.24 0.02 0.03 0.04 0.05 - 0.15

* and ** significant at p < 0.05 and p < 0.01 levels, respectively; ns = nonsignificant; means within a column with
the same or no letters are not significant at p < 0.05 based on the LSD test. W1: well-watered conditions; W2:
short water stress during 48 to 62 days after planting (DAP); W3: prolonged water stress during 48-79 DAP; E1:
ethephon 281 g a.i. ha™! at V6 stage; E2: ethephon 281 g a.i. ha~! at V6 + 281 g a.i. ha~! at V10 stage; E3: ethephon
281 g a.i. ha~! at V10 stage; E4: ethephon 562 g a.i. ha~! at V6 stage; E5: ethephon 562 g a.i. ha=! at V6 + 562 g a.i.
ha~! at V10 stage; E6: ethephon 562 g a.i. ha~! at V10 stage; E7: no ethephon; R3: reproductive phase 3 of maize
plant at 79 days after planting (DAP) considering well-watered (WW) plant; V6: vegetative 6 leaves stage at 30
DAP considering WW; V10: vegetative 10 leaves stage at 42 DAP considering WW; RGR-V6V10, RGR-V10R3, and
RGR-V6R3: relative growth rates at V6-V10, V10-R3, and V6-R3, respectively; NAR-V6V10, NAR-V10R3, and
NAR-V6R3: net assimilation rates at V6-V10, V10-R3, and V6-R3, respectively; WP: water productivity at final
harvest; AGDD: accumulated growing degree days; HUE: heat use efficiency at final harvest.

Net Assimilation Rate (NAR)

The net assimilation rate (NAR) indicates the resource use efficiency of a plant, and a
higher NAR can lead to reduced costs and environmental impacts. In the present study, the
NAR of the maize plant was calculated from stage V6 to stage V10 (NAR-V6V10), stage V10
to stage R3 (NAR-V10R3), and stage V6 to stage R3 (NAR-V6R3). At all growth periods, it
was discovered that the ethephon applications and water levels had substantial impacts. In
the current study, it was discovered that the NAR in the W1 and W3 plots at the V6V10
period were substantially greater (2.13%) than those in the other plots before the water
stress began. However, the NAR was lower in the W2 (30.30%) and W3 (40.91%) plots
following water withholding than it was in the W1 plot at the V10R3 period. The NAR-
R6R3 was 33.33% higher in W1 than W3. Depending on the dosages of ethephon and the
stages of plant growth, the effect of ethephon on the NAR varied and was significant. The
NAR-V6V10 was identically higher in E7 and E3 prior to the water restriction phase. After
the water was removed, the NAR-V10R3 was found to be greater in all ethephon-treated
plots than in the untreated plot. The lowest NAR-V10R3 was found in E7 (35.09% lower
than E3), and the identically higher value was found in E3 and E6. The NAR-V6R3 was,
however, likewise at higher values in E3 (46.30%) and E6 ((46.30%)) compared to E7. All
ethephon application levels reduced the NAR during the V6R3 period under well-watered
conditions but rose in both short and prolonged water stress conditions, according to the
interaction effect. When compared to no ethephon application in the corresponding water
stress levels, the NAR-V6R3 maximum increased by 102.85% in the W2E6 treatment under
short water stress and by 129.47% in the W3E6 treatment under prolonged stress.

Water Productivity (WP)

Water productivity is a measure of how effectively a crop uses water under specific
growing conditions. Both the water levels and ethephon application methods had consid-
erable impacts on the water productivity. The maximum WP was achieved from the W3
treatment, and it was negatively impacted and lowered by W2 (5%), while W1 had a more
modest impact. The yield penalty brought on by water stress was lessened by the applica-
tions of appropriate dosages of ethephon. A noteworthy finding was that the E3 treatment
generated the higher WP (32.58%), followed by the E6 (24.72%) and the E1 treatments
(13.48%) compared to no ethephon treatment. The WP outcome using the E5 treatment
was the worst. The interaction effect showed that whereas all ethephon application levels
increased the WP under short- and long-term water stress situations, they decreased the
NAR under well-watered conditions. The WP maximum increased by 53.74% in the W2E3
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treatment under short water stress and by 59.50% in the W3E3 treatment under prolonged
stress compared to no ethephon application in the respective water stress conditions.

Accumulated Growing Degree Days (AGDD)

The AGDD is a measure of heat accumulation during a crop’s growth season that
impacts the crop development rate. The water levels as well as ethephon application
approaches had significant impacts on the AGDD. The W3 (1778.84 °C days) as well as
the W2 (1774.20 °C days) conditions required 4.29 and 4.01% higher AGDDs, respectively,
compared to W1. The ethephon application slightly decreased the AGDD, and it was found
that the highest AGDD was required by E7, which was identical with E6, E3, and E1. An
identically lower AGDD was required by E5 (4.27%), E4 (3.63%), and E2 (3.62%) compared
to E7.

Heat Use Efficiency (HUE)

The heat use efficiency quantifies how efficiently a crop uses heat under given growing
circumstances. The HUE was significantly affected by both the water levels and ethephon
application strategies. The W1 was found to be more efficient in heat use, and it was 18.56%
lower in W2 and 28.14% lower in W3. The ethephon application positively influenced the
HUE, and it was found that the highest HUE was calculated in E3, followed by E6 and
El. Compared to E3, it was lower in E2 (23.30%), E4 (22.71%), and E7 (23.30%). According
to the interaction effect, all ethephon application levels raised the HUE in both short and
prolonged water stress scenarios but it was decreased under well-watered settings. For the
W2E3 treatment under both short and prolonged stress, the HUE maximum increased by
59.34% and 65.30%, respectively, compared to no ethephon application.

3.2.3. Physio-Biochemical Traits of Maize
SPAD Value for Leaf Greenness just after Water Stress Period (SPAD-JAWSP)

The leaf greenness is determined by the chlorophyll concentration, which is the green
pigment that is found in leaves and is responsible for photosynthesis. The leaf greenness
was strongly influenced by the water deficit levels (Table 11). The SPAD value was found
to be the highest in well-watered (W1) situations, and it was reduced by 16.88% in the
prolonged water stress (W3) level. In general, the SPAD value declined as the water stress
period increased. Across the water stress levels, the ethephon treatment had a beneficial
effect on the leaf greenness, with E3 having the highest SPAD-JAWSP, which was identical
with E1 and followed by E7. The SPAD-JAWSP was lower in E5 (5.89%) compared to
E7 (Table 12). The interaction effect on the SPAD value of the leaves was not significant
(Table 13).

