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Abstract: Water scarcity is the major limiting factor for oasis-desert agricultural production of cotton.
It is necessary to improve cotton for drought tolerance and minimize drought-related crop losses,
and the transgenic approach is efficient for cotton improvement. In order to evaluate the value
of ScALDH21 transgenic cotton (G. hirsutum L.), it was tested in the main cotton region of south
Xinjiang, in an environment of extreme drought around the desert. Transgenic cotton, overexpressing
aldehyde dehydrogenase gene (ScALDH21) from the desiccation-tolerant moss Syntrichia caninervis
in cotton variety Xin Nong Mian 1, was field-tested under six treatments based on three irrigation
schedules and two irrigation levels (full (FI) and deficit (DI) irrigation) as follows: root zone model-
simulated forecast irrigation (F) (FFI and FDI), soil moisture sensor-based irrigation (S) (SFI and
SDI), and flood irrigation based on experience estimates (E) (EFI and EDI) to evaluate growth and
yield performances. The results revealed that plant height and leaf area increased significantly
in ScALDH21-transgenic cotton genotypes under all treatments. Physiological parameters such
as chlorophyll content, net photosynthesis rate, and instantaneous water use efficiency were not
significantly highly in transgenic lines compared to non-transgenic plants (NT). However, transgenic
lines showed significantly improved yield and superior fiber quality than NT plants regardless of
irrigation. The results demonstrate that ScALDH21-transgenic lines were excellent compared to NT
plants under different water deficiency conditions. The study also provides guidelines for optimal
irrigation protocol and minimum water requirements for the use of the ScALDH21-transgenic cotton
lines in arid zones.

Keywords: irrigation strategy; ScALDH21; transgenic cotton; water deficiency; yield and fiber quality

1. Introduction

The freshwater shortage is the most critical environmental factor that limits agricul-
tural production and also threatens food security and countries’ societal stability. The
most populous states including the USA are facing drastic shortages in freshwater supply
for crop production [1]. The major thrust for plant breeders is to create productive crop
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varieties with less water supply. More effort is needed, especially in arid lands where
freshwater scarcity is a severe constraint for stable agricultural production.

Traditional breeding for drought-tolerant varieties is a slow enterprise and often
requires specialized and large-scale facilities (e.g., multiple sites and rainout shelters).
However, a biotechnological approach, adopted over 20 years ago, made an effort to speed
crop improvement breeding development. A number of genes that had high potential
for enhancing drought tolerance were discovered and examined in transgenic plants, and
some appeared to be promising for crop improvement [2–6]. Although many genes re-
ported promise in crop improvement for drought tolerance, only limited successes have
been achieved in field deployment of transgenic crops [1,7–9]. Transcription factors that
activate abiotic stress-related downstream gene expression have been some of the more
successful targets [8–12]. Overexpression of the Arabidopsis membrane transporter, a vac-
uolar membrane-bound proton pump encoding by the AtAVP1, demonstrated improved
drought tolerance in cotton [13]. Overexpression of the OsSIZ1 gene from Oryza sativa,
encoding a SUMO E3 protein, also increased drought tolerance in transgenic cotton [14].
In our earlier works, we demonstrated that overexpression of aldehyde dehydrogenase
gene (ScALDH21) from a desiccation-tolerant desert moss Syntrichia caninervis improved
salt and drought stress in tobacco and cotton [15–17]. Cotton overexpressing ScALDH21
lines exhibited improved physiological and morphological parameters, especially higher
peroxidase (POD) and lower malondialdehyde (MDA), which are key indices in the reduc-
tion of reactive oxygen species and lipid peroxidation [16,18]. This result indicated that
overexpression of ScALDH21 acts as a ROS scavenger. Previous studies were carried out in
northern Xinjiang under 30%- and 50%-reduced flood and drip irrigation, respectively [18].
However, to deeply understand the drought tolerance ability of transgenic cotton, plants
must be evaluated under various levels of deficit irrigation managements. The output of
experimental results could be useful for agriculture in arid land [19,20].

Cotton (G. hirsutum L.) is a crop that is adaptable to limited water conditions and
can maintain yields under some limited water conditions [21,22]. China is a major cotton-
producing country with approximately 25% of global annual fiber production, and cotton
is economically the most important crop in Xinjiang Uyghur Autonomous Region, pri-
marily in southern Xinjiang where it encompasses over one-third of the total agricultural
acreage [23]. Southern Xinjiang is characterized by a warm climate with 11.4 ◦C average
temperature and 49 mm average yearly precipitation, and the soils are loam alluvial [24–26].
The Southern Xinjiang Plain is an arid region with higher evaporation, low groundwa-
ter levels, sandy soils, and severe soil salinization [24,27]. Therefore, cotton in southern
Xinjiang suffers from low germination rates, low survival rates, and reduced yield [28].
Auto-irrigation systems will prompt agriculture development. Decision Support System
for Irrigation Scheduling (DSSIS) employs the root zone water quality model (RZWQM2),
which is based on the prediction of plant water stresses and soil humidity [29–31]. It is
developed by co-author and will be used to test our cultured cotton line.

