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Abstract: Drought is the most important environmental factor inhibiting plant photosynthesis. In
this study, the morphological characteristics, biomass allocation, and physiological and biochemical
characteristics of four potted mulberry plants under drought stress were analyzed. The study revealed
the drought tolerance differences of four mulberry potted seedlings in semi-arid sandy areas of China.
Combined with the results of two-way ANOVA, under normal growth conditions, Shensang No. 1
and Ji’an grew well and produced higher benefits, which was attributed to their larger leaf areas,
biomass, and total Chl contents, and there were significant differences between their other traits
(p < 0.05). Drought stress led to a decrease in the photosynthetic capacity of the mulberry leaves,
and the drought resistance capabilities of the four mulberry trees were different. Among the trees,
Aerxiang and Fujia were less affected by drought, and their cultivation in a naturally arid environment
was able to achieve certain drought resistance effects. The branch length, total leaf area, and specific
leaf area were significantly differently correlated with the biomass components’ dry leaf weight, dry
branch weight, dry root weight, total biomass, and root-to-crown ratio (p < 0.05), and there was also a
significant positive correlation with the photosynthetic fluorescence parameters GS, PIABS, ABS/RC,
and TRo/RC and the biochemical parameters NSC (p < 0.05). Studies have shown that plant biomass
and physiological and biochemical characteristics jointly affect plant growth. Our research results
will help in the screening of mulberry trees, providing data support for the strategic planning of
subsequent breeding, and maximizing the quality and resource benefits of mulberry trees.

Keywords: drought stress; semi-arid sandy areas; photosynthesis; biomass; Morus spp.

1. Introduction

Plants cannot migrate from extreme environments as animals can; they tend to be
hit harder by extreme climates [1]. Drought is one of the main limiting factors in the
growth process of plants because cell expansion (the pressure exerted by a blocking liquid
on the cell wall) requires water, which hinders photosynthesis, respiration, and stomatal
movement, thus affecting plant growth and physiological metabolism [2,3]. In addition,
drought stress also leads to a decrease in the activity of PSII and PSI in photosystems [4],
resistance to photosynthetic electron transfer, and the accumulation of excess energy [5].
During stomatal regulation in plants, the photosynthetic products of leaves are the material
basis of plant growth, and the net photosynthetic rate reflects the material productivity
per unit of leaf area, which is a reliable indicator for measuring the production level of
plants. With stomatal closure, CO2 uptake decreases, net photosynthetic rate decreases,
plant productivity is consumed, fresh and dry weights are significantly reduced, and plants
gradually die [6,7]. The above process depends on the severity and duration of drought
and the developmental stage of the plant [8].
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Therefore, plants have strategies to prevent water loss, balance the optimal water
supply of all vital organs, maintain cellular water content, and survive dry periods. This
ability to sense water scarcity signals and initiate coping strategies to respond to drought
signals is defined as drought resistance [9]. The effect of stress on plant growth can be
measured by a decrease in a plant’s growth rate or a decrease in its biomass accumulation [2].
When plants are short of water, phenotypic changes such as reduced plant height, leaf
wilt, changes in leaf number and area, deformation of leaf chloroplast layer structure, and
decreased chlorophyll content can be observed [10]. As the main organ of plant assimilation
and transpiration, leaves are indicators that directly reflect the degree of water scarcity. A
change in leaf area directly affects the photosynthesis and yield of a plant, which is one
of the most easily observed characteristics of a plant under drought stress. Under stress
induction, the growth of specific organs is usually achieved by sacrificing the growth of
other parts of a plant. Therefore, in this case, the accumulation of whole plant biomass is a
better reflection of the overall effects of stress [2].

One of the direct responses of plants under drought stress is osmoregulation through
the accumulation of penetrants, which is an important way for plants to reduce osmotic
potential and resist under-water stress [11]. Plants tend to do this at the cellular level by
synthesizing and accumulating permeable molecules, such as soluble carbohydrates [12].
Among these, soluble sugars are involved in many metabolic processes in plant life and are
an important source of energy and carbon for living organisms. Starch is the dominant form
of unstructured carbon reservoirs and can be degraded into soluble sugars to maintain cell
swelling and provide osmotic protection for cells to withstand environmental stresses [13].
Accelerated starch degradation may be associated with higher drought tolerance. The
released sugars can act as osmomodulators to alleviate the adversity of abiotic stress [14].
The changes in plant osmoregulatory substances under drought stress are positively corre-
lated with plant stress resistance, but they have certain limitations, and osmoregulation
can only alleviate drought damage in plants to a certain extent. Long-drought resistance
behavior requires both stomatal regulation and biochemical physiological regulation, and
its efficiency, together with other factors, determines the drought tolerance of a plant.