Table 11. The main effects of water levels on different physio-biochemical traits of maize in the
field. Data presented are mean values, where LSDy g5 is the Least Significant Difference at the 0.05
significance level.

Source of RSR-R3 RWC-JAWSP EL-JAWSP PrL-JAWSP TSSL-JAWSP
Variation SPAD-JAWSP %) (%) (%) (umolg-1FW)  (mgg-! FW)
W1 48.39a 2.41a 89.84a 4.26¢ 16.02¢ 1054.79¢
W2 42.09b 1.89b 80.36b 6.41b 35.42a 2852.31a
W3 40.22c¢ 1.92b 78.35¢ 7.79a 25.91b 2692.75b

F test (W) *% *% *% *% % *%
LSDy.05 0.87 0.04 1.67 0.12 0.52 47.36

** significant at p < 0.01; means within a column with the same or no letters are not significant at p < 0.05 based
on the LSD test. W1: well-watered conditions; W2: short water stress during 48 to 62 days after planting (DAP);
W3: prolonged water stress during 48-79 DAP; R3: reproductive phase 3 of maize plant at 79 days after planting
(DAP) considering well-watered (WW) plant; JAWSP: just after water stress period; R3: reproductive phase 3
of maize plant at 79 DAP considering WW; SPAD: SPAD value for leaf greenness; RSR: relative senescence rate;
RWLC: relative water content; EL: electrolyte leakage; PrL: proline in leaves; TSSL: total soluble sugar in leaves.
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Table 12. The main effects of ethephon applications on different physio-biochemical traits of maize.
Data presented are mean values, where LSDy g5 is the Least Significant Difference at the 0.05 signifi-
cance level.

Source of RSR-R3 RWC-JAWSP EL-JAWSP PrL-JAWSP TSSL-JAWSP
Variation ~ STADJAWSP (%) (%) (%) (umol g 1FW)  (mgg ' FW)
El 44.92ab 1.95d 82.47c 6.0lcd 27.04b 2086.07e
E2 42.25d 2.15b 81.76¢ 5.90d 27.06b 2458.83b
E3 46.10a 2.01c 88.19a 5.69¢ 28.78a 2254.49d
E4 42.58cd 2.17b 82.19¢ 6.21b 26.38bc 2349.31c
E5 41.40d 2.26a 81.43c 6.11bc 26.03c 2587.05a
E6 43.74bc 2.06¢ 85.42b 5.82de 27.04b 2566.32a
E7 43.99b 1.91d 78.49d 7.35a 18.17d 1097.58¢f
F test (W) *% 3% *3% 3% *% 3%
LSDg o5 1.33 0.07 2.56 0.19 0.79 72.34
** significant at p < 0.01; means within a column with the same or no letters are not significant at p < 0.05 based on
the LSD test. E1: ethephon 281 g a.i. ha=1at V6 stage; E2: ethephon 281 g a.i. ha—! at V6 + 281 gai. ha—1at V10
stage; E3: ethephon 281 g a.i. ha™! at V10 stage; E4: ethephon 562 g a.i. ha™! at V6 stage; E5: ethephon 562 g a.i.
ha—! at V6 + 562 gai. ha—!at V10 stage; E6: ethephon 562 g a.i. ha—!at V10 stage; E7: no ethephon; JAWSP: just
after water stress period; R3: reproductive phase 3 of maize plant at 79 DAP considering WW; SPAD: SPAD value
for leaf greenness; RSR: relative senescence rate; RWC: relative water content; EL: electrolyte leakage; PrL: proline
in leaves; TSSL: total soluble sugar in leaves.
Table 13. Interaction effects of water levels and ethephon applications on different physio-biochemical
traits of maize in the field. Data presented are mean values, where LSD)) g5 is the Least Significant
Difference at the 0.05 significance level.
Source of RSR-R3 RWC-JAWSP EL-JAWSP PrL-JAWSP TSSL-JAWSP
Variation S ADJAWSP (%) (%) (%) (umolg—1FW)  (mgg ! FW)
WI1E1 49.38 2.11cd 89.03 4.28j 16.57ij 610.18h
W1E2 47.51 2.49b 88.37 4.23 17.60hi 987.72¢g
W1E3 49.42 2.19¢ 97.10 4.22j 16.68i 1112.19fg
W1E4 47.01 2.53b 88.08 4.37j 16.70i 1173.17¢
WI1E5 46.14 2.68a 88.02 4.24j 15.22j 1508.87e
W1E6 4891 2.46b 89.04 4.26j 16.71i 1456.89%¢
WI1E7 50.37 2.42b 89.24 4.37j 12.70k 534.50h
W2E1 44.25 1.80hi 80.12 6.12gh 35.86¢ 2860.15¢
W2E2 40.13 1.95fg 79.89 5.92hi 36.72bc 3208.87a
W2E3 45.77 1.91gh 84.13 5.761 40.68a 2861.12¢
W2E4 40.52 1.97efg 81.03 6.35g 37.12bc 3054.08b
W2E5 40.05 2.03def 79.14 6.31g 36.74bc 3140.25ab
W2E6 41.78 1.92fg 84.10 5.97hi 37.26b 3111.50ab
W2E7 42.15 1.64j 74.12 8.42b 23.56g 1730.23d
W3E1 41.12 1.93fg 78.25 7.63d 28.71d 2787.88¢c
W3E2 39.11 2.00defg 77.02 7.54de 26.85e 3179.90a
W3E3 43.10 1.94fg 83.35 7.10f 28.98d 2790.16¢
W3E4 40.21 2.02defg 77.45 7.97c 25.33f 2820.68¢
W3E5 38.01 2.08cde 77.12 7.78cd 26.13ef 3112.04ab
W3E6 40.52 1.79i 83.13 7.24ef 27.15e 3130.56ab
W3E7 39.45 1.67j 72.12 9.31a 18.24h 1028.01g
F test (W) ns ** ns ** * **
LSDyg.05 - 0.12 0.33 1.36 125.29