The main objectives of this study were to confirm whether ScALDH21 transgenic
cotton has an advantage over plants in a desert-oasis ecotone compared with NT cotton,
even under different irrigation conditions. Additionally, we want to provide the best
irrigation strategies for optimal water-saving and yield output in the water scared desert-
oasis zone. Zhu et al. reported that some cotton lines improved cotton yield in some areas
but not in all the cotton planting lands [1]. Therefore, the planting cotton lines and the
irrigation strategy is an important factor in assessing the efficacy of transgenic events in
cotton, especially in Xinjiang cotton lands with climatic diversity.

2. Materials and Methods
2.1. Plant Material and Field Experiment Design

In this study, we employed three irrigation schedules: DSSIS forecast (F), soil moisture
sensor (S), and experience irrigation (E). There were two irrigation amounts, full (FI)
and deficit (DI, 75% of full) irrigation, during 2016–2018. Thus, the experiment laid out
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consisted of three irrigation scheduling and two irrigation levels, forming a total of six
treatments [32–34]. The volume of irrigated water and date of application was controlled
by a computer system (Figure 1, Supplementary Table S1).

Figure 1. An illustration of differential irrigation experiments and applied different irrigation amounts in the field trial.
(A) Layout of the experimental plots. (B) Illustration of field hole designs. The bottom of each hole was sealed with
waterproof polyethylene film. (C) Full irrigation of forecast (FFI), soil moisture (SFI), and flood irrigation based on
evapotranspiration estimates (EFI) models and were used to create their deficit irrigations as DFI, SDI, and EDI, respectively
by delivering approximately 25% less water. Irrigation volume numbers depicted in the figure represent average numbers
of treatments for three years.

The experiments were conducted over three years in the south of Xinjiang, in 2016,
2017, and 2018, and were initiated in the middle of April and completed by late October.
Two independent ScALDH21 transgenic cotton (TC) lines, L16 and L38, which were ob-
tained from our previous research, and the cultivar ‘Xin Nong Mian 1′ as a NT plant were
directly sown [16]. Four row-replicates were used for each genotype per experimental plot
reflecting usual plant sowing strategy with a density of approximately 150,000 individuals
per hectare, representing 90 plants per row. Each experimental plot was 10.0 m in length,
6.0 m in width, and 1.5 m in depth. The complete plot, bottom, and sides were sealed with
waterproof polyethylene lining to avoid water exchange between plots and between under-
ground soils (Figure 1). Sheep manure was applied at planting at a rate of 240 kg N ha−1,
and fertilizer supplemented throughout the growing season according to plant growth and
fertilizer uptake estimated through experience. All other management practices, including
herbicide, were administered at times and levels that replicated common practice in the
area [27].
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2.2. Study Sites

The experimental sites were located at the Cele Station (37◦00′57′ ′ N, 80◦43′45′ ′ E), in
the central portion of the southern rim of the Tarim Basin and at the southern margin of the
Taklimakan Desert, in the Xinjiang Uyghur Autonomous Region, Northwest China. The
Cele Oasis region has a typical warm temperate continental desert climate for the center
of the Eurasian continent. Average annual precipitation is less than 50 mm, but annual
potential evaporation is more than 2600 mm [24,35]. The Qira oasis has a long frost-free
period (210 days) with available sunshine days exceeding 60% [36]. The region has an
average annual temperature of 11.9 ◦C with large diurnal temperature fluctuations in the
Cele desert oasis (Figure 2). The soil of the main type of surface soil in the oasis farmland
is classified as sandy loam soil (classification standard defined by USDA) [37]. The high
potential evaporation capacity and limited precipitation leads to low soil moisture contents
and thus is considered an extremely arid region.

Figure 2. Monthly maximum and minimum temperatures, and precipitation for 2016, 2017, and
2018 at Cele Oasis of Tarim Basin of the Taklamakan Desert, Xinjian, China. Source: Centre for
Hydrometeorological station at Cele.

2.3. Physiological Measurements

Chlorophyll content of the fourth leaf from the apical meristem at the flowering stage
was recorded using SPAD-502 chlorophyll meter (Konica Minolta Ltd., Osaka, Japan) in
2017 and 2018. To assess the photosynthetic performance of plants under drought treat-
ments, photosynthetic parameters were measured using the Licor Li-6400 photosynthesis
system (LI-COR Biosciences Ltd., Lincoln, NE, USA) at 1500 µmolm−2s−1 light intensity
(light source, of which provided by the machine), with 400 ppm of CO2 concentration, and
airflow rate of 500 µmol s−1. Measurements were taken from the third fully expanded intact
leaf of each plant. Transpiration rates were also assessed using the Li-6400 photosynthesis
system. Measurements were carried out in the morning from 09:00 to 11:00 a.m. Eight
readings were taken for each plant. Measurements were taken at flowering stages during
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the growing seasons in 2017 and 2018. Instantaneous water use efficiency (IWUE, photo-
synthesis WUE, µmol CO2/mmol H2O) was calculated by the dividing net photosynthetic
rate by the transpiration rate.

2.4. Phenotypic Measurements

Plant height and leaf area were measured at the flowering stages at 80 or 90 day after
sowing (DAS) for the three years. Leaf area measurements was taken using a Scan meter
(Zhongjing Company, Shanghai, China) and leaf area was estimated by image analysis
with Image J software. The number of bolls was also recorded at these stages.

