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Abstract: Drought is one of the main abiotic stresses responsible for reducing crop yields worldwide.
In hybrid rice production, cytoplasmic male sterility (CMS) displays an alternative plan for producing
high-yielding hybrid rice depending on the hybrid vigor. Kinetin (Kin) has an essential role during
the early phase of grain setting by regulating cell division, assimilate flow, and osmotic modification
under water deficit. Growth, floral, and yield-related traits were evaluated in two CMS lines under
five irrigation intervals and two concentrations of the phytohormone kinetin. Our study was con-
ducted to explore the effects of irrigation intervals (continuous flooding (CF), irrigation every six (Ig),
nine (Iy), twelve (I5), and fifteen (I5) days, and kinetin exogenously applied (control, 15 mg L1,
and 30 mg L Y on growth, floral, and yield-related traits. Growth traits (i.e., number of leaves
(NOL), days to complete leaf number (DCLN), days to heading (DTH, 50%), flag leaf area (FLA), and
plant height (PH)), floral traits (i.e., duration of spikelet opening (DSO), panicle length (PL), spikelet
opening angle (SOA), and panicle exertion (PE)), and seed yield traits (i.e., seed set (SS), panicle
weight (PW), seed yield (SY), harvest index (HI), and number of fertile panicles per hill (NFP)) in two
CMS lines. Implementation of kinetin displayed the highest significant and positive values for all
growth, floral, and yield-related traits when compared to the control (average of applied irrigation
intervals). Applying 30 mg L~! kinetin positively enhanced the growth traits (i.e., NOL, FLA, and
PH with 4.1%, 5%, and 3%, respectively), floral traits (i.e., PL, PE, SOA, and DSO with 5.4, 5.7, 5.9,
and 5.4%, respectively), and yield-related traits (i.e., PW, SS, SY, HI, and NFP with 22%, 17%, 14%,
14.5%, and 15%, with the same sequence) compared to non-treated plants. Consequently, exogenous
foliar spray of kinetin could be an effective process in minimizing the harmful effects (the reduction
in PW, SS, SY, HI, and NFP recorded 41%, 61%, 45%, 30%, and 48%, respectively, under I;5 conditions
when compared to CF) of water deficit in hybrid rice and increasing seed production.
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1. Introduction

Rice (Oryza sativa L.) is the most important cereal food for humans. It provides the
population of the world with 20% of its calories and 13% of its protein [1]. Rice is considered
the first consumed crop and recorded as the second crop in production; otherwise, it is
estimated to be the third cultivated food crop with 164 million hectares worldwide [1,2].
Hybrid rice technology yields 20% higher than traditional rice varieties. Success and
sustainability of hybrid rice depend on efficient and economic seed production technology,
besides the higher level of heterosis, which is a primary prerequisite. Moreover, Egypt is
considered one of the earliest countries that introduced hybrid rice technology [3-5].

Sustainability 2023, 15, 5623. https:/ /doi.org/10.3390/5u15075623

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15075623
https://doi.org/10.3390/su15075623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9808-7711
https://orcid.org/0000-0002-9394-8241
https://orcid.org/0000-0001-6452-7408
https://orcid.org/0000-0003-2702-3862
https://doi.org/10.3390/su15075623
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15075623?type=check_update&version=1

Sustainability 2023, 15, 5623

2 of 20

Drought stress is a severely reducing factor for crop yield that seriously minimizes the
productivity of non-irrigated rice [6,7]. Drought can happen at any stage of rice cultivation.
Under prolonged or severe drought stress, there is a flagrant disruption in photosynthesis
and metabolism that will eventually lead to plant death. In addition, it restricts cell
enlargement and, subsequently, plant growth. The shortage in plant growth will affect
different biochemical and physiological processes such as photosynthesis, respiration,
ion uptake, growth promoters, the source—sink relationship, carbohydrate metabolism,
and nutrient metabolism [8,9]. Water scarcity leads to morphological, biochemical, and
physiological changes in plants and affects their overall growth and yield. During the
germination process, water deficiency inhibits water uptake and minimizes the seedling’s
strength. It damages the metabolic process at the cell level, reduces the ATP production,
and causes trouble in the water balance that leads to poor seed germination [10,11]. At
the vegetative stage, drought decreases leaf formation, leaf size, number of stomata, and
tillering, subsequently reducing panicles per plant and losses in yield, whereas drought
stress at the reproductive stage increases grain sterility, decreases the number of grains per
panicle, and reduces grain filling and weight [10-13]. As an outcome of climate change,
global warming, water shortages, and the increase in world population, enhancing crop
performance under conditions of water deficit is a main purpose in agriculture to cover the
world’s food needs [14].

Growing drought-tolerant and water-saving rice varieties with acceptable yields in
water shortage conditions is important to ensure food security worldwide [15]. Under
stress conditions, plant growth regulators and osmoprotectants played a main role in the
incorporation of the expressed responses. Cells in plants undergo many metabolic changes
in response to drought stress, some of which may have adaptive significance [1,16,17].

Plant growth hormones perform the main role in arranging different responses during
the stress period to regulate growth and development [18]. Auxins (i.e., IAA), cytokinins,
ethylene, gibberellins, abscisic acid, and new groups such as jasmonates, strigolactones,
and brassionosteriods significantly improve the metabolic mechanisms and contribute to
organizing spikelet degeneration in cereals under water deficit. In addition, the interactions
between plant hormones could be involved in altering cellular processes such as elongation
of cells and spikelet degeneration with a highly significant role [18-22].

Cytokinins (CKs) play a significant role in regulating plant growth and development
and, furthermore, enhance plant tolerance to drought stress. They stimulate cell division,
enhance sink strength, and promote photosynthesis [23,24]. Kinetin (Kn) is a synthetic
cytokinin that regulates cell growth and division in plants. It is often used in plant tissue
culture for inducing callus formation and generating shoot tissues [25]. It performs a serious
task in stress tolerance across a wide range of abiotic stresses and can retard leaf senescence
directly [26]. Applying kinetin improves chlorophyll contents through the synthesis of
photosynthetic proteins in plants, activates cell division, and changes the plant’s apical
dominance [26,27]. In cereals, grain yield depends upon the plant source/sink association.
The contribution of the photosynthesis process in the emerging panicles is limited to grain
formation, so grain formation in rice is significantly reliant on the source of leaves. During
the early stage of grain formation, kinetin is involved in active cell growth and plays a
central role in source/sink variations [28].

External implementation and assessing the role of phytohormones in rice under water
deficit stress are relatively cheaper and quicker ways. The objectives of current research
were to: (1) estimate the effect of exogenously applied kinetin on growth, floral, yield, and
root traits under water deficit conditions; (2) evaluate the interaction between irrigation
intervals, kinetin application, and two CMS lines; and (3) assess CMS lines that could be
used in hybrid rice seed production under water shortage conditions.
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2. Materials and Methods
2.1. Plant Materials and Experimental Site

The present experiment was performed at the experimental farm (31°08’ N and
30°58" E) of the Rice Research and Training Center, Sakha, Kafr El-Sheikh, Egypt. Two
seasons (2020 and 2021) were achieved to study the effects of exogenously kinetin imple-
mentation in combination with irrigation intervals on growth-related traits, floral and seed
yield traits, and the production of F1 seeds in two lines of hybrid rice. Two cytoplasmic
male sterile (CMS) lines (IR69625A and G46A), in addition to one restorer parental line
(Giza 178R), were chosen for the present study (the pedigree of the utilized lines is shown
in Table 1 depending on their variable genetics). Five irrigation intervals (i.e., continuous
flooding (CF), irrigation every six (I), nine (Ig), twelve (I12), and fifteen (I;5) days under
the exogenous application of kinetin (control, 15 mg L~! and 30 mg L~') were combined.