** significant at p < 0.01; means within a column with the same or no letters are not significant at p < 0.05 based
on the LSD test. W1: well-watered conditions; W2: short water stress during 48 to 62 days after planting (DAP);
W3: prolonged water stress during 48-79 DAP; E1: ethephon 281 g a.i. ha™! at V6 stage; E2: ethephon 281 g
ai. ha=!at V6 + 281 g a.i. ha~! at V10 stage; E3: ethephon 281 g a.i. ha™! at V10 stage; E4: ethephon 562 g a.i.
ha~! at V6 stage; E5: ethephon 562 g a.i. ha~! at V6 + 562 g a.i. ha™! at V10 stage; E6: ethephon 562 g a.i. ha™!
at V10 stage; E7: no ethephon; JAWSP: just after water stress period; R3: reproductive phase 3 of maize plant
at 79 DAP considering WW; SPAD: SPAD value for leaf greenness; RSR: relative senescence rate; RWC: relative
water content; EL: electrolyte leakage; PrL: proline in leaves; TSSL: total soluble sugar in leaves.
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Relative Senescence Rate of Leaves at R3 (RSR-R3)

The relative senescence rate of leaves in maize production is important because it
controls how long the leaves stay photosynthetically active and it contributes to the grain
yield. It is also connected to the effective nutrient transfer to the grain. It may be dependent
on the growing conditions. The water deficit levels had considerable influences on RSR-R3.
In well-watered (W1) environments, the RSR-R3 was found to be the highest, whereas
it was 21.58% lower in short water stress (W2) and 20.33% lower in prolonged stress
environments. In the case of the ethephon application approaches, the E5 had the highest
RSR-R3, followed by E4 and E2. The RSR-R3 was observed to be lower in E7 and E1. The
RSR was increased due to ethephon application under both water stress levels. There was
a maximum increase of 23.78% in the W2E5 treatment under short water stress and 24.55%
in the W3ES5 treatment under prolonged water stress compared to no ethephon application.

Relative Water Content of Leaves Just after Water Stress Period (RWC-JAWSP)

Water deficit in plants may impede their growth and development under water stress
situations; hence, it is important to check the leaf water status. The relative water content of
the leaves was significantly influenced by the water levels and ethephon applications, but
was nonsignificant due to their interactions. The maximum RWC-JAWSP was observed in
the well-watered (W1) condition. It decreased with the increase in the water stress period.
It was found to be 12.79% lower in W3 compared to W1. Ethephon application under water
stress conditions enhanced the capacity of water retention in the leaves. The RWC-JAWSP
was higher in E3 (12.36%) and E6 (8.83%) compared to E7.

Electrolyte Leakage just after Water Stress Period (EL-JAWSP)

Drought stress can produce electrolyte leakage (EL) in leaves, which is a crucial sign
of cell membrane stability in maize to guard against nutrient leakage. As a result, the
EL measurement is important. The EL-JAWSP was significantly impacted by the water
levels, ethephon application approaches, and their interactions. About a 45.31% higher
EL-JAWSP value was found in the prolonged water stress (W3) condition compared to the
well-watered condition (W1). It diminished as the water stress period reduced. W1 had the
lowest EL-JAWSP value. Under water stress situations, ethephon application decreased the
leakage percentage of the leaves. E3 had the lower EL-JAWSP value (22.59%), followed by
E6 (20.82%) compared to E7. The application of ethephon at all water levels resulted in a
drop in the EL. In comparison to no ethephon application, there was a maximum drop of
31.59% in the W2E3 treatment under short water stress and 23.74% in the W3E3 treatment
under prolonged water stress.

Proline Content in Leaf just after Water Stress Period (PrL-JAWSP)

Plants can synthesize more proline under water stress to protect cells from harm
induced by water stress by stabilizing proteins and membranes. The PrL-JAWSP was
measured after a water stress period and it was found that it was significantly influenced
by the water levels, ethephon application approaches, and their interactions. The higher
PrL-JAWSP value was measured in W2 (121.09%), followed by W3 (61.74%) compared to
W1. Under water stress situations, ethephon application increased the capacity to produce
more proline in the plant. E3 had the greatest PrL-JAWSP value (58.39% higher), followed
by E2 (48.93% higher), E1 (48.82% higher), and E6 (48.82% higher) compared to E7. The
use of ethephon resulted in an increase in proline at all water levels. In comparison to no
ethephon application, there was a maximum increase of 72.65% in the W2E3 treatment
under short water stress and 58.88% in the W3E3 treatment under prolonged water stress.

Total Soluble Sugar in Leaf just after Water Stress Period (TSSL-JAWSP)

Under water stress and other growing circumstances, the plants’ levels of total soluble
sugar (TSS), an osmotic solute, can change. After a period of water stress, the TSSL-JAWSP
was evaluated, and it was discovered that the water levels, ethephon administration
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approaches, and their interactions all had substantial impacts on it. The W2 had the
greatest TSSL-JAWSP value (170.42% higher), followed by W3 (155.29% higher) compared
to W1. The ethephon treatment boosted the plant’s ability to synthesize more TSS in
conditions of water stress. The TSSL-JAWSP value was higher in E6 (133.82% higher)
followed by E5 (135.70% higher) compared to E7. The interaction effect demonstrated
that the use of ethephon raised the TSS at all water levels. In comparison to no ethephon
application, there was a maximum increase of 85.46% in the W2E2 treatment under short
water stress and 209.33% in the W3E2 treatment under prolonged water stress.

3.2.4. Correlation and Path Coefficient Analyses

The correlation and path coefficient analyses were conducted separately for the se-
lected morphological traits and physio-biochemical traits to see their individual contribu-
tions to the grain yield.

According to the correlation analysis of six morphological variables, SW-R3, SD-R3,
and 100-GW exhibited the most, second highest, and third highest positive and significant
correlations with the grain yield (GY), respectively, while LAI-R3, GNP, and PH-R3 showed
moderate and positive correlations (Table 14). The PH-R3 had the positive and significant
correlations with LAI-R3 and GNP, but an opposite correlation was found with the 100-GW
(Figure 3). The SD-R3 had positive and significant correlations with the 100-GW, SW-R3,
and LAI-R3. A strong and positive correlation was observed between the LAI-R3 and GNP
and also between the SW-R3 and 100-GW.

Table 14. Indirect effects via various paths of morphological and physio-biochemical traits separately
on grain yield and their correlations under prolonged water stress.