At harvest, bolls from each row of plants were separately harvested manually. The cot-
ton yield per hectare, lint percentage, seed yield and cotton yield per plant were recorded
during the two years. Five fiber quality parameters, fiber length, uniformity index, micron-
aire value, elongation, and specific breaking strength were evaluated by the Test Center for
Cotton Quality, Ministry of Agriculture of China. All above-mentioned parameters were
measured by using a Zellweger Uster model 9000 High Volume Instrument (HVI, Charlotte,
NC, USA) in 2017 and 2018. The correlation between cotton yield and irrigation water was
evaluated as the overall WUE (as defined as equal to the ratio of cotton yield/cubic meters
of irrigation water used) in the three years.

2.5. Statistics Analysis

To evaluate the effects of different treatments on net photosynthesis rate, IWUE, cotton
yield, and fiber quality, and other traits, the data were recorded as the mean (±SE) of
four replications for each treatment. The differences between treatments were assessed by
ANOVA using SPSS software (v17.0) with Duncan’s multiple range tests (MRT) at p < 0.05
significance level. We also analyzed all 3 years of data together using a mixed model. All of
the figures were created using SigmaPlot 10.0 version graphing software Systat (Chicago,
IL, USA). The 3-way ANOVA was used to analyze their interaction influence of 3 varieties,
3 irrigation scheduling methods, and 2 irrigation levels on cotton growth and yield.

3. Results
3.1. Effects of Different Water Deficiency Treatments on Plant Growth and Development

In general, vegetative growth parameters, plant height, and leaf area were signifi-
cantly affected by the individual irrigation level and scheduling (Figure 3, Supplementary
Table S3), but the differences did not significantly vary in each year despite the different
annual precipitation (Figure 2, Supplementary Table S3). Within each irrigation treatment
the TC, and in particular L16, grew significantly higher than the NT controls from 2016 to
2018. Similar significant increases were concluded in the leaf area (Figure 3, Supplementary
Table S3). Interestingly, the leaf area of NT was dramatically reduced under SDI in all years
(Figure 3, Supplementary Table S3) but no differences were observed in the TC. Overall,
TC lines grow better than NT cotton under the all irrigation treatments, and the SDI is not
a good method for cotton culture (Figure 3, p < 0.05).
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Figure 3. Plant height and leaf area for each irrigation treatment in 2016, 2017, and 2018 (Supplemen-
tary Table S3) with mixed model analysis. Full forecast irrigation (FFI); 75% of full forecast irrigation
(FDI); full soil moisture irrigation (SFI); 75% of full soil moisture irrigation (SDI); full flood irrigation
(EFI); 75% of full flood irrigation (EDI). Different letters indicate significant differences between
transgenic lines and NT following Duncan’s multiple range tests at the 5% level of significance.

3.2. Effects of Irrigation Treatments on the Chlorophyll Content (SPAD Value) and Net
Photosynthetic Rate of Cotton

The net photosynthetic rate, chlorophyll content, and IWUE of each cotton line at the
flowering stage with different irrigation treatments are presented in Figure 4. The SPAD
values were increased in TC either in 2017 or 2018 (Figure 4, Supplementary Table S3). Line
L16 significantly compared to L38 or NT, especially under SDI treatment. Photosynthetic
rates of TC were not significantly different with regards to the irrigation treatment and L16
exhibited a consistent and significant increase above those of the NT control, especially in
2017. The photosynthetic WUE measurements, however, were affected by the irrigation
treatment with a significant decline in IWUE associated with the soil moisture irrigation
treatments (SFI and SDI) and a modest decline in EDI (Figure 4, Supplementary Table S3).
The irrigation treatments can be ranked as Forecast irrigation > Flood irrigation > Soil
moisture irrigation with regards to their efficacy in maintaining high IWUE values.
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Figure 4. Effects of treatments on the photosynthetic rate, chlorophyll content and IWUE of cotton in
July 2017 and 2018. Full forecast irrigation (FFI); 75% of full forecast irrigation (FDI); full soil moisture
irrigation (SFI); 75% of full soil moisture irrigation (SDI); full flood irrigation (EFI); 75% of full flood
irrigation (EDI). Different letters indicate significant differences between transgenic lines and NT
following Duncan’s multiple range tests at the 5% level of significance.

3.3. Cotton Yield Components and WUE

The results of cotton yield traits and WUE in the three years are summarized in Table 1
and Figure 5.



Agronomy 2021, 11, 1019 8 of 17

Table 1. Cotton yield components from plants exposed to different irrigation treatments in 2017 and 2018 seasons.

I L

2017 2018

Seed Yield
(kg ha−1) Lint % SCY

(g Plant−1)
Lint Yield
(kg ha−1)

Seed Yield
(kg ha−1) Lint % SCY

(g Plant−1)
Lint Yield
(kg ha−1)

FFI
NT 1610 ± 77e 41.59 ± 0.19abc 19.60 ± 0.48g 1119 ± 53e 1748 ± 141gh 41.92 ± 0.88bc 32.02 ± 1.66i 1246 ± 84gh
L16 3221 ± 153a 41.81 ± 0.14abc 41.00 ± 1.00a 2239 ± 107a 3535 ± 52a 43.94 ± 0.93abc 47.72 ± 0.15c 2478 ± 55a
L38 1982 ± 94cd 43.57 ± 0.17ab 28.52 ± 0.70e 1378 ± 66cd 2674 ± 13c 43.75 ± 1.54abc 41.94 ± 0.03def 1956 ± 25b