Table 1. Cytoplasmic male sterile (CMS) lines and restorer parental lines used for producing the
hybrid seeds used for the study.

Genotype Days to

Code Genotypes Code Heading Cytoplasmic Source Origin
CMS Lines . .
L1 IR69625A Al 1045 Wild abortive (WA) IRRI
CMS line
L2 G46A A2 88.9 Gambiaca CMS line China
Restorer line . .
Variety Giza 178R R 100.7 Gizal75/ Milyang 49 o\

Indica/Japonic type

2.2. Experimental Design and Agricultural Practices

The experiment was conducted in a strip-split plot design with three replications. The
five irrigation intervals, namely, CFE I, Ig, 112, and I;5, were located in the horizontal plots.
While the vertical plots were occupied by two CMS lines (Al and A2). Meanwhile, the
three treatments of kinetin were located in split vertical plots. The horizontal plots were
surrounded by deep ditches to control and prevent any lateral movement of irrigation.

Rice seeds at the rate of 20 kg ha~! (15 kg from the CMS lines (IR69625A and G46A)
and 5 kg from the restorer line (Giza 178 R) were soaked in fresh water for 24 h, then
drained and incubated for 48 h to hasten early germination. The CMS line IR69625A (A1)
was sown on May 1st, and G46A (A2) was sown on 20 May. The restorer line Giza 178
(R) was sown over three sowing dates to get a proper synchronization of flowering. The
first sowing date (S1) was when the number of leaves in CMS line Al was 2.5; the second
sowing date (S;) was when the number of leaves recorded was 3.5 in CMS line Al; and
the third sowing date (S3) was implemented when the number of leaves estimated was
5 in the same CMS line. In permanent fields, monosuperphosphate (P05, 15.5%) was
utilized before tillage at the rate of 240 kg ha~!. Zinc sulfate (ZnSO,, 22%) was applied
after puddling and before planting at a rate of 50 kg ha~!. Furthermore, 165 kg ha~! of urea
(46% N) was implemented as a nitrogen source (1/3 as basal dressing and 2/3 at panicle
injtiation). Seedlings thirty days old were transplanted with 3—4 and 2 seedlings per hill in
R and A lines, respectively. The rowing direction was perpendicular to the wind direction.

The maintained distances between rows were 20, 30, and 15 cm for R-R, R-A, and A-A
lines, respectively. R and A lines were kept 15 cm apart in hill spacing, with an isolation
distance of 100 m recorded. Moreover, an additional 20 rows of R lines were cultivated to
surround the experimental location, and all pots were isolated by a plastic barrier (2.5 m in
height) to avoid cross-pollination and pollen grain movement among treatments. Regular
gibberellic acids (GA3) were applied twice: the first spray (40% of GA3) was applied when
heading at A line and recorded 15-20%, whereas the second spray (60%) was applied when
A line was at 35-40% heading (five days after heading). Shaking the pollen parents (R line)



Sustainability 2023, 15, 5623

4 0f 20

with bamboo sticks provided supplementary pollination. This operation was performed
2-3 times from 9 to 11.30 a.m. for a period of 10 days.

2.3. Exogenously Applying Kinetin

Kinetin (in two concentrations, 15 and 30 mg per liter) was applied as a foliar spray
twice at the mid-tillering and panicle initiation stages of CMS lines, while control plants
were sprayed with distilled water. The irrigation intervals were imposed 15 days after
transplanting.

2.4. Measured Traits
Growth, Floral, and Yield Characteristics

Data were collected for: number of leaves (NOL), days to complete leaf number
(DCLN), days to heading 50% (DTH), flag leaf area (FLA, cm), plant height (PH, cm),
panicle length (PL, cm), panicle exertion (PE, %), spikelet opening angle (SOA, °), duration
of spikelet opening (DSO, min), number of fertile panicles per hill=! (NFP), panicle weight
(PW, g), panicle exertion (PE, %), seed set (SS, %), seed yield (SY, t ha~!), and harvest index
(HI, %). The seeds are harvested when 80% of them turn a golden yellow color. After
harvest, seeds dried naturally under the sun’s rays, and the moisture content was adjusted
up to 14% to estimate seed yield.

Panicle exertion percentage was estimated according to the following formula:

Exerted panicle length (cm)
Panicle length (cm)

Panicle exertion % = x 100

The seed set percentage was calculated according to the following formula:

Number of filled grains/panicle

1
Total Spikelet number/panicle 00

Seed set % =

According to the Standard Evaluation System of IRRI (2014), data were collected for
all traits under study, and agronomic applications were performed as recommended.

2.5. Statistical Analysis

A strip-split plot design with three replications was performed. Following the ANOVA
technique, the data were analyzed, and the mean differences were compared by the Dun-
can’s Multiple Range Test [29] using COSTAT (a statistical computer package).

3. Results
3.1. Effects of Drought Stress, Kinetin Application, and Their Interaction on Growth Traits

The performance of CMS lines, IR69625A (L1) and G46A (L2), under irrigation intervals
and kinetin application as well as their interactions on the traits, number of leaves (NOL),
days to complete leaf number (DCLN), days to heading (DTH, 50%), flag leaf area (FLA),
and plant height (PH), are presented in Table 2. The effect of irrigation intervals was
highly significant and negative for all traits. Continuous flooding (CF) recorded the highest
values for all evaluated traits under both seasons, whereas the lowest values were assigned
to the I;5 treatment, with reductions of 14.9%, 15.2%, and 11.9% in NOL, FLA, and PH,
respectively.

Furthermore, the assessed L1 displayed the highest values for NOL, DCLN, DTH, FLA,
and PH with averages of 18.2, 99.3, 104.0, and 110.4 cm in the two assessed seasons, while,
the increment in FLA was assigned to L2. In the case of kinetin application, 30 mg L~!
kinetin had significant or highly significant and positive effects on all evaluated traits in
comparison with untreated plants. The average growth traits in the two seasons of study,
i.e., NOL, DCLN, DTH, FLA, and PH, increased to 17.1, 90.7, 96.6, 30.2 cm, and 110.9 cm,
respectively, under 30 mg L~! of kinetin in comparison to untreated plants.
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Table 2. Effect of irrigation intervals, two CMS lines, and kinetin application as well as their interac-

tions on plant traits during the 2020 and 2021 seasons.

NOL DCLN DTH (50%) FLA (cm) PH (cm)
Studied Factors
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Irrigation intervals (I)
CF 17.89a 1847a 90.74a 923la 97.30 a 9828a 31.52a 3286a 11564a 117.83a
Ig 17.08b 17.66b 89.90b 91.46b 95.90 b 96.88b 2952b 30.86b 110.77b 112.96Db
Iy 16.48c 17.06c 89.32c¢ 90.88 ¢ 95.32 ¢ 96.30 ¢ 2853 ¢ 29.87c¢ 107.52c¢ 109.71c¢
I1o 16.24c¢ 16.82c 88.70d 90.26d 94.70 d 95.68d 27.70d 29.04d 104.79d 106.98d
Ii5 15.19d 15.77d 8759e 89.15e 93.59 e 9457e 26.62e 2796e 101.73e 103.92e
F-test wok *k *% *k *k ot o * ok %
CMS Lines
L1 1793a 1851a 9849a 100.05a 103.55a 10453a 27.12b 2846b 109.33a 111.52a
L2 15.22b 15.80b 80.02b 81.58b 87.17b 88.16b 30.43a 31.77a 106.84b 109.04Db
F_test *% *% 3% X% % *3F *% 3% *3% %
Kinetin application (K)

Control 16.12b 16.69b 88.71c¢ 90.26 ¢ 94.74 ¢ 95.72 ¢ 28.02¢c 2936¢c 10649c¢ 108.68 ¢
15mg L1 16.79a 1741a 89.19b 90.75b 95.29 b 96.27b 28.77b 30.11b 108.02b 110.22b
30 mg Lt 16.83a 17.37a 89.86a 9143a 96.06 a 97.04a 2954a 30.88a 109.76a 111.95a

F_test * * 3% *% *3% *% *3% 3% *3% 3%
Interactions

I >< L * * * * NS NS L % £ %

LxK NS NS NS NS NS NS NS NS * *

KxI NS NS * * NS NS ** ** ** **
IxXxLxK NS NS NS NS NS NS ** ** ** **

*, ** Significant, and highly significant at the 1% level of probability. NS, not significant at the 1% level of
probability. a, b, ¢, d, and e: values in the same treatment, column, and season not sharing similar letters are
significantly different (p > 0.05).