Indirect Effect via Following Morphological Traits Total Indirect Effect via Following Physio-Biochemical Traits Total
Trait Correla- Trait Correla-
PH-  SD-  LAL  SW- . 100- tion NAR- SPAD- RWC-  EL-  Prl- TSSL-  yon
R3 R3 R3 R3 GW  LithGY V6R3  JAWSP JAWSP JAWSP JAWSP JAWSP _.: cy
PH-R3 0.00 0.39 0.37 0.07 —0.04 0.67 ygg 0.14 0.17 -0.19 0.07 0.08 0.95
SPAD-
SD-R3 0.04 0.19 0.93 0.00 —0.16 1.00 JAWSP 0.42 0.11 —0.09 0.04 0.00 0.71
LAI- RWC-
R3 0.11 0.00 0.26 0.07 —0.07 0.83 JAWSP 0.68 0.14 —-0.19 0.07 0.08 0.95
EL-
SW-R3 0.05 0.01 0.11 0.00 —0.12 1.00 JAWSP —0.60 —0.10 —0.15 -0.09 -0.11 —0.84
PrL-
GNP 0.11 0.00 0.40 —0.03 —0.01 0.76 JAWSP 0.52 0.10 0.14 —-0.20 0.10 0.75
100- TSSL-
CwW 0.03 0.01 0.20 0.82 0.00 0.90 JAWSP 0.44 0.01 0.11 —-0.19 0.08 0.57

The correlation analysis of six physio-biochemical traits showed that almost all traits,
i.e., NAR-V6R3, SPAD-JAWSP, RWC-JAWSP, PrL-JAWSP, and TSSL-JAWSP, were strongly
and positively correlated with the grain yield except for EL-JAWSP, which was strongly
and negatively correlated with the GY (Table 14). Figure 3 shows that NAR-V6R3 had a
significant and positive correlation with RWC-JAWSP and TSSL-JAWSP but was negatively
correlated with SPAD-JAWSP, EL-JAWSP, and PrL-JAWSP. The SPAD-JAWSP was signif-
icantly but negatively correlated with RWC-JAWSP. The RWC-JAWSP was significantly
and positively correlated with PrL-JAWSP and TSSL-JAWSP but negatively correlated with
EL-JAWSP. The EL-JAWSP was significantly but negatively correlated with PrL-JAWSP and
TSSL-JAWSP, whereas the correlation between PrL-JAWSP and TSSL-JAWSP was positive
and significant.
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Figure 3. Path diagram and association of different morphological (left side) and physio-biochemical
traits (right side) under prolonged water stress. Single arrows denote the direct effect (P) on grain
yield (GY); double arrows denote the correlation coefficient (r) between traits. R3: reproductive
phase 3 of maize plant at 79 DAP considering WW; PH-R3: plant height at R3; SD-R3: stem diameter
at R3; LAI-R3: leaf area index at R3; SW-R3: shoot weight at R3; GNP: grain number per plant;
100-GW: 100-grain weight; NAR-V6R3: net assimilation rate at V6-R3; JAWSP: just after water
stress period; SPAD-JAWSP: SPAD value for leaf greenness at JAWSP; RWC-JAWSP: relative water
content at JAWSP; EL-JAWSP: electrolyte leakage at JAWSP; PrL-JAWSP: proline in leaves at JAWSP;
TSSL-JAWSP: total soluble sugar in leaves at JAWSP.

The path coefficient analysis is essentially a standardized partial regression coefficient
and, as such, it enables one to pinpoint the direct and indirect impacts of various variables
on the grain yield. In the case of morphological characteristics, SW-R3 had a high positive
direct effect and LAI-R3 had a moderately positive direct effect on the GY, whereas PH-R3
and 100-GW had slightly negative direct effects on the GY. The direct effects of SD-R3
and GNP were insignificant because those were lower than 0.1. The indirect effects of the
morphological traits showed that PH-R3 had a positive indirect effect on the GY via LAI-R3
and SW-R3, whereas it had a negative indirect effect on the GY via the 100-GW (Table 14).
The SD-R3 had a positive indirect effect via the LAI-R3 and SW-R3 on the GY. The LAI-R3
affected the GY indirectly via PH-R3 and SW-R3. The SW-R3 had a positive indirect effect
via the LAI-R3 but it was negative via the 100-GW. Both the GNP and 100-GW had positive
indirect effects on the GY via the LAI-R3.

In the case of physio-biochemical traits, the NAR-V6R3, SPAD-JAWSP, RWC-JAWSP,
EL-JAWSP, and TSSL-JAWSP had positive direct effects on the GY, whereas the PrL-JAWSP
was nonsignificant (Figure 4). In the case of indirect effects of the physio-biochemical traits,
it was found that the NAR-V6R3 had a positive indirect effect via the SPAD-JAWSP and
RWC-JAWSP and a negative indirect effect via the EL-JAWSP (Table 14). The SPAD-JAWSP
indirectly affected the GY via the NAR-V6R3. The RWC-JAWSP had an indirect effect
via the NAR-V6R3 and SPAD-JAWSP. The EL-JAWSP affected the GY negatively via the
NAR-V6R3, SPAD-JAWSP, RWC-JAWSP, and TSSL-JAWSP. The PrL-JAWSP had a positive
indirect effect via the NAR-V6R3, SPAD-JAWSP, RWC-JAWSP, and TSSL-JAWSP, and a
negative indirect effect via the EL-JAWSP. The TSSL- JAWSP had a positive indirect effect
via the NAR-V6R3 and RWC-JAWSP.
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(@) short water stress (W2) - (b) Prolonged water stress (W3)
PH-R3 B3 E4 PH-R3
Gy 3.00 SD-R3 —E5 —E6 Gy 3.00 SD-R3
100-GW 2.50 LALR3 —F 100-GW 2.50 LALR3
2.00 2.00
GNP 1.50 SW-R3 GNP 1,50 SW-R3

TSSL-JAWSP RGR-V6R3  TSSL-JAWSP RGR-V6R3

PrL-JAWSP NAR-VER3 PrL-JAWSP NAR-V6R3

EL-JAWSP WP EL-JAWSP WP

RWC-JAWSP AGDD RWC-JAWSP AGDD
RSR-R3 HUE RSR-R3 HUE

SPAD-JAWSP SPAD-JAWSP
Figure 4. Radar plot showing drought tolerance index (DTI) values for 18 studied traits under
7 ethephon levels in (a) short water stress and (b) prolonged water stress. The numbers shown in red
in the graphic indicate the whole DTT scale. R3: reproductive phase 3 of maize plant; V6: vegetative
6 leaves stage; V10: vegetative 10 leaves stage; PH-R3: plant height at R3; SD-R3: stem diameter at
R3; LAI-R3: leaf area index at R3; SW-R3: shoot weight at R3; RGR-V6R3: relative growth rate at
V6-R3; NAR-V6R3: net assimilation rate at V6-R3; WP: water productivity; AGDD: accumulated
growing degree days; HUE: heat use efficiency; JAWSP: just after water stress period; SPAD-JAWSP:
SPAD value for leaf greenness JAWSP; RSR-R3: relative senescence rate at R3; RWC-JAWSP: relative
water content JAWSP; EL-JAWSP: electrolyte leakage JAWSP; PrL-JAWSP: proline in leaves JAWSP;
TSSL-JAWSP: total soluble sugar in leaves JAWSP; GNP: grain number per plant; 100-GW: 100-grain
weight; GY: grain yield.