FDI
NT 1610 ± 77e 41.04 ± 1.21abc 24.23 ± 0.59f 1119 ± 53e 1765 ± 60gh 40.07 ± 2.43c 40.61 ± 0.29efg 1262 ± 11gh
L16 2106 ± 100bc 44.96 ± 0.35a 28.10 ± 0.69e 1464 ± 70bc 2902 ± 53b 42.61 ± 0.57bc 56.69 ± 0.26a 2021 ± 38b
L38 2230 ± 106bc 42.18 ± 0.58abc 41.00 ± 1.00a 1550 ± 74bc 2403 ± 15cd 41.19 ± 0.45c 55.99 ± 0.37ab 1468 ± 14f

SFI
NT 1239 ± 59fg 41.25 ± 0.35abc 24.12 ± 0.59f 861 ± 41fg 1579 ± 20h 40.65 ± 1.34c 27.54 ± 0.05j 1114 ± 13h
L16 1735 ± 83de 41.49 ± 0.97abc 33.76 ± 0.82c 1205 ± 57de 2366 ± 84cd 43.17 ± 2.20abc 39.43 ± 0.54gh 1624 ± 24cde
L38 2354 ± 112b 44.29 ± 2.04a 40.57 ± 0.99a 1636 ± 78b 2293 ± 41d 47.81 ± 2.24a 46.55 ± 0.20c 1606 ± 55def

SDI
NT 805 ± 38h 39.47 ± 0.99c 12.45 ± 0.30i 560 ± 27h 1004 ± 12i 40.04 ± 0.65c 18.49 ± 0.20l 734 ± 15i
L16 1611 ± 77e 41.75 ± 0.15abc 25.63 ± 0.63f 1119 ± 53e 1625 ± 29gh 39.21 ± 2.88c 21.20 ± 0.02k 1144 ± 9h
L38 1487 ± 71ef 41.70 ± 0.02abc 31.14 ± 0.76d 1033 ± 49ef 1823 ± 49fg 41.74 ± 1.43bc 27.48 ± 0.59j 1311 ± 44g

EFI
NT 991 ± 47gh 39.70 ± 0.49bc 16.57 ± 0.40h 689 ± 74gh 2430 ± 92cd 39.37 ± 2.71c 37.69 ± 0.97h 1737 ± 45cd
L16 2230 ± 106bc 43.09 ± 0.19abc 36.53 ± 0.89b 1550 ± 33bc 2179 ± 25e 42.05 ± 0.77bc 43.21 ± 0.27d 1591 ± 11ef
L38 1982 ± 94cd 43.79 ± 0.03a 36.85 ± 0.90b 1378 ± 66cd 2552 ± 40c 43.29 ± 0.38abc 40.18 ± 0.20fg 1916 ± 36b

EDI
NT 867 ± 47h 39.60 ± 0.14bc 16.49 ± 0.40h 603 ± 29h 1572 ± 179h 38.73 ± 2.43c 30.61 ± 2.38i 1159 ± 110h
L16 1982 ± 94cd 42.86 ± 0.51abc 28.28 ± 0.69e 1378 ± 66cd 2196 ± 51de 41.65 ± 1.75bc 42.58 ± 0.34de 1523 ± 26ef
L38 991 ± 41g 41.18 ± 1.28abc 20.00 ± 0.49g 689 ± 33gh 2007 ± 10ef 38.96 ± 1.92c 53.82 ± 0.18b 1769 ± 17c

I, Irrigation protocols; L, cotton lines; SCY, Seed cotton yield; Different letters indicate significant differences (at the 5% level) between transgenic lines and NT. Different letters indicate significant differences
between transgenic lines and NT following Duncan’s multiple range tests at the 5% level.
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Figure 5. Effects of different treatments on boll number, cotton yield and WUE in 2016, 2017, and
2018. Full forecast irrigation (FFI); 75% of full forecast irrigation (FDI); full soil moisture irrigation
(SFI); 75% of full soil moisture irrigation (SDI); full flood irrigation (EFI); 75% of full flood irrigation
(EDI). Different letters indicate significant differences between transgenic lines and NT following
Duncan’s multiple range tests at the 5% level of significance.

A number of bolls that highly depends on the number of pollinated flowers was signifi-
cantly changed. Results indicated that the number of bolls per plant increased in all transgenic
lines compared to NT under the different water treatments (Figure 5, Supplementary Table
S3). Again, L16 demonstrated a significant higher boll number compared with NT in FFI, SFI,
and EDI treatments, and L38 increased in FFI and SFI treatments.

Consistent with boll number per plant, the cotton yield per hectare, fiber yield per
hectare, and the cotton yield per plant were significantly increased in the transgenic lines
compared with that in NT under each irrigation treatment (Figure 5, Table 1, Supplementary
Table S3). Average seed yield for all treatment was ~68% (varied from 14% to 128%) and
~41% (varied from −10% to 102%) in 2017 and 2018, respectively (Table 1).
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The cotton yield not only varied among treatments but also for different years. The
lowest cotton yield was obtained under SDI treatment for all years (Figure 5) and the NT
line consistently exhibited lower cotton yield than other lines across the three years in all
treatments. Consistently, the bolls number and cotton yield of TC were decreased in all
deficit irrigation conditions compared to full irrigations but were higher compared to NT
plants in all irrigations (Figure 5).