The interaction between the irrigation periods and the two CMS lines (I x L) showed
a significant or highly significant effect for all characteristics except DTH. Going forward,
the extent of irrigation intervals and kinetin application (K x I) interaction and irrigation
intervals, two CMS lines, and kinetin (I x L x K) interaction was superior and increased
FLA and PH.

The analysis of results implied significant and highly significant impacts of interaction
between irrigation times and CMS lines (I x L) on NOL, DCLN, FLA, and PH under both
seasons (Table S1). The best values for NOL, DCLN, and PH were recorded by L1 under
continuous flooding (CF) with averages of 19.8, 101.1, and 119.1 cm in the two seasons,
while L2 exhibited the best FLA value (34.5 cm) in average. Otherwise, water deficit stress
caused shortages in all growth traits compared to normal irrigation, as clearly exhibited by
irrigation every 15 days (I15) treatment in the two genotypes.

The results in Table 3 represent the interaction between CMS lines and kinetin treat-
ment (L x K). When kinetin was applied with 30 mg L~!, L1 plants displayed a consid-
erable increase in plant height with an average of 112.03 cm in comparison to the control
(108.89 cm). Likewise, L2 under the same treatment exhibited the same trend.

Exploring the interaction between irrigation periods and kinetin implementation
(K x I) revealed positively significant or highly significant increments in DCLN, FLA, and
PH during both seasons of study (Table 4). Days to complete leaf number (DCLN), flag leaf
area (FLA), and plant height (PH) under all irrigation intervals and 30 mg L~ from kinetin
had the highest mean values in the two seasons of assessment when compared to control in
each treatment.
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Table 3. Effect of interactions between the CMS lines and kinetin application on plant height during
the 2020 and 2021 seasons.

. Kinetin Application PH (cm)
CMS Lines 2020 2021

Control 107.79 d 109.98 d

L1 15mg L1 109.28 b 108.96 e

30 mgL~! 11093 a 113.12a

Control 105.18 f 107.37 f

L2 15mgL~! 106.77 e 108.96 e

30 mg L1 108.59 ¢ 110.78 ¢

a, b, ¢, d, eand f: values in the same column and season not sharing similar letters are significantly different
(p > 0.05).

Table 4. Effect of interactions between irrigation intervals and kinetin application on plant traits
during the 2020 and 2021 seasons.

Irrigation Kinetin DCLN FLA (cm) PH (cm)
Intervals Application 2020 2021 2020 2021 2020 2021
Control 90.33b 91.89b 30.05 ¢ 31.39 ¢ 114.95 ¢ 117.15¢
CF 15mgL~! 90.58 b 92.15b 31.64b 32.98b 11542 b 117.61 b
30mgL~! 9132 a 92.88 a 32.88a 3422 a 116.54 a 118.74 a
Control 89.32 cd 90.88 cd 28.98 e 3032 e 108.93 g 111.13 g
Is 15mgL! 89.64 ¢ 91.20 ¢ 2953 d 30.87d 110.72 e 112.92 e
30mgL~! 90.74 b 92.30b 30.06 ¢ 31.40 ¢ 112.66 d 114.85d
Control 88.86 de 90.42 de 2802 g 29.87 f 105.73 j 107.92
Iy 15mgL~! 89.38 cd 90.94 cd 28.53 f 29.87 f 107.52 h 109.72 h
30mgL~! 89.73 ¢ 91.29 ¢ 29.03 e 30.37 e 109.33 f 111.52
Control 88.30 f 89.86 f 26.89 j 28.23 ] 103.05 m 105.24 m
I 15mgL! 88.37 ef 89.93 ef 27.68 h 29.02 h 104.74 k 106.93 k
30mgL! 89.44 ¢ 91.00 ¢ 2852 f 29.86 f 106.58 i 108.77 i
Control 86.70 g 88.26 g 26.19k 2753k 99.78 0 101.97 o
Iis 15mgL~! 87.98 f 89.54 f 26.45 k 27.79 k 101.73 n 103.92n
30mgL! 88.11 f 89.66 f 27.131 28551 103.67 1 105.861

a,b,cd e f gh,ij k1l m nand o: values in the same column and season not sharing similar letters are
significantly different (p > 0.05).

In the same manner, doing interaction analysis among irrigation intervals, CMS lines,
and kinetin spray (I x L x K) demonstrated a highly significant enhancement in FLA and
PH (Table 5). Under 30 mg L~! from kinetin, L2 recorded the uppermost values in flag
leaf area (FLA) under all treatments of water deficit stress. Meanwhile, plant height (PH)
increased under well-watered conditions, and L1 gave the highest values with continuous
flooding (CF) coupled with kinetin treatment (30 mg L. Contrary, L1 and L2 were
negatively affected by water limitation since FLA and PH decreased to their lowest values
with irrigation intervals (I;5) under control (without kinetin application).
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Table 5. Effect of interactions among the irrigation intervals, two CMS lines, and kinetin application
on plant traits during the 2020 and 2021 seasons.

Irrigation CMS Lines Kn.lem.l FLA (em) PH (em)
Intervals Application 2020 2021 2020 2021
Control 28.10 jk 29.45jk 114.16 ¢ 119.34 ¢
L1 15mg L1 29.12 hi 30.46 hi 11791 b 120.10 b
CF 30 mg Lt 3043 f 31.77 f 119.05 a 121.24 a
Control 31.99 ¢ 33.33 ¢ 112.75 e 11494 e
L2 15 mg Lt 34.16 b 3550b 11293 e 115.12 ¢
30 mg L! 3534 a 36.68 a 114.04d 116.23 d
Control 27.251 28.591 110.57 h 112.76 h
L1 15 mg L1 27.75 k 29.091 112.17 £ 114.36 £
I, 30 mg L1 28.25j 29.59 114.04d 116.23 d
Control 30.71 ef 32.05 ef 107.31 Im 109.49 Im
L2 15 mg Lt 32.32d 32.65d 109.28 j 111.21j
30 mg L! 31.87 ¢ 3322 ¢ 11128 g 11347 g
Control 26.03 o 27.37 o 106.44 n 108.63 n
L1 15 mg L! 26.53 mn 27.87 mn 108.03 k 110.22 k
I 30 mg L1 27.031 28.371 109.64 i 111.841
Control 30.02¢g 31.35g 105.02 p 10721 p
L2 15 mg L1 30.53 f 31.87 f 107.02 m 109.21 m
30 mg L! 31.04 de 32.37 de 109.02 j 111.21j
Control 2559 p 26.93 p 104.28 q 106.47 q
L1 15 mg L! 26.61 m 27.95 m 105.78 o 105.89 r
It 30mgL~! 27.72k 29.06 k 107.481 107.88 0
Control 28.19 29.53j 101.81 u 104.00 u
L2 15 mg L1 28.76 i 30.101 103.70 r 105.83 r
30 mg Lt 29.32 h 30.66 h 105.69 o 107.88 o
Control 25.15q 26.48 q 100.54 w 102.73 w
L1 15 mg L! 25.20q 26.60 q 102.54 t 104.73 t
I 30mg L1 26.14 no 27.47 no 104.43 q 106.62 q
Control 27.241 28581 99.02 x 101.20 x
L2 15mg L! 27.76 k 29.10 k 100.92 v 103.11v
30 mg Lt 28.29 29.63j 10292 s 105.11s

a,b,cdef ghijklmnop,qrs,t u v, wand x: values in the same column and season not sharing
similar letters are significantly different (p > 0.05).