3.2.5. Drought Tolerance Index of Morpho-Physio-Biochemical Traits of Maize

The drought tolerance index (DTI) was calculated for the ethephon application ap-
proaches only across the water stress to see its capacity to stimulate the tolerance of different
traits against short and prolonged droughts. It was considered that when the DTT was >1.0,
the ethephon level was significant for stimulating the tolerance; when the DTI was <1, the
ethephon level was nonsignificant for stimulating the tolerance of the different traits.

Under short water stress, the radar plot results (Figure 4a) showed that the ethephon
application approach E3 effectively stimulated the maximum number of morpho-physio-
biochemical traits than the other approaches. Due to having high and significant values of
the DTI for the characteristics of PH-R3, SD-R3, LAI-R3, SW-R3, RGR-V6R3, NAR-V6R3,
WP, HUE, RWC-JAWSP, PrL-JAWSP, GNP, 100-GW, and GY under short water stress, E3
demonstrated great drought resistance. However, the DTI value was higher in the AGDD
and EL-JAWSP under E7, and higher in TSSL-JAWSP under E5.

Under prolonged water stress (Figure 4b), the trend was almost the same for the
ethephon application approaches and it was found that E3 effectively stimulated the
maximum number of morpho-physio-biochemical traits than the other approaches. Due to
having high and significant values of the DTI for the characteristics of SD-R3, SW-R3, RGR-
V6R3, NAR-V6R3, WP, HUE, RWC-JAWSP, PrL-JAWSP, 100-GW, and GY under prolonged
water stress, E3 demonstrated great drought resistance. However, the DTI value was
higher in the LAI-R3, AGDD, and EL-JAWSP under E7, whereas E3 was also significant in
these cases.

3.3. Efficiency of Maize Production under Water Stress Using Ethephon

The changing climate calls for a maize production method that is effective. For this, it
is important to concentrate on the careful utilization of inputs that maximize the output
while having little environmental impact.

3.3.1. Energy Efficiency

The energy efficiency was significantly affected due to the interactions between the
water levels and ethephon application approaches, and the results showed that the energy
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efficiency was relatively higher under well-watered situations, and as the water stress
increased, the efficiency decreased (Table 15). It was found that the energy efficiency was
reduced by 7.43 and 14.86% under E1, by 7.86 and 20% under E2, by 13.30 and 17.55% under
E3, by 3.68 and 14.71% under E4, by 10 and 18.46% under E5, by 17.12 and 18.78% under E6,
and by 43.92 and 43.68% under E7, respectively, as a result of short and protracted water
stresses. However, under well-watered conditions, the identically maximum efficiencies
were observed in E7 (1.89), E3 (1.88), and E6 (1.81), whereas the minimum efficiency was
seen in E5 (1.30) in this group. Under the short water stress conditions, E3 (1.63) was
significantly higher, and it was identical with E1 (1.59) and E6 (1.50), whereas the minimum
efficiency was observed in this group in E7 (1.06). The trend of the ethephon effect in the
case of prolonged water stress was nearly identical to that in the case of short water stress.
However, under prolonged water stress, the maximum energy efficiency was seen in E3
(1.55), followed by E6 (1.47), and the overall poorest efficiency was observed in E7 (0.97).

Table 15. The energy efficiency of maize as affected by the magnitude of ethephon applications under
different water levels at field conditions. Data presented are mean values, where LSDj o5 is the Least
Significant Difference at the 0.05 significance level.

Water Level Energy Efficiency
Well-Watered Conditions Short Water Stress Prolonged Water Stress
Ethephon Application (W1) (W2) (W3)
El=281gadi. ha~!at V6 stage 1.48cde 1.59bc 1.26fg
- : ha—l C a1
E2=281gai ha™" atV6+281ga.i. ha 1.40def 1.29g 1.12h
at V10 stage
E3 =281 gai. ha~!at V10 stage 1.88a 1.63b 1.55bc
E4 =562 g ai. ha~! at V6 stage 1.36ef 1.31f 1.16gh
E5=562 ga.i ha~!atV6+562gai ha! .
at V10 stage 1.30fg 1.17gh 1.06hi
E6 =562 g ai. ha~! at V10 stage 1.81a 1.50bed 1.47cde
E7 = no ethephon 1.89a 1.06hi 0.971
F test (W) **
LSDy o5 0.14

** significant at p < 0.01; means among the columns with the same letters are not significant at p < 0.05 based on
the LSD test. E1: ethephon 281 g a.i. ha™! at V6 stage; E2: ethephon 281 g a.i. ha~! at V6 + 281 g a.i. ha—! at V10
stage; E3: ethephon 281 g a.i. ha~! at V10 stage; E4: ethephon 562 g a.i. ha™! at V6 stage; E5: ethephon 562 g a.i.
ha=! at V6 + 562 gai. ha—1at V10 stage; E6: ethephon 562 g a.i. ha—1 at V10 stage; E7: no ethephon; a.i.: active
ingredient.

3.3.2. Emission of CO,-eq

The various inputs used in the production of maize are presented in Table 16, along
with the quantity of each input and the CO;-eq emissions generated for each ethephon
application approach under the three water levels. N had highest input values for CO;-eq
emissions, followed by diesel fuel, electricity, maize seeds, phosphorus fertilizer, potassium
fertilizer, and pesticides. Due to the variations in the amount of water irrigated, electricity
revealed varying CO,-eq emissions at each water level. Due to the various amounts of
ethephon used, pesticides with PGR also displayed varying CO,-eq emissions in each
ethephon spraying approach. In general, it was shown that the CO;-eq emissions across the
ethephon levels were higher in well-watered applications, followed by short water stress
conditions, and they were lower under prolonged water stress conditions. Additionally,
applying ethephon increased emissions in comparison to not applying ethephon, result-
ing in relatively lower emissions in the no-ethephon treatments across the water levels.
However, only among the ethephon-treated plots, E3 and E1 under prolonged water stress
(W3) had the lowest emissions (3603.69 kg CO,-eq ha—1), while E5 under well-watered
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(W1) conditions had the highest emissions (3783.45 kg CO»-eq ha—1). Furthermore, the
application of N fertilizers, which contributed more than other management techniques,
was the main cause of CO,-eq emissions. Additionally, fuel and electricity also contributed
to the CO,-eq emissions, with the other inputs having negligible impacts.