As early as ancient China, many of the medicinal properties of Morus plants were
described in the Compendium of Materia Medica [15]. Today, as an important biological
resource, mulberry trees have formed a complete industrial chain in the fields of feed, food,
medicine, and health care [16], which provides employment opportunities for millions
of people in China. The genus Morus was found mainly in continental Asia, but also
in Europe, North and South America, and Africa [17]. Its perennial cultivation over a
wide geographical area is possible due to its high adaptability to various agroclimatic
conditions [18], and it is a pioneer species that can be developed and grown on marginal
lands [19]. To meet the growing economic and ecological needs of society, mulberry
cultivation is expanding into areas with extreme climates. Located on the southern edge
of China’s Horqin Sandy Land, Zhangwu County has concentrated precipitation from
June to August, an arid climate, perennial windiness, water scarcity, and low vegetation
coverage [20]. Here, seasonal or regional drought events can lead to decreases in mulberry
yields and deteriorated plant quality [21,22]. Therefore, it is important to study the drought-
resistant mechanisms of mulberry trees in semi-arid sandy areas.

In this study, the drought resistance of four mulberry trees, Aerxiang (ARX), Fujia (FJ),
Ji’an (JA), and Shensang 1 (SS), was evaluated by the pot method. Net photosynthetic rate,
transpiration, stomatal conductance, chlorophyll fluorescence parameters, soluble sugars
and starches, morphological parameters, and biomass were comprehensively measured
for each type of tree. The study of plant strategies to cope with drought stress can help us
make better use of scientific means to improve the adaptability of plants to water-scarce
environments, increase crop yields, and play a more important role. The systematic analysis
and summary of the differences in coping with the arid climate of these mulberry trees
further explore the drought-resistant characteristics of mulberry trees in semi-arid sandy
areas, which is expected to provide data support and a theoretical basis for the cultivation,



Forests 2023, 14, 949 3 of 15

improvement, and scientific promotion of mulberry germplasm resources in sandy areas in
the future.

2. Materials and Methods
2.1. Experimental Site

The study was conducted at the mulberry experiment site (122◦49′ E, 42◦35′ N) in
Zhangwu County, Fuxin City, which has an altitude of approximately 87.7 m, annual
average temperature of 7.2 ◦C, annual average sunshine hours of 2822.6 h, annual average
relative humidity of 61%, annual total precipitation of 464.9 mm, annual average rainfall
time of 44 days, annual average snowfall time of 8 days, and annual average wind speed
of 11.6 km/h. The rainfall is concentrated in July and August. The area has a temperate
monsoon climate, and southwesterly winds dominate throughout the year.

2.2. Experimental Design

Few mulberry cultivars are suitable for cultivation in northern China. In this study,
based on the climatic conditions of the semi-arid aeolian sandy area in northwest Liaoning,
the standard mulberry cultivar Shensang 1 (variety certified by Shenyang Agricultural
University, abbreviated as SS) and 3 mulberry genotypes were selected, including Aerxiang
(abbreviated ARX), Fujia (abbreviated FJ) and Ji’an (abbreviated JA). We pruned the above
four mulberry seedlings in December 2021. In the spring of 2022, these experimental
seedlings were bred from mulberry trees by grafting in Zhangwu County, Fuxin City. After
the grafted body healed, in mid-May, they were uniformly planted in plastic pots with
diameters of 26 cm and heights of 30 cm. The culture medium was aeolian sand soil from
a forest farm in Zhangwu County. Continuous drought treatments were applied to the
potted seedlings in July. A total of 32 pots of seedlings with relatively identical growth
statuses were selected as the control (recorded as CK, with a maximum water-holding
capacity of 28%) and severe drought stress samples (recorded as T, with a maximum water-
holding capacity of 10%), with four pots per treatment. The water-holding capacity of
the field was determined by the drying method to be 28%, which was used as the normal
growth condition for the mulberry seedlings. The soil water content (SWC) was monitored
daily with a soil moisture sensor, and the SWC was maintained at a set level by timely
replenishment. After differences were observed in the plants for each treatment, leaves
were selected from the same orientation and leaf position in the canopy of the plants on a
sunny morning from 9:00 to 11:00 a.m. for the measurement of each index.