3.2. Performance of Floral Traits

Effects of irrigation intervals, CMS lines, and kinetin application as well as their
interaction on panicle length (PL), panicle exertion (PE), spikelet opening angle (SOA),
and duration of spikelet opening (DSO) characteristics are given in Table 6. The assessed
traits in two lines of interest manifested a wide variation between treatments of irrigation.
As expected, a positive and significant effect was observed under CF treatment, with a
decrease in floral trait values when water deficit increased. The CMS lines displayed highly
significant effects for panicle length (PL), spikelet opening angle (SOA), and duration
of spikelet opening (DSO) otherwise, no significant impact on panicle exertion (PE) was
detected. L1 exhibited the best values for PL, whereas SOA and DSO were assigned to L2.

When the plant hormone kinetin was implemented, 30 mg L1 positively improved
the floral traits and exhibited the highest PL, PE, SOA, and DSO values when compared
to the control (non-treated plants). Exploring the interaction between the irrigation and
CMS lines (I x L) revealed highly significant differentiations in PL, PE, and DSO. Likewise,
L x Kinteractivity exposed a remarkable impact on PE and DSO, while I x K interplay
exhibited visible changes in all floral traits except SOA. By going forward and exploring
the reaction among I x L x K, a tangible change in PL and DSO was observed based on
variance analysis.
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Table 6. Effect of irrigation intervals, CMS lines, and kinetin application as well as their interactions
on plant floral traits during the 2020 and 2021 seasons.

Main Effect and PL (cm) PE (%) SOA (°) DSO (min)
Interaction 2020 2021 2020 2021 2020 2021 2020 2021
Irrigation intervals
0
CF 2330 a 2335a 7174 a 73.99 a 25.89 a 27.87 a 166.34 a 166.47 a
Ig 22.22b 22.27Db 67.40 b 69.65b 24.14b 26.12Db 160.20 b 16091 b
Iy 22.05b 2211b 63.02d 65.26d 2425b 26.23Db 154.34 ¢ 156.55 ¢
Iip 2091 ¢ 20.96 ¢ 65.04 ¢ 67.29 ¢ 2321 ¢ 25.19c¢ 14747 d 147.87d
I15 20.64 d 20.69 d 63.06 d 65.31d 22.35d 24.33d 135.76 € 137.16 e
F_test *3% *% *3% *3% *3% *% *% *3%
CMS lines (L)
L1 22.50 a 22.55a 66.70 a 68.95 a 22.52b 2450Db 149.09 b 148.28 b
L2 21.15b 21.20Db 65.40 a 67.65 a 2542 a 2741a 156.56 a 159.30 a
F_test *% *3% NS NS *% *3% *3% 3%
Kinetin application
(K)
Control 21.23 ¢ 2127 ¢ 64.05 ¢ 66.30 ¢ 2322 ¢ 2520 ¢ 148.63 ¢ 149.65 ¢
15mg L1 21.84b 21.89Db 66.08 b 68.33Db 23.97b 2595Db 152.57 b 153.65b
30 mg L1 2242 a 2247 a 68.02 a 70.26 a 2472 a 26.70 a 157.27 a 158.06 a
F_test * * *% *3% *% *3% *% *3%
Interactions
I X L *% *% 3% *3% NS NS *3% 3%
L xK NS NS * ** NS NS ** **
I X K *% *3% *3% 3% NS NS *3% 3%
IxLxK ** ** NS NS NS NS ** **

*, ** Significant, and highly significant at the 1% level of probability. NS is not significant at the 1% level of
probability. a, b, ¢, d, e: values in the same treatment, column, and season not sharing similar letters are
significantly different (p > 0.05).

In detail, the feasibility of the interconnection between irrigation and CMS lines (I x L)
displayed the best values of PL and PE in L1, while L2 had good numbers of DSO under
well-watered conditions (CF). The lowest numbers in PL and PE were assigned to L2 and
DSO for L1 under severe water shortage (I15) (Table S2).

The interrelationship between L x K regarding PE and DSO showed a highly signif-
icant increase in the case of 30 mg L~! kinetin implementation. A percentage of 6.6 and
10.0 increase in PE and DSO, respectively, were detected in L1 in comparison to untreated
plants (Table 7). The same orientation was observed with L2.

Table 7. Effect of interactions between CMS lines and kinetin application on plant floral traits in
both seasons.

Kinetin PE (%) DSO (min)
CMS Lines . .
Application 2020 2021 2020 2021

Control 64.47 e 66.72 e 14459 £ 143.65 £
L1 15 mg L1 65.38d 69.04 ¢ 148.78 e 148.11 e
30 mg L1 68.85 a 71.10 a 153.88 a 163.04 a
Control 63.64 f 65.88 f 152.66 d 155.66 ¢
L2 15 mg L1 65.38 d 67.63d 156.36 b 159.19 b
30 mg L! 67.18 b 69.43 b 160.65 a 163.05 a

a, b, ¢, d, eand f: values in the same column and season not sharing similar letters are significantly different
(p > 0.05).
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Applying the interplay between I x K significantly increased the PL, PE, and DSO
traits. Continued flooding (CF) combined with 30 mg L~! kinetin enhanced the floral
characteristics, followed by 15 mg L~! when compared to the control (Table 8). Otherwise,
the water deficit (I15) showed the minimum values for all traits under control (without
K treatment). In conclusion, application of kinetin improved the floral traits under all
water-stressed conditions.

Table 8. Effect of interactions between irrigation intervals and kinetin application on plant floral
traits during the 2020 and 2021 seasons.

Irrigation Kinetin PL (cm) PE (%) DSO (min)
Intervals Application 2020 2021 2020 2021 2020 2021
Control 22.82c 22.87 c 70.50 c 72.75c 165.61 c 169.46 c
CF 15mg L1 23.14b 23.19b 71.77b 74.02Db 166.32b 164.67 b
30 mg L1 2394 a 24.00 a 7295 a 7520 a 167.08 a 169.28 a
Control 21.70 e 21.84e 65.24 67.49 £ 156.45 ¢ 15777 g
Is 15mg L1 2221d 22.31d 67.42 e 69.67 e 159.95 e 160.77 £
30 mg L1 2274 c 22.82 ¢ 69.53 d 71.78 d 164.20d 169.17 d
Control 21.55e 21.60 e 60.96 h 63.21h 149.51j 151.83j
Iy 15mg L1 22.05d 2211d 6295 ¢ 65.22 g 154.00 h 156.33 g
30 mg L1 22.55 ¢ 22.61d 65.11 £ 67.36 £ 159.50 £ 161.48 e
Control 20.09 h 20.00 h 6297 g 6522 ¢ 141.641 141.97 m
I1o 15mg L~} 21.13 f 21.18f 65.05 f 67.30 f 147.14 k 147.62 k
30 mg L1 21.65e 21.70 e 67.12e 69.37 e 153.64 1 154.02 1
Control 19.95h 20.15h 60.59 h 62.84 h 129.93 n 131250
I 15mg L1 2063 g 2069 g 6323 g 65.48 g 13543 m 136.86 n
30 mg L1 21.19¢ 21.24 f 65.36 £ 67.61 £ 141.931 143.361
a,b,cdef ghijk]l mnand o: values in the same treatment, column, and season not sharing similar letters
are significantly different (p > 0.05).