Table 16. Emission factors for each input used in maize production and CO,-eq emissions (kg CO-eq
ha~1) under different water stress levels with the magnitude of ethephon application at field level.

COs-¢eq

Inputs Input Amount El E2 E3 E4 E5 E6 E7
Nitrogen (N) 194 161020 161020 161020 161020 161020 161020  1610.20
Phosphorus 114.5 69.85 69.85 69.85 69.85 69.85 69.85 69.85
(P205)
=) Potassium
2z K.0) 60.5 26.62 26.62 26.62 26.62 26.62 26.62 26.62
2
o}
& Pesticides and E7 = 0.31; E1,
g s ;GES a E3 = 0.591; E2, F4, 10.64 15.70 10.64 15.70 25.81 15.70 5.58
= E6 = 0.872; E5 = 1.434
(9]
= Diesel 524.2 1378.65  1378.65 1378.65 1378.65 1378.65 1378.65 1378.65
Electricity 720.1 576.08 57608 57608 57608 57608 57608  576.08
Seed 25 96.25 96.25 96.25 96.25 96.25 96.25 96.25
Totacl émz:;zon 3768.28  3773.34  3768.28  3773.34 378345 377334  3763.22
-
Nitrogen (N) 194 161020 161020 161020 161020 161020 161020  1610.20
Phosphorus 1145 69.85 69.85 69.85 69.85 69.85 69.85 69.85
(P20s)
a Potassium
Z 60.5 26.62 26.62 26.62 26.62 26.62 26.62 26.62
< (K20)
wn
£ Desticides and E7 =031, El,
@ €s ;G’;S E3 =0.591; E2, F4, 10.64 15.70 10.64 15.70 25.81 15.70 5.58
= E6 =0.872; E5 = 1.434
z
= Diesel 5042 1378.65  1378.65 1378.65 1378.65 1378.65 1378.65  1378.65
]
= Electricity 617.23 49378 49378 49378 49378 49378 49378  493.78
Seed 25 96.25 96.25 96.25 96.25 96.25 96.25 96.25
Tf’”él Smles;w” 3685.98  3691.04 368598  3691.04 370116  3691.04  3680.93
-
Nitrogen (N) 194 161020 161020 161020 161020 161020 161020  1610.20
Phosphorus 114.5 69.85 69.85 69.85 69.85 69.85 69.85 69.85
= (P20s)
g Potassium 60.5 26.62 26.62 26.62 26.62 26.62 26.62 26.62
2 (K20)
bl
£ . E7 = 0.31; E1,
5 Pes“‘;g;s and - p3 - 0591, E2, B4, 1064 1570 1064 1570 2581 1570 5.58
g E6 = 0.872; E5 = 1.434
%D Diesel 5242 1378.65  1378.65 1378.65 1378.65 1378.65 1378.65 1378.65
E Electricity 514.36 41149 41149 41149 41149 41149 41149 41149
Seed 25 96.25 96.25 96.25 96.25 96.25 96.25 96.25
Total emission 3603.69  3608.75  3603.69 3608.75 3618.86  3608.75  3598.63
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4. Discussion

The morphological, physiological, and biochemical characteristics of maize are im-
portant for understanding how crops respond to water stress. Water stress conditions are
influenced by the environment and soil conditions. Effective management can alter the
effects of stress on crops. Ethephon is a plant growth regulator that improved the morpho-
logical, physiological, and biochemical characteristics of maize under water stress in the
present study and it was found to be a promising tool to improve the drought tolerance of
maize plants.

4.1. Environmental Conditions and Soil Moisture Tension

Climate change impacts the rainfall intensity and amounts and raises the risk of
droughts (2). The weather of the present experimental location during the crop growing
season was slightly different than that of the long-term historical data. During the ex-
perimental year, it was observed that the cool season (November to February) became
slightly cooler, but the hot season (March to May) became hotter. The rainfall pattern also
differed with the long-term data, where it was found that during the experimental period,
there was very little rainfall in February and no rainfall in December, January, and March,
which affected the soil water level significantly and increased the soil moisture tension
remarkably.

4.2. Maize Morphological Performance under Water and Ethephon Applications

The crop plant height is negatively impacted by water stress [93,94], and this might be
due to soil nutrients becoming less available under stress conditions as well as the deficit
of water in the plant, which hampers the production of assimilate. Water stress causes a
decrease in the plant height due to a decrease in cell enlargement [95]. Additionally, under
water stress conditions, the plants tended to partition more dry matter to the roots than the
shoots to uptake water from deeper levels of the soil, as the water goes down under water
stress conditions. Ethephon application may create ethylene signaling in plants [60] and
encourage them to produce auxin more than cytokinin, which may influence root growth
rather than shoot growth. For this reason, it might be that a higher dose of ethephon
reduced the height of the plant, and this result is corroborated by those of [43,96]. On the
other hand, ethephon may encourage the plant to produce more abscisic acid (ABA) [60],
which might decrease the plant’s height. ABA inhibits plant height by reducing cell division
and elongation [97] in the stem.

Ethephon treatment at an appropriate dosage enhanced the stem diameter while
slightly decreasing the plant height, as confirmed by [98]. Maize with a thicker stem
diameter is generally more tolerant to water stress. A thicker stem diameter indicates that
the plant has a stronger vascular system, which allows it to transport water and nutrients
to the leaves and other parts of the plant more efficiently [22]. Furthermore, a thicker
stem diameter can aid in sustaining the weight of the plant, which is vital for preventing
lodging [46].

The reduction in the leaf area under water stress might be due to the increased ABA
production in the plants [60], which may encourage the generation of reactive oxygen
species (ROS) that can harm cells [99]. This results in reduced plant growth and leaf
expansion [96] and, subsequently, water loss, and these factors may help plants to survive
under water stress. But excess ethephon doses decreased the leaf area drastically [43],
which might have had negative effects on the desired level of photosynthesis and caused
yield losses significantly. In contrast, an optimum dosage of ethephon helped the plant to
reduce the leaf area to a level that can continue to assimilate production satisfactorily.