2.3. Evaluation of Growth
2.3.1. Morphological and Biomass Indicators

The four mulberry seedlings are shown in Figure 1. The basal diameters of the
individual trees were measured using digital calipers (MCD-6CSX; Mitutoyo Co., Ltd.,
Kawasaki, Japan), and growth indicators such as plant height (PH) were measured with
a measuring tape. After the end of the natural drought stress, the whole seedlings were
harvested, and the branch lengths and total leaf areas were determined. The test seedlings
were dried to a constant weight in an 85 ◦C oven, and the biomass of each part, the specific
leaf area (SLA), and the root-to-crown ratio (RCR) were measured. The sum of the fresh
leaf weight (FLW), fresh shoot weight (FSW), and fresh root weight (FRW) was determined
to be the fresh biomass (FB, excluding the plant perennial stump bits), and the dry biomass
(DB) was estimated in the same way.

2.3.2. Photosynthetic and Chlorophyll Fluorescence

The photosynthetic parameters of the third (fully expanded) leaves of the experimental
seedling were measured from 9 to 11 a.m., with four experimental seedlings measurements
repeated per genotype. The leaf levels gas exchange parameters such as net photosynthetic
rate (Pn, µmol (CO2) m−2·s−1), stomatal conductance (Gs, mol m−2·s−1), transpiration
rate (Tr, mmol (H2O) m−2·s−1) and intrinsic water-use efficiency (IWUE, µmol (CO2)
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mmol−1 (H2O)) were measured using a Portable Photosynthesis System LI−6400 (LiCor
Inc., Lincoln, NE, USA).
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Figure 1. Images of four mulberry genotypes.

After dark adaptation for 30 min, using the third fully expanded functional leaves of
mulberry seedlings, the chlorophyll fluorescence parameters of the leaves were determined
by an OS−5P+ portable pulse-modulated chlorophyll fluorescence instrument, including
the PSII (the maximum photochemical efficiency (Fv/Fm)), the potential photochemical
activity of the PSII (Fv/Fo), the relative variable fluorescence (Vj) at 2 ms on the OJIP curve,
the initial slope (Mo) of the fluorescence rise, and the light energy absorbed per unit reaction
center (ABS/RC). The energy captured by the unit reaction center for reducing the QA
(TRo/RC), the energy captured by the unit reaction center for the electron transfer (ETo/RC),
and the energy dissipated by the unit reaction center (DIo/RC) were automatically provided
by the instrument.

2.3.3. Biochemical Indices

The dried leaf samples of the four mulberry seedlings were collected and ground into
a fine powder for biochemical evaluation. Soluble sugars, starches, and NSC were deter-
mined in triplicate by an anthrone colorimetric method using the dried leaf samples [23].
The fresh leaves of the four mulberry geneotypes were collected, and the absorbance
values of the 96% alcohol chlorophyll extracts at 665, 649, and 470 nm were determined
spectrophotometrically according to the method of Lichtenthaler and Wellburn [24]. The
three absorbance values (A665, A649, and A470) were substituted into the corresponding
equations to calculate the content of chlorophyll a (Chl a), chlorophyll b (Chl b), and total
chlorophyll (Chl [a + b]).

2.4. Statistical Analysis

There were four replicates analyzed in this study, and the data are expressed as the
means ± standard deviations. Analysis of variance (ANOVA) was used to evaluate the
statistical differences between the treatments and the varieties, and the least significant
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difference (LSD 0.05) test was used for the mean separation. Two-way ANOVA was used
to compare the mean differences in the morphological, physiological, and biochemical
parameters of the different varieties and water treatments. Principal component analysis
(PCA) was performed using Origin 2021 to assess the differences between the mulberry
trees. Based on the parameter test, SPSS 25 software (IBM Corp., Armonk, NY, USA)
was used for the statistical analysis, and p < 0.05 was determined to be the significant
difference level.