Performing the same work, the I x L x K interaction displayed a positive and highly
significant raise in PL and DSO in the two CMS lines under all irrigation times coupled
with kinetin treatments when compared to non-treated plants (Table 9). With regard to PL,
the best values were recorded with L1 under 30 mg L ! and CF, while the highest numbers
related to DSO were observed with L2 under the same previous conditions (30 mg L~! and
CF). Furthermore, continuous exposure of L1 and L2 to an insufficient amount of water led
to the lowest values of DSO and PL, respectively, under the control of I;s.

Table 9. Effect of interactions among irrigation intervals, CMS lines, and kinetin application on plant
floral traits during the 2020 and 2021 seasons.
: oati PL (cm) DSO (min)
Irrigation CMS Lines Kinetin Application
Intervals 2020 2021 2020 2021
Control 23.50b 23.55b 160.18 h 160.04 h
L1 15mg L1 23.61b 23.66 b 161.09 £ 16129 g
CF 30 mg L1 2484 a 2453 a 162.13 e 162.38 f
Control 2214 gh 2219 gh 171.05b 170.87 b
L2 15mg L~} 22.67 ef 22.72 ef 171.54 ab 172.04 a

30mg Lt 23.40 bc 23.45 bc 172.03 a 174.19 a
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Table 9. Cont.
P PL (cm) DSO (min)
Irrigation CMS Lines Kinetin Application
Intervals 2020 2021 2020 2021

Control 22.42 fg 2247 fg 152.371 153.231

L1 15 mg Lt 22.95 de 23.00 de 156.37 j 156.23

I 30 mg L1 23.50 b 23.55b 160.87 fg 160.23 h
Control 20.98 jk 21.01k 160.53 gh 162.32 f

L2 15mg L1 21.481i 21.03 jk 163.53 d 165.32 e

30 mg Lt 21.98 h 22.03h 167.53 ¢ 168.12 ¢

Control 22.58 e 22.63 ef 145.93 o 14479 p
L1 15 mg Lt 23.08 cd 23.13 cd 150.93 o 150.79 m

Iy 30 mg L1 23.58 b 23.63b 156.93 i 156.59 j
Control 20.53 Im 20.58 Im 153.08 k 158.87 i

L2 1g L-! 21.03 jk 21.03j 157.08 1 161.87 £

2g L1 21.531i 21.581 162.08 e 166.37 d

Control 19.66 n 19.71n 137.23 t 135.09 u

L1 15 mg L1 21.521i 21.751 143.23 q 141.09 r

Iy 30 mg L! 22.05 gh 2211 gh 150.23 n 148.09 o
Control 20.24 m 20.29 m 146.06 o 148.84 n

L2 15 mg L1 20.74 Im 20.79 Im 151.06 m 154.15 k

30 mg Lt 21.25jj 21.30 ij 157.06 i 159.94 h
Control 20.96 jk 21.01k 127.27 v 125.13 w

L1 15 mg Lt 21.541i 21.591 132.28 u 131.13 v

Is 30 mg L! 2210 gh 2211 gh 139.25r 138.15 s
Control 19.23 0 19.28 o 132.59 u 137.38 t

L2 15 mg L! 19.73 n 19.78 n 138.59 s 142.60 q

30 mg Lt 20.28 m 20.33 m 144.59 p 148.60 n

a,b,cdefghijklmmnop,qr1s,t u vand w: values in the same column and season not sharing similar
letters are significantly different (p > 0.05).

3.3. Grain Yield in the Two Hybrids under Drought, Kinetin, and Their Interaction

The assessed yield traits in the two CMS lines as a result of stressed conditions, kinetin
application, and their interactions revealed a wide variation for all measured traits. The
effects on panicle weight (PW), seed set (SS), seed yield (SY), harvest index (HI), and
number of fertile panicles per hill (NFP) characteristics were evaluated. A highly significant
and negative effect with reductions in PW, SS, SY, HI, and NFP reaching 41%, 61%, 45%,
30%, and 48%, respectively, was observed under drought stress intervals when compared to
continuous flooding (CF) in the two seasons of study (Table 10). In addition, the two lines
(IR69625A x Giza 178R and G46A x Giza 178R) had highly significant reductions in PW,
SS, SY, HI, and NFP, with more losses in L2 (G46A x Giza 178R) than L1 (IR69625A x Giza
178R). In addition, the yield-related traits (PW, SS, SY, HI, and NFP) displayed a positive
effect with a highly significant increase in yield traits under kinetin application. Applying
30 mg L~ ! kinetin exhibited the highest values for PW, SS, SY HI, and NFP with 22%, 17%,
14%, 14.5%, and 15% increments, respectively, in comparison with the control. All the
interactions among treatments displayed significant and highly significant effects for PW,
SS, SY, HI, and NFP during the 2020 and 2021 seasons.
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Table 10. Effect of irrigation periods, two hybrids, and kinetin application as well as their interactions
on panicle traits and yield during the 2020 and 2021 seasons.

Main Effect and PW (g) SS (o/o) SY (l’ ha—l) HI (0/0) NFP
Interaction 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Irrigation intervals (I)
CF 3.15a 324 a 3196a 37.26a 1.728 a 1.839 a 18.98 a 1994 a 19.53 a 2045 a
Ig 2.78b 3.05b 25.89b 28.71b 1.395b 1.503 b 17.38b 18.67b 18.02b 18.71b
Iy 2.47 ¢ 2.73 ¢ 21.70c 2444c 1.289 ¢ 1.371 ¢ 16.25 ¢ 17.42 ¢ 16.79 ¢ 17.65 ¢
I 2.13d 239d 19.37d 22.02d 1.194d 1.264d 15.00d 16.15d 15.11d 15.89d
Iis 1.75¢ 2.02e 12.16e 14.68 ¢ 0939 e 1.021e 12.85 ¢ 14.06 e 9.88 e 10.81 e
F-test ®k *% *k *k *k ot *ot ok ok %
CMS lines (L)
L1 xR 249 a 2.73 a 23.05a 26.68a 1.354 a 1.439 a 16.45a 17.61 a 17.06 a 17.97 a
L2 x R 242b 2.63b 21.38b 24.16b 1.264b 1.361b 15.64 b 16.89b 14.67 b 15.44 b
F_test * *% * *% % *3% *3% *% *3% %
Kinetin application
X)
Control 221 ¢ 234 ¢ 19.82¢ 23.52c¢ 1.222 ¢ 1.298 ¢ 14.81 ¢ 15.74 ¢ 14.47 ¢ 15.29 ¢
15 mg L1 2.37b 264b 2210b 2525b 1.281b 1.384 Db 16.28 b 1747 b 15.98 b 16.85b
30 mg L1 2.78 a 3.07 a 2473a 2751a 1.425a 1517 a 17.18 a 18.53 a 1714 a 17.97 a
F_test *% *3% *3% *3% *3% *3% *3% *% *3% *3%
Interactions
I X L * *3% 3% *% *3% *% * *% *3% 3%
L X K *% *3% *3% *3% *3% *3% *3% *% * *
I >< K *% *% % *3% % % %3 3% *% %
I X L X K *% *3% 3% * *3% *% *% *% *3% 3%

*, ** Significant, and highly significant at the 1% level of probability. NS is not significant at the 1% level of
probability. a, b, ¢, d, and e: values in the same treatment, column, and season not sharing similar letters are
significantly different (p > 0.05).

In Table S3, the panicle weight (PW), seed set (5S), seed yield (SY), harvest index (HI),
and number of panicles fertile hill=! (NPF) declined when combined between irrigation
periods and hybrids. L1 and L2 (IR69625A x Giza 178R and G46A x Giza 178R) exhibited
highly significant decreases, with percentages of 41, 60.7, 47.2, 30.8, and 47.4 for L1 (under
Ii5 vs. CF) and 40.9, 61.8, 42.7, 30.9, and 49.2 for L2 (I;5 vs. CF) in the same previous
sequences.