The shoot weight is an important trait in maize under water stress, and the application
of a suitable dosage (E3) of ethephon maintained the shoot weight of the maize plant, even
though the plant height was slightly lowered, which was possibly due to the thickening
of the stem diameter with a good level of the leaf area. But an excess dosage of ethephon
application like E5 and E2 reduced the shoot weight [97].
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More grain per plant indicates a higher tolerance against drought. Water stress can
cause a reduction in the grain number in maize plants. This is due to the plant reducing
its reproductive growth in order to preserve water [22]. A higher ability to maintain
reproductive growth during dry conditions is needed, and it was discovered that ethephon
application at the E3 level could help slightly in this area. It was also noted by others, such
as the authors of [51,53], that this reduction in early vegetative growth, particularly the LAI,
is very likely the reason for a decrease in the early-season soil water extraction associated
with ethephon treatments, which, in turn, conserved more available soil water for later
growth in the season [44].

The reduction in grain weight might be due to the reductions in water and nutrient
availability to the plants under drought stress, which are essential for kernel develop-
ment [21]. In contrast, due to application of ethephon under water stress conditions, the
grain weight was improved. This might be due to rapid plant senescence at the end of the
reproductive phase under ethephon treatments, which might have helped to reduce water
loss and increase the availability of nutrients to the kernels through remobilization [57,100].

Drought stress reduced the maize grain yield [27] by reducing the number of ker-
nels per ear, the weight of individual kernels, and the duration of the grain filling pe-
riod [101,102]. Due to the application of ethephon in appropriate doses and plant stages,
the grain yield of maize was higher than that without ethephon application, and this
finding is also supported by [43]. This might be because ethephon promotes rapid plant
senescence at the end of the reproductive phase, which might help to reduce water loss and
increase the availability of nutrients to the kernels [97,103,104], and ethephon might help
to increase the number of kernels per ear, the individual kernel weight, more assimilated
translocation [105,106], etc. Several studies have shown that ethephon can help to mitigate
the negative effects of drought stress on the grain yield of maize. Ethephon application
increased the grain yield of maize by 24% under drought stress [52] and by 15% under
severe drought stress [107] conditions.

4.3. Maize Physiological Performance under Water and Ethephon Applications

Water stress reduced the relative growth rate of maize considerably, which was consis-
tent with prior research [37,108,109]. Though water stress hampers the maize plant RGR,
ethephon treatment might mitigate this reduction, as indicated by the current experiment.
Ethephon application before water stress at the V10 stage of maize promoted plant growth
during the water stress period. This might be due to the strong root system supported
by a thicker stem, a higher relative water content to transport sufficient nutrients, and
acceptable assimilate production through a satisfactory leaf area.

Water stress restricted the net assimilation rate [27], which could be due to a reduction
in the green leaf area caused by fewer cell divisions and expansions under water stress
circumstances. However, ethephon application in appropriate levels helped to retain
relatively more leaf greenness, which might have contributed to enhance the NAR under
drought conditions.

Ethephon application at the proper growth stage with an appropriate dosage can help
to mitigate the negative effects of drought stress and improve the WP of maize. In the
present study, it was found that an excess dosage reduced the WP, but a proper dosage
(E3) enhanced the WP of maize under water stress conditions. Kasele et al. [52] found that
ethephon application increased the WP of maize by 15% under drought stress conditions.

The accumulated growing degree days can vary due to growing conditions, especially
under different water levels [110,111]. Ethephon application reduced the GDDs of maize
by promoting earlier plant senescence. This is because ethephon can cause the plant to
stop growing, and at the end of the reproductive phase, it starts to die earlier than it would
under normal conditions.

The heat use efficiency of maize might vary depending on the growing conditions [86].
Drought stress lowered the maize HUE, which could be connected to the plant’s ability to
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absorb water and nutrients. This can cause slower plant growth and development, resulting
in less biomass production.

4.4. Maize Physio-Biochemical Performance under Water and Ethephon Applications

The reduced capacity of the plant to absorb water and nutrients may have contributed
to the decrease in the maize leaf greenness (SPAD value) caused by drought stress [29].
Drought stress can cause reactive oxygen species (ROS) to be produced [99], which can
damage the leaf cells and chlorophyll, resulting in a decrease in leaf greenness. Higher
ethephon dosages applied at the plant’s early growth stage similarly reduced the SPAD
value [96], although an adequate dosage (E3) of ethephon at the V10 stage enhanced the
SPAD value. Previous studies suggested that the ethephon application improved the SPAD
values before silking [112].

Drought stress, in general, can raise the relative senescence rate (RSR) of maize plants
by reducing the plant’s ability to absorb water and nutrients, resulting in a decrease in
chlorophyll production and an increase in senescence [27]. But in the present study, it was
found that the RSR was lower in the water-stressed plot, and this might have been due to
higher recovery after re-watering followed by water stress. Kumdee et al. [37] also reported
that rewatering after a water stress period enhanced the plant’s recovery rate more than a
non-stressed plant. On the other hand, ethephon can help to maintain more chlorophyl
in maize leaves through the promotion of water and nutrient uptake by enhancing root
growth. And these situations might be the causes of the relatively less RSR in the maize
compared to no ethephon application under water stress.

The relative water content (RWC) of maize under water stress conditions was de-
creased by insufficient soil water [27], whereas the RWC of the maize leaves under drought
stress conditions was maintained via ethephon application. This could be because ethephon
encourages the stomata to close, hence reducing water loss from the maize leaves [61].
Ethephon can also boost root growth in maize plants, which improves the plant’s ability
to absorb water from the soil, which is necessary for RWC maintenance. Ethephon appli-
cation may help to protect electrolyte leakage, which can help to retain more RWC in the
maize leaves [113]. A number of studies have shown that ethephon application can help to
maintain the RWC of maize leaves under drought stress conditions. For example, a study
by Yu et al. [113] found that ethephon application significantly increased the RWC of maize
leaves under drought stress conditions.

Ethephon application helped to reduce the electrolyte leakage of maize leaves under
drought stress conditions. Ethephon can increase the stability of cell membranes [113]
by increasing the production of certain proteins and enzymes that help to protect the
membranes from damage. On the other hand, reactive oxygen species (ROS) produced
under water stress can damage cell membranes and can lead to electrolyte leakage [99].
Ethephon can reduce oxidative stress in maize plants by increasing the production of
antioxidants [105]. Ethephon also helps to enhance the root system, which can help the
plant to absorb and retain more water, protecting the EL.

Proline helps to protect cells from damage via reactive oxygen species (ROS). Plants
can synthesize more proline under water stress to protect cells from harm induced by
water stress by stabilizing proteins and membranes [113]. In the present study, it was
found that the maize plants had enhanced proline contents under water stress compared
to well-watered conditions and were able to protect themselves from the damage caused
by ROS. Additionally, ethephon application increased the proline content [105,113] in the
maize leaves. This could be because ethephon stimulates the production of particular
enzymes involved in proline biosynthesis. Zhang and Kirkham [114] found that ethephon
application significantly increased the proline content in the leaves under drought stress
conditions.