3. Results
3.1. Effects of Drought Stress on Photosynthetic Parameters

After the phenotypic differences were observed in the seedlings in the experimental
group under drought stress, the photosynthetic parameters of the four mulberry trees were
determined. As shown in Figure 2, drought stress significantly affected the photosynthetic
parameters of the mulberry trees, and the photosynthetic parameters of the mulberry trees
of the different genotypes changed. Under the field holding conditions, the Pn values of SS
and JA were significantly higher than those of ARX and FJ. The Pn values of SS, ARX, FJ, and
JA under drought decreased by 62.36%, 38.95%, 43.09%, and 45.27%, respectively, at which
point, the Pn value of SS (5.47 µmol·m−2s−1) was significantly the lowest and the Pn value of
ARX (8.32 µmol·m−2s−1) was significantly the highest. Under the field holding conditions,
the Tr values of SS and JA were significantly higher than those of ARX and FJ. The Tr
values of SS, ARX, FJ, and JA under drought decreased by 61.97%, 46.88%, 49.79%, and
50.40%, respectively. Among them, the Tr value of SS (1.79 mmol·m−2s−1) was significantly
the lowest while those of ARX (2.72 mmol·m−2s−1) and JA (3.12 mmol·m−2s−1) were
significantly higher. Under the field holding conditions, the Gs values of SS and JA were
significantly higher than those of ARX and FJ. The Gs values of SS, ARX, FJ, and JA under
drought decreased by 88.55%, 65.42%, 74.81%, and 77.90%, respectively, and the Gs value
of SS (0.06 mol·m−2s−1) was significantly the lowest while those of ARX (0.1 mol·m−2s−1)
and JA (0.08 mol·m−2s−1) were significantly higher. Under the field holding conditions,
there were no significant differences in the IWUE values of the four mulberry trees. The
IWUE values of SS, ARX, FJ, and JA under drought stress increased by 6.11%, 10.07%,
15.06%, and 8.80%, respectively, at which time, the IWUE value of SS (3.31 µmol·mmol−1)
was significantly higher.

3.2. Effects of Drought Stress on Fluorescence Parameters

Drought stress significantly affected the plants’ fluorescence parameters (Figure 3).
The Fv/Fm values of SS, ARX, FJ, and JA decreased by 17.55%, 11.19%, 12.37%, and 13.93%,
respectively. Under normal and arid conditions, there were no significant differences
between the four tree species. The PIABS values of SS, ARX, FJ, and JA decreased by 62.97%,
46.65%, 55.97%, and 59.57%, respectively. Under normal growth conditions, the PIABS
values of SS were significantly higher than those of the others, and the PIABS values of FJ
and JA were significantly lower than those of the others after drought stress. The Fv/Fo
values of SS, ARX, FJ, and JA were decreased by 42.77%, 29.35%, 32.77%, and 31.59%,
respectively. Under normal and arid conditions, there were no significant differences
between the four mulberry genotypes.

The Vj values of SS, ARX, FJ, and JA increased by 14.17%, 9.09%, 12.53%, and 13.46%,
respectively. Under normal and arid conditions, the Vj value of SS was minimal and that
of FJ was maximal (Figure 4). The Mo values of SS, ARX, FJ, and JA increased by 25.04%,
11.92%, 16.45%, and 18.31%, respectively. Under normal and arid conditions, the Mo values
of ARX were minimal and those of FJ were maximal.
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Figure 2. Photosynthetic rate (Pn, (A)), transpiration rate (Tr, (B)), stomatal conductance (Gs, (C)),
and intrinsic water use efficiency (IWUE, (D)) of the four mulberry genotypes. Uppercase let-
ters indicate significant differences between different mulberry genotypes under normal watering
(p < 0.05), lowercase letters indicate significant differences between different mulberry genotypes
after drought (p < 0.05), * indicate significant differences between the same genotypes before and
after drought stress (p < 0.05).

The ABS/RC values of SS, ARX, FJ, and JA increased by 42.76%, 28.52%, 30.64%, and
42.76%, respectively. Under normal growth conditions, the ABS/RC values of ARX and
JA were significantly lower than those of the others, and the ABS/RC value of SS was
significantly higher than that of the others after drought stress. The TRo/RC values of
SS, ARX, FJ, and JA increased by 32.46%, 18.8%, 26.31%, and 45.7%, respectively. Under
normal growth conditions, the TRo/RC values of ARX were significantly lower than those
of others, and the TRo/RC values of SS and JA were significantly higher than those of the
others after drought stress. The ETo/RC values of SS, ARX, FJ, and JA increased by 25.39%,
21.08%, 23.79%, and 36.54%, respectively. Under normal growth conditions, the ETo/RC
values of JA were significantly lower than those of others, and the ETo/RC values of SS
were significantly higher than those of others after drought stress (Figure 5).