Applying the interaction between the two CMS lines (IR69625A x Giza 178R and
G46A x Giza 178R) and kinetin implementation showed a highly positive and significant
increase in PW, SS, SY, HI, and NPF, which recorded 23.4%, 16.7%, 14.7%, 14.5%, and 12.7%,
respectively, with L1 (IR69625A x Giza 178R) and 21.2%, 17.5%, 14.0%, 14.4%, and 18.2%
with L2 (G46A x Giza 178R) under 30 mg L~! kinetin (Table 11).

When the interaction between irrigation durations and kinetin treatments was studied,
an enhancement in panicle and yield traits was observed in comparison to the control
(Table 12). Highly significant and positive enhancements in panicle weight (PW), seed set
(SS), seed yield (SY), harvest index (HI), and number of panicle fertile hill~! (NPF) were
detected under 30 mg L~! from kinetin hormone in all irrigation intervals when compared
at control (in each treatment).

Likewise, Table 13 represents the obtained results from the correlation among the
irrigation times, two CMS lines, and kinetin employment (I x L x K). PW, SS, SY, HI, and
NPF traits had highly significant excesses under kinetin treatment (30 mg L~!) in both
hybrids under all water irrigation intervals.



Sustainability 2023, 15, 5623 12 of 20

Table 11. Effect of interactions between two CMS lines, and kinetin application on panicle traits and
yield during the 2020 and 2021 seasons.

CMS Kinetin PW (g) SS (O/o) SY (l’ ha—l) HI (o/o) NFP
Lines Application 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Control 221e 2.37e 20.29e 25.00c 1.262d 1331e 1521d 16.02e 1576c 16.87c¢

L1 xR 15 mg L1 243 c 269c¢ 23.06c 2649b 1320c 1424c 16.85b 17.85c¢c 17.09b 18.02Db
30 mg L1 284 a 314a 25.80a 2855a 1479a 1562a 1759a 1895a 1834a 19.02a

Control 220e 231f 19.34f 22.03e 1.180f 1.265f 144le 1546f 13.17e 13.71e
L2 xR 15mg L1 2.33d 295d 21.14d 24.00d 1.242e 1.3455d 1572c¢ 17.10d 14.88d 15.69d
30 mg L1 2.73b 299b 23.66b 2646b 1372b 1472b 16.79b 1811b 1594c 1691c

a, b, ¢, d, e and f: values in the same treatment, column, and season not sharing similar letters are significantly
different (p > 0.05).

Table 12. Effect of interactions between irrigation intervals and kinetin application on panicle traits
and yield during the 2020 and 2021 seasons.

Irrigation Kinetin PW(g) SS (O/o) GY (t ha—l) HI (0/0) NFP
Intervals Application 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
Control 297d 2.66 f 28.8d 36.65 ¢ 1.687b 1.753c¢ 1836d 1844d 18.64d 19.10c¢
CF 15 mg L1 297d 3.24d 32.0b 37.17b 1.694b 1861b 1899b 20.23b 19.07c 20.13b
30 mg Lt 349 a 3.82a 3496 a 3795 a 1.803a 1.904a 1958a 21.15a 20.87a 22.13a
Control 224fg 250h 220g 2480 g 1233h 1325g 1557g 16.64f 1628g 1699
I 15 mg L! 2.75¢e 3.06e 25.09e 27.89 ¢ 1.329e 1423e 1790d 19.23c¢ 1820e 19.08c
30 mg L1 3.35b 3.58b  30.54c 33.44 d 1.623¢ 1.762c¢ 18.66c¢ 20.15b 1958b 20.08 b
Control 2131 2.36j 19.60 i 22301 1.189i 1262h 1446i 1555h 15.03i 16.20f
Iy 15 mg L1 225f 252g 217gh 2452gh 1281g 1380f 1650f 1752e 17.24f 17.99d
30 mg Lt 3.03 ¢ 3.30c¢ 23.72 f 26.50 f 1.398d 1472d 17.79e 19.18c 18.09e 18.76¢
Control 2.00j 225k 17.12j 19.78 1110k  1.182j 1349 14651 1357 1421g
I 15 mg L! 2.16h 2411 19451 21.981i 11671 1.237i 1516h 1630g 1542h 16.15f
30 mg Lt 223g 251gh 2154h 2428h 1305f 1.374f 1635f 17.50e 16.33g 17.32e
Control 1.69 m 1.94n 114 m 14.04 m 0.888n 096 m 12.161 1342k 882m 9.96j
Iis 15 mg L1 1.731 1.97m 12.091 14.651 093m 1.0231 1286k 14.10j 10.001 10911
30 mg L1 1.84k 2141 129k 1535k 09661 1.072k 13.52j 14.68j) 1048k 1156¢g
a,b,c,d, e f gh,ij k1 mand n: values in the same treatment, column, and season not sharing similar letters
are significantly different (p > 0.05).
Table 13. Effect of interactions among irrigation intervals, two CMS lines, and kinetin application on
panicle and yield traits during the 2020 and 2021 seasons.
Irrigation QMS Kir_letir} PW (g) SS (%) SY (tha™1) HI (%) NFP
Intervals ~ Lines  Application ., 2021 2020 2021 2020 2021 2020 2021 2020 2021
Control 289¢g 2.70j 26.44 f 39.26 ab 1.783 ¢ 1.851 ¢ 18.36d 18.81e 19.13 de 19.88 ¢

L1 xR 15mg L1 3.04e 3.28e 32.53 be 39.11Db 1.815b 1.953b 19.5 ab 20.64b 20.02 ¢ 20.96 b

CF 30 mg L1 3.58 a 3.96a 36.81 a 39.82a 1.952a 1.998 a 19.77 a 21.85a 22.02a 23.33 a

Control 3.06 de 2.62k 26.44 f 34.04 e 1.560 f 1.655 g 18.36d 18.08 f 18.14 gh 18.32 fg
L2 xR 15 mg L1 292¢g 319¢g 31.66 cd 25.25d 1.604 e 1.766 e 18.43d 19.81d 18.10 gh 19.29d
30mg L~! 341b 3.68b 33.11b 36.08 ¢ 1.654 d 1.810d 19.39b 20.44 c 19.73 ¢ 20.93 b
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Table 13. Cont.
o, -1 o,
Imigation  CMS Kinetin PW (g) SS (%) SY (tha1) HI (%) NFP
Intervals  Lines  Application ), 2021 2020 2021 2020 2021 2020 2021 2020 2021
Control 2.288j 2551 2376 g 2653 i 1.2561 1347 k 1615¢g 16.901 14471  18.97de
L1xR  15mgL-! 281h 3.15h 26.66 f 2949 g 1.3431 1445 18.41d 19.67 d 19.24d 2021 ¢
: 30mgL~! 342b 3.66b 31.444d 3434e  1674d  1.819d 19.08 ¢ 20.67 b 1856fg  21.02b
6
Control 220k 265mno  20.35j 2308k 1211m 13021 15.00 i 16.38 ] 14471 15.001
I2xR  15mgL-! 2701 2971 23.51 hi 26291  1314jk  1.400] 1740 e 18.78 e 17171 17.96 gh
30mgL~! 328¢ 350 ¢ 29.63 e 32.54 f 1572 f 1.704 18.24d 19.62d  1856fg  19.14d
Control 2.161 2430 20.86 2358k  120lm  1278m  15.07h 15.87 k 1319n  1845efg
L1xR  15mgL-! 2.30j 2571 22,67 25.42j 1.307 k 1.398] 1734 e 17.82¢g 15.81k 19.07d
: 30mgL~! 3.08d 3.35d 2459 g 2738h  1426g  1498h 18.25d 19.62d 16.64 ] 19.99 ¢
9
Control 210m  231q 1834k 21.021 1.176n  1.246n 13.281 15.241 1319n 1396 m
I2xR  15mgL-! 220k 247m 20.86 ] 23.62k 1.2551 1362 k 15.85 g 1723 h 15.81k 16.37]
30mgL-! 2,97 f 3.25 ¢ 22.85 hi 25.62 1.371h 14461 1734 e 1872 16.64 1753 h
Control 2.02n 227q 1841k 21.081 11390 11970 1394k  14.89m 1542k 16.37]
L1xR  15mgL-! 219k 244no  20.64j 2303k  1205m 1276m  1585g 16.741 17085  17.98gh
. 30mgL~! 227j 2551 22611 25.36] 1.334i 1.396] 1691 f 17.821 1784h  18.80 def
12
Control 1.980 2245 15.841 20951 1.080p  1.166p 13031  14420p 11720 12.04n
I2xR  15mgL-! 212m  239p 1826 k 2302k 11290 11970 1394 k 1586k  13.75m  1432m
30mgL~! 218kl 246mn  20.46] 23.19k 1.2771 1353k 1579 h 17.17h 14.821 15.84 k
Control 171s 194w 12.00 no 14.56 p 0.902's 0.981t 12.53 m 13.65 q 9.30r 10.710
L1xR  15mgL-! 176 1 200v  128lmn 1538n0  0.962r 1.045 1 13.281 1437 p 1042 p 11.85n
. 30mgL~! 1.87p 219t 1355m  1585n  1010q  1.097q 1382k  1476mn 11730 11.98n
15
Control 1.66 t 194w 10.96 p 1351q 0875t  0955u 11.81n 13.18 833 s 9.22q
[2xR  15mgL-! 1.71s 195w  11360p  1392q  0905s 1.001 s 1245m  13.83q 957 qr 997 p
30 mg L1 1.83q 209u  1228no  14860p  0.983r 1.046 13221 14.59 no 9.96 q 11150