Water stress raised the total soluble sugar (TSS) content in the maize leaves. Ethephon
application also increased the total soluble sugar content in the maize leaves. This could
be due to ethephon’s ability to enhance the breakdown of starch [60] into soluble sugars.
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A number of studies have shown that ethephon application can further increase the total
soluble sugar content in maize leaves under drought stress conditions. For example, a
study by Shen et al. [115] found that ethephon application significantly increased the total
soluble sugar content in maize leaves under drought stress conditions.

4.5. Correlation and Path Coefficient Analysis

The grain yield of maize was highly correlated with the 100-GW, GNP, SW-R3, SD-R3,
NAR-V6R3, RWC-JAWSP, SPAD-JAWSP, and PrL-JAWSP. Several studies have shown a
strong relationship between the grain yield and grain traits [116], including the EL [117]
and SW [118]. A path coefficient analysis, according to Dewy and Lu [119], is simply
a standardized partial regression coefficient that allows one to pinpoint the direct and
indirect effects of numerous variables on the grain yield. The SW-R3, LAI-R3, NAR-V6R3,
SPAD-JAWSP, RWC-JAWSP, and EL-JAWSP had strong positive direct effects on the grain
yield (GY). A trait’s high direct impact on the grain yield indicates additive gene activity,
according to [120]. According to Lenka and Mishra [121] in scales for path coefficients, the
direct effects for SD-R3, GNP, and PrL-JAWSP were inconsequential because they were less
than 0.1. Overall, a path coefficient analysis can be used to gain a better understanding of
the complex relationships between droughts, ethephon, and the grain yield in maize. This
information can be used to develop management strategies to improve the maize grain
yield under drought stress conditions.

4.6. Drought Tolerance Index of Morpho-Physio-Biochemical Traits of Maize

According to Balba et al. [91], when the drought tolerance index (DTI) is >1.0, the
effect is significant, and when the DTI is <1, the effect is nonsignificant for stimulating
the tolerance. Ethephon can help to improve the drought tolerance of maize plants by
increasing the production of certain proteins and enzymes that help to protect the plant from
the effects of drought stress. Drought tolerance in plants is heavily reliant on maintaining
membrane integrity and stability as well as scavenging ROS [113,122,123]. In the present
study, it was observed that ethephon application through the E3 approach enhanced the DTI
value of the SD-R3, SW-R3, RGR-V6R3, NAR-V6R3, WP, HUE, RWC-JAWSP, PrL-JAWSP,
100-GW, and GY under prolonged water stress.

4.7. Efficiency of Maize Production under Water Stress Using Ethephon

The energy use efficiency (EUE) can assist in lowering the environmental impact of
maize production [124]. Maize production demands substantial energy inputs such as
fertilizer, fuel, and irrigation. It is possible to lower the amount of energy required to
produce a given amount of maize by enhancing the EUE. Ethephon application before a
drought spell can improve the EUE in maize production while under drought stress by
reducing the need for irrigation by increasing the plant’s ability to absorb water from the
soil, improving the efficiency of fertilizer use by increasing the plant’s ability to uptake
and utilize nutrients [97], and improving the efficiency of photosynthesis by increasing
chlorophyll production [113]. Yet ethephon application can result in an increased maize
output with lower energy inputs in addition to improving drought tolerance, increasing
root growth, decreasing lodging [97,125,126], allocating more N to the grains rather than the
stover [97], lowering water loss and electrolyte leakage [99,113], improving photosynthesis,
and reducing stress.

Agriculture is a major source of greenhouse gas emissions, and one of the most energy-
intensive agricultural activities is maize production. The use of N fertilizer, fuel, and
electricity during the experiment had the biggest impacts on the CO;-eq emission. For
maize cultivation, the same results were already observed [92,127]. About 60 percent of
CO;y-eq emissions were attributed to fertilizer application, according to one study [128],
while the biggest source of CO;-eq emissions, according to another study [129], was the N
fertilizer inputs. However, in the present study, due to the various applications of water
and PGR, the electricity and PGR displayed varying CO,-eq emissions in each treatment.
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Under drought stress, using ethephon judiciously (281 g a.i. ha~! only at the V10 stage
of maize) may help to keep the CO,-eq emissions at a bearable level, because an excess
dose of ethephon may lower crop production rather than contribute to a greater CO,-eq
emission. However, under water stress, ethephon treatment at the optimum dosage can aid
to enhance water usage efficiency in maize plants by reducing water loss and enhancing
root growth. This can assist in reducing the demand for irrigation, lowering energy usage
and greenhouse gas emissions. This can also improve the plant’s ability to absorb and
utilize nutrients, reducing the need for fertilizer and, as a result, lowering greenhouse gas
emissions related to fertilizer manufacture and application.

5. Conclusions

The application of PGR (ethephon) at the proper dosage can raise the maize grain
yield and energy efficiency by enhancing the net assimilation rate, improving the relative
growth rate. According to the findings of the current study, ethephon52 (2-chloroethyl
phosphonic acid 52% W/V SL) at 281 g a.i. ha~! at the V10 stage of maize had a favorable
influence on the morpho-physio-biochemical characteristics of maize to endure drought
conditions in the dry season. The doses and application phases of ethephon for maize
plants, however, have been shown to be crucial. Ethephon should be administered at the
vegetative stage before the drought spell begins, but it is important to consider the dosage
because an excessive amount could severely impair the plant’s physio-biochemical activity.
The dosages need to be balanced so as to shorten the plant to prevent lodging, while
limiting the leaf area to a specific point, which could minimize water loss and maximize
assimilate production to a satisfactory level. More enzymatic and molecular research is
needed to better understand how ethephon affects maize during water stress.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /agronomy13112673/s1, Figure S1. (a) Monthly climatology
during the 1991-2020 period at the experimental location, Saraburi, and (b) daily weather collected
by installing a mini weather station in the experimental plot during the whole crop period in 2020-21
in Saraburi, Thailand. Temp.: (temperature °C, maximum, average, and minimum) and rainfall
(mm) [130]; Table S1. Energy equivalents of inputs and outputs in maize production systems; Table
52. Emission coefficient of different inputs used in maize production systems. Refs. [131-136] have
cited in Table S1, Refs. [137-139] have cited in Table S2.
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