Cotton yield is the most important index in the cotton breeding field. The averaged
value of cotton yield of two TC demonstrated a significant increase of up to 58.7% with
respect to NT plants over three growing seasons (Table 2). The cotton yield of transgenic
lines treated under FFI increased by 61.5%, 73.6%, and 37.6% in 2016, 2017, and 2018,
compared with that of NT respectively. Similar increases were observed in FDI (34.6%,
48.7%, and 46.8%), SFI (65%, 47.7%, and 49.1%), SDI treatment (92.3%, 67.5%, 90.2%), EFI
(112.5%, 16.1%, 66.5%), and EDI treatment (71.4%, 38.1%, 37.2%) compared to NT (Table 2).
Moreover, the yield increases of transgenic lines were highest in SDI (92.3%, 67.5%, and
90.2% in 2016, 2017, and 2018, respectively) compared to NT plants. The average data of
transgenic lines from the three years in SDI shows the greater increase in cotton yield with
a smaller deviation (83.5% ± 14.0).

Table 2. Percentage changes of cotton yield with respect to NT in each irrigation (%).

2016 2017 2018 Average ± SD
Irrigation L16 L38 Mean L16 L38 Mean L16 L38 Mean

FFI 100 23.0 61.5 95.6 51.6 73.6 18.0 57.2 37.6 57.0 ± 18.3
FDI 30.7 38.5 34.6 61. 36.5 48.7 29.5 64.1 46.8 43.4 ± 7.7
SFI 40 90.0 65.0 49.8 45.7 47.7 59.1 39.1 49.1 54.0 ± 9.6
SDI 100 84.6 92.3 57.4 77.5 67.5 69.4 112.1 90.2 83.5 ± 14.0
EFI 125 100.0 112.5 19.1 13.1 16.1 74.8 57.7 66.3 65.0 ± 48.2
EDI 128.5 14.3 71.4 42.7 33.4 38.1 47.3 27.1 37.2 49.0 ± 19.5

Average 87.4 58.4 72.9 54.3 43.0 48.6 49.7 59.6 54.5 58.7 ± 12.9

SD, Standard deviation. FFI, Full forecast irrigation; FDI, deficit forecast irrigation; SFI, full soil moisture irrigation; SDI, deficit soil moisture
irrigation; EFI, full flood irrigation; EDI, deficit flood irrigation.

The relationship between yield and crop water usage calculated as overall WUE is
presented in Figure 5. The EI treatment clearly delivered more water used under both full
(EFI, 547 mm) and deficit (EDI, 409 mm) than either the FI (FFI, 385 mm, and FDI, 288 mm)
or SI (SFI, 254 mm, and SDI, 186 mm) treatments (Figure 1A). WUE was higher in both
transgenic lines in each year compared with NT. Generally, high WUE was observed in
the forecast and soil-moisture irrigations but flood irrigation treatment leads to the lowest
WUE values. Summarily, the overall WUE of transgenic lines for all treatments increased
by 59.6% than NT did.

Overall, through the mixed model analysis, we found that cotton line always has
significantly effect on plant phenotype, physiology and yield components (p < 0.05 or
p < 0.01) (Table 3). Similarly to the results of 3-way ANOVA analysis, cotton line and
irrigation scheduling significantly influenced cotton growth and development separately.
At the same time, the significant interaction effect is irrigation scheduling × irrigation
levels (Table 3; Supplementary Table S2).
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Table 3. The results of the linear mixed effects model testing the effects of irrigation scheduling and levels, and cotton
lines on cotton phenotype, physiology, and yield. Two and three-way interactions are shown in the model. The source of
variation from 3 years of data is analysed via mixed model.

Source of
Variation

F and
P

Plant
Height

Leaf
Area

Photo-
Synthesis IWUE

Chloro-
Phyll

Content

Boll
Number
per Plant

Cotton
Yield WUE

Irrigation
schedule

F 40.204 29.167 4.246 34.191 22.495 5.229 15.555 22.829
P <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.001 <0.001

Cotton lines
F 52.508 25.101 10.391 4.193 39.762 12.780 15.591 19.122
P <0.001 <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.001

Irrigation level F 11.564 2.234 1.296 3.153 21.138 4.434 7.918 0.464
P <0.001 0.137 0.256 0.077 <0.001 <0.05 <0.001 0.497

IS × CL
F 4.941 1.442 0.843 0.422 2.896 0.730 0.973 2.127
P <0.001 0.222 0.499 0.793 <0.05 0.572 0.424 0.080

IS × IL
F 13.117 9.702 1.088 4.534 4.190 11.155 6.976 4.243
P <0.001 <0.001 0.338 <0.05 <0.05 <0.001 <0.001 <0.05

CL × IL
F 9.428 0.964 4.904 0.089 1.357 0.455 1.327 1.086
P <0.001 0.383 <0.001 0.915 0.232 0.635 0.268 0.340

IS × CL × IL
F 2.475 1.993 0.942 1.502 22.495 2.579 0.498 0.677
P <0.05 0.097 0.440 0.201 <0.001 <0.05 0.737 0.609

IS: Irrigation Schedule; CL: Cotton Lines; IL: Irrigation level. Significant (p < 0.05 or < 0.01) effects are given in bold.