a,b,cdefghijklmmnop,qr1s,t u vand w: values in the same column and season not sharing similar
letters are significantly different (p > 0.05).

3.4. Correlation between Indices

To assess the correlation between the two CMS lines and both kinetin and drought
treatments, a principal component analysis was conducted. Both PCA1 and PCA2 presented
the most variability, with 96.23% of the total variation (Figure 1). Exploring the PC-
biplot, PCA2 displayed lower variation, counting 22.79%, while PCA1 evaluated 73.45%,
reflecting higher variability, and looked to correspond with L1 and its hybrid. In general,
continuous flooding (CF), I, and kinetin treatments were presented on the extremely PCA1
positive side.

There is a strong positive relationship between the measured growth, floral, and
yield-related traits as located on the positive side of PC1, especially for 30 mg L~! from
kinetin, continuous flooding, and L1 (IR69625A x G178R, yield traits) performance. On the
contrary, severe water deficits (Ig, I;2, and I;5) are located on the opposite side, presenting
lower-evaluated traits. Otherwise, the traits of floral, growth, and yield displayed a highly
significant and positive correlation by adjacent vectors except for the traits: days to complete
leaf number (DCLN), days to heading (DTH, 50%).

Applying correlation by heatmap depicted the measured vegetative, floral, and yield
characteristics in the two CMS lines under water shortage and kinetin implementation
into two main groups (Figure 2). Approximately, continuous flooding, irrigation every
6 days (I¢), kinetin spray (30 mg L~1),and L1 grouped together, whereas Iy, 112, I15, L2, and
kinetin treatments (control and 15 mg L~!) located in another cluster. A strong positive
and significant association was detected among all studied traits in the first cluster except
SOA, FLA, and DSO in L1, while the same traits were positive in L2.
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Figure 1. PC-biplot for the applied kinetin treatments coupled with irrigation intervals with two
CMS lines based on evaluated growth traits (number of leaves (NOL), days to complete leaf number
(DCLN), days to heading (DTH, 50%), flag leaf area (FLA), and plant height (PH)), floral traits (panicle
length (PL), panicle exertion (PE), spikelet opening angle (SOA), and duration of spikelet opening
(DSO)), and seed yield traits (panicle weight (PW), seed set (SS), seed yield (SY), harvest index (HI),
and number of fertile panicles per hill (NFP)).
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Figure 2. Correlation heatmap of the evaluated growth, floral, and yield traits of two CMS lines
under kinetin and drought conditions.
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4. Discussion

Hybrid rice systems provide an excellent choice for attaining a potential high yield
under favorable conditions; meanwhile, hybrid rice seed production under drought stress
has not yet been fully evaluated [30]. Irrigation intervals had a highly negative and
significant effect on all growth traits. Under severe water deficit (I;5 treatment), the number
of leaves (NOL), flag leaf area (FLA), and plant height (PH) reduced up to 14.9%, 15.2%,
and 11.9%, respectively, in comparison to control (CF). Accordingly, kinetin application
(30 mg L) displayed significant or highly positive significant effects on NOL, FLA, and
PH, with increments measuring 4.1%, 5%, and 3%, respectively. In addition, I x L x K
interaction revealed a highly significant increase in FLA and PH. These increments in NOL,
FLA, and PH are due to the effect of kinetin, which promotes cell division, regulates shoot
meristem size and leaf primordia number, stimulates axillary bud break and leaf and shoot
growth, and subsequently improves the plant’s growth and development, leading to an
increase in plant height and leaf area [31,32].

Assessment of seventeen rice genotypes under water deficit caused considerable re-
ductions in days to heading (DTH), flag leaf area (FLAR), plant height (PH), flag leaf angle
(FLA), relative water content (RWC), chlorophyll content (CHC), grain yield (GY), and its
related traits [13,33,34]. The use of phytohormones such as abscisic acid, indole-3-carboxylic
acid, gibberellic acid (GA3) and jasmonic acid led to leaf and root tolerance in rice plants [35].
Abscisic acid (ABA), the most critical hormone produced in response to a water deficit)
accumulates in guard cells, reduces turgor pressure, causes stomata closure, and decreases
transpirational water loss. Exogenous implementation of ABA on plant leaves improves
cell wall extensibility, root hydraulic transmission, tissue turgidity, and total chlorophyll
contents [36]. In addition, gibberellins (GAs) stimulate many aspects of plant growth,
such as flowering time, flower development, elongation growth, and germination [37].
Reguera et al. [38] indicated that the stress-induced cytokinin synthesis enhanced sink
strengthening via regulation of nitrogen and carbon assimilation and promoted tolerance to
water shortages in the rice transgenic plants. The phytohormone kinetin plays an important
role in controlling various processes during the cycle of plant life and improves photo-
synthesis performance in plants by stimulating enzymes involved in photosynthesis, light
capture, leaf area, and enhancing the nutrients efficacy. Moreover, it promotes flowering
and seed set in plants [21,39]. Cytokinin promotes cell division and acts with other plant
hormones in both synergy and antagonistic manners, influencing a wide range of events
during plant growth and development [40-43]. Plant growth is completed via cell division,
differentiation, and enlargement, which involve morphological, genetic, physiological, and
ecological events in addition to their complex interactivity [44,45]. Furthermore, cytokinin
(i.e., kinetin) plays an important role in the nutrient metabolic pathway of crop plants
during stress. It improved the contents of Zn, Mn, S, and Fe in cereal seeds, which led to an
increase in the cytokine dehydrogenase enzyme, resulting in an improvement of the root
system, water absorption, and scavenging nutrients from the soil under drought stress [32].

Based on the literature, varied concentrations of kinetin were applied to a variety of
crops. Glycine betaine (100 mM) and kinetin (1 mM) in combination were applied to rice
at the flowering stage as a foliar spray under water stress to enhance proline and soluble
sugar concentrations in leaves [46]. Koprna et al. [47] applied three cytokinin derivatives,
with 10 uM concentration in field trial experiments by foliar spraying in winter wheat
and spring barley at the tillering stage. On the other hand, Sawan et al. [48] used kinetin
(0-10 mg/L) on Egyptian cotton with three different application methods to improve seed
viability and seedling vigor, whereas Li et al. [49] implemented (0-40 mg/L) with two Pteris
species under arsenate stress.