3.3. Effects of Drought Stress on Biochemical Composition

As shown in Table 1, the soluble sugar contents of SS, ARX, FJ, and JA under drought
stress increased significantly by 5.00%, 13.52%, 9.00%, and 16.53%, respectively. The soluble
sugar content of JA under normal growth conditions and drought stress was significantly
higher than that of the other mulberry trees, and the soluble sugar content of ARX was
significantly lower than that of the other mulberry trees. The starch contents of SS, FJ, and
JA under drought decreased significantly by 43.28%, 15.13%, and 12.64%, respectively. The
starch content of ARX increased significantly by 7.71%. Under normal growth conditions,
the starch content of SS was significantly higher than that of the other mulberry trees,
and the starch content of ARX after drought stress was significantly higher than that of
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the other mulberry trees. The NSC values of SS, FJ, and JA under drought decreased
significantly by 22.04%, 2.31, and 1.23%, respectively, and the NSC values of ARX increased
by 9.98%. Under normal conditions, the NSC values were significantly higher for SS. The
total chlorophyll content (Chl[a + b]) of SS, ARX, FJ, and JA decreased significantly by
35.74%, 19.76%, 19.81%, and 27.58%, respectively. Under normal growth conditions, SS
had the significantly the greatest total chlorophyll content. After drought stress, the total
chlorophyll content of ARX was significantly the largest, and the total chlorophyll content
of JA was significantly the lowest.
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Figure 3. Maximum photochemical efficiency (Fv/Fm, (A)), performance index on absorption basis
(PIABS, (B)), and potential activities (Fv/Fo, (C)) in leaves of mulberry genotypes under drought stress.
Uppercase letters indicate significant differences between different mulberry genotypes under normal
watering (p < 0.05), lowercase letters indicate significant differences between different mulberry
genotypes after drought (p < 0.05), * indicate significant differences between the same genotypes
before and after drought stress (p < 0.05).
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after drought stress (p < 0.05).
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Figure 5. ABS/RC (A), ETo/RC (B), and TRo/RC (C) in leaves of mulberry genotypes under drought
stress. Uppercase letters indicate significant differences between different mulberry genotypes
under normal watering (p < 0.05), lowercase letters indicate significant differences between different
mulberry genotypes after drought (p < 0.05), * indicate significant differences between the same
genotypes before and after drought stress (p < 0.05).

Table 1. Soluble sugar, starch, NSC, and total chlorophyll content (Chl[a + b]) of four mulberry
genotypes.

Genotypes Soluble Sugar
(mg·g−1) Starch (mg·g−1) NSC (mg·g−1) Chl (a + b)

(mg·g−1)

SS
CK 68.03 ± 1.02 B 86.65 ± 1.16 B * 154.68 ± 1.68 A * 2.40 ± 0.04 A*
T 71.43 ± 0.43 c 49.15 ± 1.03 c 120.58 ± 0.76 c 1.54 ± 0.10 a

ARX
CK 48.28 ± 0.44 C * 75.51 ± 2.17 C 123.79 ± 2.43 C * 2.11 ± 0.03 B *
T 54.81 ± 1.13 d 81.33 ± 1.63 d 136.14 ± 2.46 ab 1.69 ± 0.07 a

FJ
CK 69.16 ± 0.56 B * 61.02 ± 1.31 B * 130.18 ± 1.57 C 1.83 ± 0.09 C *
T 75.38 ± 0.49 b 51.79 ± 1.82 b 127.18 ± 2.19 bc 1.47 ± 0.01 a

JA
CK 77.44 ± 1.96 A * 64.24 ± 0.88 A * 141.68 ± 1.73 B 1.98 ± 0.12 BC *
T 90.25 ± 0.80 a 49.70 ± 2.41 a 139.94 ± 3.13 a 1.43 ± 0.10 a

C * * * *
W * * * *

C ×W * * * *
Results are expressed as mean ± standard deviation (n = 4). Abbreviations: SS, Shensang 1; ARX, Aerxiang; FJ,
Fujia; JA, Ji’an. Uppercase letters indicate significant differences between different mulberry genotypes under
normal watering (p < 0.05), lowercase letters indicate significant differences between different mulberry genotypes
after drought (p < 0.05), * indicate significant differences between the same genotypes before and after drought
stress (p < 0.05).