3.4. Effect of Irrigation Water Management on Fiber Quality

The influence of irrigation treatments on the quality of cotton fibers from the NT
and transgenic cotton grown in 2017 and 2018 is summarized in Table 4. In general, the
irrigation treatments had little effect on fiber quality. However, the transgenic line L16
consistently developed longer fibers than either the NT or L38 transgenic lines under each
irrigation treatment. Compared to the NT control, the fiber length of the L16 transgenic
line increased approximately 4.0% in FFI, 6.3% in FDI, 4.5% in SFI, 7.6% in SDI, 5.8% in EFI,
and 3.1% in EDI. Fiber elongation was increased in transgenic lines. The fiber strength also
increased in transgenics under each irrigation treatment. Fiber uniformity and micronaire
parameters were not substantially different among genotypes.

3.5. Multifactorial Analysis of Cotton Lines, Irrigation Levels and Irrigation Protocols on
Cotton Performance

Multifactorial analysis of variances of interaction indicated that plant genotypes (NT,
L16, L38), irrigation levels (full, deficit), and irrigation protocols (EI, FI, and SI) differently
influenced cotton growth performance (Supplementary Table S2) in 2017 and 2018. Individ-
ual factors like cotton lines, irrigation level, and irrigation protocol significantly influenced
the plant height and seed yield in both years. Chlorophyll content was increased in 2017
especially for the L16 line in all treatments and in 2018 only for FFI and SDI (Figure 4). It
can also clearly be seen that the factor of the cotton line and irrigation protocol significantly
influenced the chlorophyll content (Supplementary Table S2). Mainly, the cotton develop-
ment index, containing plant height, leaf area, net photosynthetic rate, chlorophyll content,
cotton yield, seed yield, fiber yield, and fiber length were significantly influenced by cotton
line in both years. Therefore, cotton genotype is the main factor to influence plant growth
and development.
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Table 4. Fiber quality parameters under different irrigation treatments in 2017 and 2018.

IS Line
Fiber

Length
(mm)

Fiber
Uniformity (%) Micronaire

Fiber
Elongation

(%)

Fiber Strength
(cN. tex−1) Line

Fiber
Length
(mm)

Fiber
Uniformity

(%)
Micronaire

Fiber
Elongation

(%)

Fiber Strength
(cN. tex−1)

2017 2018

FFI
NT 30.3 ± 0.6cd 86.6 ± 1.1abc 5.1 ± 0.0ab 6.5 ± 0.4abc 26.75 ± 0.9c NT 28.2 ± 0.8 84.4 ± 0.9c 4.9 ± 0.3 8.5 ± 0.1bc 31.3 ± 1.6
L16 32.8 ± 0.3a 88.9 ± 0.0a 5.3 ± 0.1a 6.6 ± 0.1ab 30.65 ± 0.5ab L16 30.3 ± 0.6 86.5 ± 0.7ab 4.9 ± 0.6 8.6 ± 0.3bc 32.8 ± 1.4
L38 30.2 ± 0.0cd 87.2 ± 1.4abc 5.4 ± 0.2a 5.9 ± 0.0bc 29.50 ± 0.8ab L38 28.6 ± 0.3 85.8 ± 0.2b 5.4 ± 0.1 9.0 ± 0.1b 30.3 ± 0.9

FDI
NT 29.7 ± 0.3cd 85.4 ± 0.0c 5.2 ± 0.2a 6.3 ± 0.4abc 28.45 ± 0.5ab NT 27.3 ± 1.1 84.4 ± 0.5c 5.0 ± 0.4 8.8 ± 0.2b 30.6 ± 3.4
L16 32.1 ± 0.2ab 87.8 ± 0.2abc 5.3 ± 0.2a 6.4 ± 0.3abc 30.70 ± 0.9ab L16 29.5 ± 0.8 86.1 ± 0.6b 5.1 ± 0.1 10.23 ± 1.0a 30.6 ± 1.2
L38 31.0 ± 0.6bc 87.9 ± 0.4ab 5.0 ± 0.0ab 6.3 ± 0.3abc 29.50 ± 0.1ab L38 27.7 ± 0.5 85.3 ± 0.1bc 4.8 ± 0.1 10.1 ± 0.5a 31.5 ± 0.9

SFI
NT 30.0 ± 0.8cd 86.3 ± 0.8bc 4.6 ± 0.4ab 5.8 ± 0.2bc 29.45 ± 0.7ab NT 29.2 ± 1.1 85.6 ± 1.0bc 5.3 ± 0.3 8.0 ± 0.1c 29.9 ± 1.5
L16 32.5 ± 0.2a 88.1 ± 0.1ab 4.8 ± 0.4ab 6.3 ± 0.1abc 33.20 ± 0.1a L16 30.0 ± 0.3 86.2 ± 0.2b 4.5 ± 0.2 10.2 ± 0.2a 32.0 ± 1.0
L38 30.2 ± 0.3cd 87.5 ± 1.1abc 5.0 ± 0.1ab 7.0 ± 0.0a 30.30 ± 0.0ab L38 28.4 ± 0.4 85.1 ± 0.7c 5.4 ± 0.2 8.4 ± 0.5bc 28.4 ± 0.3