At the floral stage, water deficit affects panicle length (PL), panicle exertion (PE),
spikelet opening angle (SOA), and duration of spikelet opening (DSO) (Table 6). As
expected, negative and significant decreases in all floral traits were detected with prolonged
water scarcity. The CMS lines displayed highly significant effects for panicle length (PL),
duration of spikelet opening (DSO), and spikelet opening angle (SOA). Remarkably, the
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plant hormone kinetin (30 mg L~!) positively improved floral traits such as PL, PE, SOA,
and DSO values when compared to non-treated plants. Nahar et al. [50] reported the
morphological and physiological responses under water limitation in rice that involve a
lower chlorophyll content, a lower rate of photosynthesis, slower growth rate, low root
and shoot length, inhibition of seed germination, stomatal closure, and a reduction in yield.
Exogenous application of plant growth hormones was employed for reducing the effects of
drought stress and improving drought tolerance through increasing growth, development,
and plant productivity. Phytohormones such as cytokinins (i.e., kinetin) are essential for
the growth of plants via participation in the germination of seeds, floral development,
photomorphogenesis, leaf senescence, vascular development, and development of the
shoot apical meristem. Notably, cytokinin assists plants to stimulate adaptive responses to
water deficits and adverse ecological conditions [21,51,52]

The assessed yield traits in the two CMS lines under stressed conditions and kinetin
application exhibited a highly significant and negative effect, with reductions in panicle
weight (PW), seed set (SS), seed yield (SY), harvest index (HI), and number of fertile
panicles per hill (NFP) reaching 41%, 61%, 45%, 30%, and 48%, respectively (Table 10).
Applying 30 mg L~! of kinetin improved PW by 22%, SS by 17%, SY by 14%, HI by 14.5%,
and NFP by 15%. Yang et al. [53] estimated grain yield under water deficit in two rice
cultivars under two water treatments. They recorded reductions in yield of 23.2% for YLY6
and 24.0% for HY113, in addition to decreases in all physiological traits under water stress,
with no reversion to normal levels at the grain filling stage.

Drought stress caused various structural and functional perturbations in reproductive
organs, leading to failure of fertilization or abortion of premature seed formation [54]. Early
senescence, a shortened grain-filling period, photosynthesis reduction, and increasing
soluble sugar remobilization from grains to other vegetative parts are detected when water
deficit occurs at the reproductive stage [55]. The reduction in grain yield is largely attributed
to limited source activity and sink size. In crop plants, improving the leaf structure, root
system, osmotic balance, stomatal adjustment, and water contents are the most prominent
features against drought stress.

In the present study, growth, floral, and yield-related traits that were adversely affected
by drought were ameliorated by foliar spraying of kinetin. The results showed the highest
number of leaves (NOL), days to complete leaf number (DCLN), days to heading (DTH),
flag leaf area (FLA), and plant height (PH) in non-treated plants. Floral characteristics, i.e.,
panicle length (PL), panicle exertion (PE), spikelet opening angle (SOA), and duration of
spikelet opening (DSO), declined with a continuous reduction in water. Otherwise, kinetin
spray application (15 mg L ~! and 30 mg L~!) enhanced these growth traits under water
deficit conditions. Drought stress has a strong influence on rice at the flowering stage,
physiological traits, and yield [22,56]. In the susceptible rice genotypes, water shortage
during the vegetative stage induces leaf rolling, reduces plant height and chlorophyll
content, and minimizes the number of tillers/plants. The grain yield reduction, 100 grain
weight, number of panicles/plant, and high sterility percentage resulted from drought at
the flowering and ripening stages. Drought at vegetative, flowering, and panicle initiation
over the season minimized the grain yield by 28%, 40%, 34%, and 22%, respectively, when
compared to control in rice [53,57,58].

Jalal-ud-Din et al. [46] evaluated the effect of exogenous application of kinetin (KIN)
and glycine betain (GB) at the flowering stage on some yield attributes of two rice varieties
(Oryza sativa L.) under water stress. Proline content in leaves and panicles, soluble sugar
in the leaves and panicles, starch concentration in leaves and panicles, paddy yield, the
number of seeds per panicle were significantly increased by KIN and GB spray. The same
trend was observed in both yield-related traits. These traits (panicle weight, seed set, seed
yield, harvest index, and number of fertile panicles per hill) decreased with increasing
irrigation intervals. Rice lines irrigated with 12 day intervals and 15 day intervals had the
highest negative effects on all traits. Yield under three drought stress levels (well-watered,
moderate, and severe) exhibited 54%, 77%, and 89% reductions in yield, respectively [34,59].
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Additionally, grain yield was significantly reduced by 23.2% for YLY6 and 24.0% for HY113
under drought stress [48].

The interaction between irrigation treatments and genotypes affected the flag leaf area
significantly in both seasons. Zubaer et al. [60] reported significant interaction effects of
different levels of moisture and rice genotypes on leaf area/hill at all stages of growth. In
addition, the development of the number of tillers plant~! was severely affected by the
stress. These results demonstrate the most obvious effect of the water shortage on the
number of tillers in the two seasons. This may be due to reduced nutrient uptake under
water stress as a result of reduced demand for new tillage development. Ndebe et al. [61],
Kasim et al. [62] recorded that there was no significant difference (p < 0.05) in panicle
length among the tested rice varieties, whereas panicle length was positively correlated to
grain yield in upland varieties. Otherwise, days to 50% flowering correlated significantly
with number of panicles, number of tillers, and plant height. Additionally, plants watered
daily have longer panicles than plants watered every 2, 4, and 6 days.

Applying the PCA-biplot is a suitable method to evaluate the correlation between
the traits under study. Our obtained results coming from this approach reinforced the
above-mentioned results. Robust positive associations were detected among all measured
floral, growth, and yield-related traits in CMS line L1 under CF, Is, and kinetin treatments.
Our results involved in the present study revealed that the kinetin application treatment
with promising CMS lines such as L1 enhances floral traits, plant growth and development,
plant yield, and hence increases the CMS lines outcrossing rate and hybrid seed production.
Kamara et al. [63], Sakran et al. [56] found positive and significant associations between
F1 hybrid performance and specific combining ability (SCA) for characteristics and grain
yield per plant traits in maize and between grain yield and each of relative water content,
number of filled grains per panicle, 1000 grain weight, chlorophyll content, and number of
panicles per plant in rice under water shortage.

5. Conclusions

Increasing the water deficit (irrigation every 6, 9, 12, and 15 days) causes severe harm
to rice plants and affects the growth, floral, and yield traits. Exogenous application of the
phytohormone kinetin (30 mg L.~!) minimized the harmful effects of water shortage and
positively enhanced the yield traits, panicle weight, seed set, seed yield, harvest index, and
fertile panicle per hill by 22%, 17%, 14%, 14.5%, and 15%, respectively, in two CMS lines
(IR69625A and G46A). The hereby study showed that L1 (IR69625A) was more tolerant to
drought stress than L2 (G46A) under kinetin implementation through an increase in plant
biomass. Briefly, applying the exogenous kinetin with the CMS line (IR69625A) enhanced
the growth, floral, and seed-related traits that recommend implementing it under water
shortage conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su15075623/s1, Table S1. Effect of interaction between irrigation
intervals and CMS lines on plant traits during the 2020 and 2021 seasons; Table S2. Effect of interaction
between irrigation intervals and CMS lines on plant floral traits in both seasons; Table S3. Effect of
interaction between CMS lines and irrigation periods on panicle traits and yield during the 2020 and
2021 seasons.
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