SDI
NT 29.0 ± 0.4d 86.1 ± 0.0bc 4.5 ± 0.0ab 6.1 ± 0.1bc 29.85 ± 2.2ab NT 29.0 ± 0.2 86.1 ± 0.0b 4.5 ± 0.0 6.1 ± 0.9d 29.8 ± 1.2
L16 32.8 ± 0.1a 87.9 ± 0.2ab 4.3 ± 0.0ab 6.3 ± 0.3abc 34.05 ± 1.1 a L16 29.6 ± 1.4 85.3 ± 0.5bc 4.7 ± 0.4 8.7 ± 0.6b 28.2 ± 0.8
L38 29.7 ± 0.3cd 87.0 ± 1.1abc 4.9 ± 0.0ab 6.3 ± 0.1abc 32.15 ± 1.8ab L38 29.3 ± 0.6 86.2 ± 0.2b 5.1 ± 0.1 8.9 ± 0.1b 29.1 ± 0.8

EFI
NT 29.7 ± 0.5cd 87.6 ± 0.6abc 4.3 ± 0.3ab 6.1 ± 0.1bc 30.10 ± 0.8ab NT 28.4 ± 0.7 85.1 ± 0.5c 5.2 ± 0.2 9.4 ± 0.2b 28.5 ± 0.5
L16 32.8 ± 0.4a 87.2 ± 0.9abc 4.4 ± 0.4ab 6.5 ± 0.3abc 31.75 ± 1.2ab L16 31.0 ± 0.5 87.7 ± 0.6a 5.3 ± 0.0 9.0 ± 0.3b 32.5 ± 0.9
L38 30.1 ± 0.3cd 87.1 ± 0.4abc 4.3 ± 0.0ab 5.7 ± 0.1c 29.10 ± 0.7ab L38 29.0 ± 0.8 86.6 ± 0.6ab 4.9 ± 0.4 9.2 ± 0.2b 29.3 ± 0.9

EDI
NT 30.6 ± 0.5c 87.3 ± 0.6abc 4.0 ± 0.0b 5.7 ± 0.1c 29.70 ± 1.0ab NT 29.2 ± 0.2 86.9 ± 0.3ab 5.2 ± 0.3 9.7 ± 0.3ab 32.1 ± 1.1
L16 32.4 ± 0.4a 87.4 ± 0.4abc 4.4 ± 0.1ab 6.3 ± 0.1abc 31.35 ± 1.2ab L16 30.3 ± 0.6 87.4 ± 0.2a 4.3 ± 0.4 10.7 ± 0.2a 30.6 ± 0.5
L38 30.7 ± 0.4c 86.8 ± 0.6abc 4.7 ± 0.2ab 6.6 ± 0.3ab 32.85 ± 0.3a L38 28.3 ± 0.5 85.8 ± 0.6b 5.4 ± 0.1 9.9 ± 0.2ab 31.7 ± 1.5

IS, Irrigation strategy. Different letters indicate significant differences between transgenic lines and NT in different water treatments following Duncan’s multiple range tests at the 5% level.
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4. Discussion

Over the last two decades, several works have demonstrated application of genes to
improve drought tolerance in crop plants, but few of them were successfully deployed in
production field operations [38,39]. The difficulty in commercializing promising genome
modified organisms is related to the complex environmental conditions for crop experiences
during field trials and later in production. Crop growth and yield are also influenced by
genetic factors as well and the transgenic activity can be reduced when transferred into
elite germplasm. Cotton expressing isopentenyl transferase, a gene involving in limitation
of cytokinin biosynthesis, displays an advantage over NT controls under water deficit
stress conditions, but not in all-cotton culture field. Therefore, in order to be successful in
agriculture, a transgenic plant must withstand several vigorous tests in different cotton
culture fields following the laboratory conditions [1].

Cotton performance and yield are highly dependent on genetic background and irri-
gation strategies. The result demonstrated that TC lines have better performance than NT,
although plant yield that could rely on soil, air humidity, and temperature [34,40,41]. In
this work, we examined drought tolerance potentiality of ScALDH21-overexpressing trans-
genic cotton in field stations in Southern Xinjiang, China, and a region that is considered a
desert-oasis ecotone with sandy loam soils. Plant traits of transgenic lines were compared
with NT control plants under different full and deficit irrigations with different irriga-
tion protocols. We found that the yield of the ScALDH21-transgenic lines outperformed
compared to NT plants under all the irrigation protocols during three growing seasons.
Current results combined with earlier findings from experiments performed in purple clay
loam soil sites located at Manas Experimental Station, northern Xinjiang indicated that
our transgenic cotton possesses better performance and was able to adapt to a wide cotton
culture environment [18]. Therefore, introducing foreign genes from xerophytic plants or
overexpressing particular genes of a cotton plant enhances its performance in water deficit
conditions and can improve crops [13,14,16].

The increased yields observed for the ScALDH21-transgenic cotton in comparison with
the NT could be attributable primarily to only minor increases in boll numbers (more in L16
for some treatments) (Figure 5; Table 1). However, transgenic lines demonstrated different
morphological phenotypes (Figures 3 and 4). It could be explained by a transgene being
integrated into eu- or heterochromatic regions of a chromosome or multiple insertions or
disrupting another functional gene. To avoid mutations arising from transgene insertion
into the genome, at least two independent transformed lines must be evaluated [42,43].
Although the transgenic lines have different performances, they were always outstanding
in experiment years compared to NT plants [15,18].

The yields from the ScALDH21-transgenic plants under well-watered conditions were
significantly elevated above the yield of NT plants indicating that ScALDH21 overexpres-
sion improves growth and development but does not lead to yield penalty as reported
earlier [18,44] and substantiated in the phenological assessments in this study. Among the
irrigation treatments, SDI resulted in the least amount of water applied to the crop (Figure
1) and led to severe drought for cotton. Even under these conditions, the ScALDH21-
transgenic line did not significantly change morphological and physiological traits com-
pared to transgenic lines growing in other irrigation protocols but outperformed NT plants.
These results add further evidence that in water-limited environments, as seen in desert-
oasis ecotone agriculture, ScALDH21-transgenic crops will deliver a yield advantage over
the cotton lines commonly used in production fields in these areas. This work has the
support from previous findings that the ScALDH21-transgenic improves drought tolerance
of green-house grown cotton [16] and leads to the conclusion that the ScALDH21 gene
has value as a biotechnological target for agriculture. The ScALDH21-transgenic cotton
overexpresses an ALDH21 gene from Syntrichia caninervis moss, an enzyme involved in
cellular responses to oxidative/electrophilic stress [15,16,45].

Reactive oxygen species (ROS) are quickly increased in response to biotic and abiotic
stresses and the enhanced levels cause oxidative cell damage resulting in toxic aldehydes,
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a product of lipid peroxidation [46,47]. Ectopic expression of ALDH in Arabidopsis demon-
strated lower ROS content with enhanced tolerance to abiotic stresses [48]. ScALDH21-
transgenic cotton displayed enhanced drought tolerance indicating that plants have lower
MDA content and higher POD activity which was shown by our earlier study [16]. Most
likely, overexpressing the ScALDH21 gene in cotton could act as an ‘aldehyde scavenger’
to enhance the cotton detoxification mechanism of aldehyde accumulation to avoid ex-
cessive ROS damage on photosynthesis and transpiration processes [49]. Crop yield is
positively correlated with the transpiration rate and leaf area [32]. Earlier and current works
showed that ectopic expression of ScALDH21 in cotton showed greater photosynthesis that
transgene might attenuate photosynthesis damage [18]. Moreover, fiber yield and quality
parameters were attributed to the transgene that led to increased cotton production with
effective WUE compared to NT. This clearly demonstrated that WUE were higher in TC
lines for all irrigation protocols indicating drought tolerance. In addition, it was reported
that overexpression of ALDH reduces membrane lipid peroxidation that prevents the
production of radical reactions involving in membrane polyunsaturated fatty acids. Fatty
acids are the main compound in the biosynthesis of cellular membrane lipids including
single-celled fibers [50]. Genes related to the biosynthesis of fatty acids were highly ex-
pressed in elongated fibers. Probably, overexpression ScALDH21 may assist in maintaining
single-celled fiber turgor. However, Kotchoni et al. showed that Arabidopsis overexpress-
ing ALDH genes diminished lipid peroxidation level during drought [48]. The reason for
cotton development better may be due to ALDH having a new function to balance the
growth and defenses via the expression amount and transcription regulation [45].

Irrigation is vitally important for arid and semi-arid lands for agricultural production
because of rainfall shortage. For example, for stable cotton harvesting, normal irrigation
above 600 mm during the vegetation period was enough in arid zones [23]. In the reports,
we designed the 75% experience deficit irrigation and less 600 mm different irrigation
strategies to save more irrigation water and keep cotton yield. In this study, the results
indicated that different irrigation methods and water inputs affected the cotton growth
and yield, and FI scheme based on RZWQM2 model Smart irrigation is the desired irri-
gation scheme for sustainable cotton production in the desert-oasis ecotone. The results
indicate that in the desert-oasis ecotone deficit irrigation schemes can be utilized, and in
combination with the use of ScALDH21-transgenic cotton, yields are sufficient for viable
and sustainable agriculture.

5. Conclusions

In summary, ScALDH21-transgenic cotton exhibits increased plant height, leaf area,
net photosynthesis rate, WUE, cotton yield, and good fiber quality. The transgenic cotton
can be cultivated in sandy loam soils, as evidenced in this report as well as purple clay loam
soils and performs better than the elite cotton ‘Xin Nong Mian 1’ (G. hirsutum) variety which
was used here as the NT. The performance of the ScALDH21-transgenic cotton is sufficiently
improved over the NT to be commercially useful under deficit irrigation that provides
a more sustainable cotton production in the desert-oasis ecotone. We assessed different
irrigation protocols and optimized irrigation modes with minimum water requirements
for ScALDH21-transgenic cotton that could be used in production agriculture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11051019/s1, Table S1: Date of irrigation and water volume (mm) for each irrigation
strategies used in this study. Table S2: The effects of irrigation level, plant material, irrigation method,
and their interaction on the characteristics of cotton phenotype in 2017 and in 2018. Table S3: Effects
of treatments on morphological, physiological and yield traits of cotton from three years.

https://www.mdpi.com/article/10.3390/agronomy11051019/s1
https://www.mdpi.com/article/10.3390/agronomy11051019/s1
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Abbreviations

NT Non-transgenic
TC Transgenic cotton
WUE Water use efficiency
IWUE Instantaneous water use efficiency
FFI Forecasted full irrigation
FDI Forecasted deficit irrigation
DSSIS-based Decision support system for irrigation scheduling
SFI Soil moisture sensor-based full irrigation
SDI Soil moisture sensor-based deficit irrigation
EFI Experience-based full irrigation
EDI Experience-based deficit irrigation
RZWQM2 Root zone water quality model
I Irrigation protocols
L Cotton lines
SCY Seed cotton yield
POD Peroxidase
MDA Malondialdehyde
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