3.4. Effects of Drought Stress on Biomass

Drought stress significantly affected the biomass of the mulberry trees (Table 2). After
stress, the biomass of each organ of the four mulberry trees decreased to varying degrees.
Among them, the proportion of root biomass in the four mulberry genotypes showed an
upward trend. Under the field water holding conditions, the BL (78 ± 1.15 cm), DBW
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(7.41 ± 0.53 g), DRW (51.83 ± 2.5 g), and TB (65.01 ± 3.31 g) of SS were significantly higher
than those of the others. The TLA (1402.25 ± 53.91 cm2) and DLW (10.44 ± 0.21 g) of
JA were significantly larger than those of the others. The RCR of ARX (4.14 ± 0.25) was
significantly higher than that of the others. The SLA of FJ (146.19 ± 2.49) was significantly
higher than that of the others. After drought stress, the TLA, DLW, DBW, DRW, and TB of
JA and SS decreased the most. The RCR of SS decreased the most. The SLA of JA decreased
the most.

Table 2. Biomass allocation of four mulberry genotypes under drought stress.

Genotypes Morphology Traits Distribution of Biomass
BL TLA SLA DLW DBW DRW TB RCR

SS
CK 78 ± 1.15 A 1034.93 ± 54.24 B 125.89 ± 1.63 B 8.21 ± 0.33 B 7.41 ± 0.53 A 51.83 ± 2.5 A 65.01 ± 3.31 A 3.23 ± 0.06 B
T 58 ± 1.15 a 415.08 ± 16.12 b 127.25 ± 5.33 a 3.47 ± 0.3 b 4.65 ± 0.41 a 31.25 ± 4.16 a 39.37 ± 4.87 a 3.82 ± 0.19 ab

ARX
CK 44.33 ± 3.18 B 620.18 ± 11.1 C 131.97 ± 4.81 B 4.72 ± 0.24 C 2.56 ± 0.08 C 30.25 ± 3.15 C 37.52 ± 3.47 C 4.14 ± 0.25 A
T 32.33 ± 1.45 c 405.42 ± 11.51 b 111.71 ± 3.04 bc 3.63 ± 0.13 b 1.71 ± 0.18 bc 20.86 ± 1.43 bc 26.2 ± 1.7 bc 3.9 ± 0.1 a

FJ CK 52 ± 3.46 B 1137.38 ± 65.15 B 146.19 ± 2.49 A 7.8 ± 0.58 B 4.34 ± 0.36 B 39.72 ± 2.12 B 51.86 ± 3.03 B 3.28 ± 0.07 B
T 39 ± 1.53 b 586.93 ± 25.06 a 125.73 ± 5.86 ab 4.69 ± 0.34 a 2.86 ± 0.38 b 27.56 ± 1.54 ab 35.11 ± 2.25 ab 3.67 ± 0.14 a

JA CK 47 ± 1.73 B 1402.25 ± 53.91 A 134.28 ± 2.46 B 10.44 ± 0.21 A 4.35 ± 0.19 B 32.82 ± 0.86 BC 47.6 ± 1.26 B 2.22 ± 0.01 C
T 34 ± 2.08 bc 565.24 ± 27.3 a 100.89 ± 3.26 c 5.63 ± 0.44 a 1.27 ± 0.43 c 16.75 ± 2 c 23.65 ± 2.87 c 2.43 ± 0.02 b

C * * * * * * * *
W * * * * * * * *

C ×W * * * * *

Results are expressed as mean ± standard deviation (n = 4). Abbreviation: SS, Shensang 1; ARX, Aerxiang; FJ,
Fujia; JA, Ji’an; BL, branch length; TLA, total leaf area; SLA, specific leaf area; DLW, dry leaf weight; DBW, dry
branch weight; DRW, dry root weight; TB, total biomass; RCR, root-to-crown ratio. Uppercase letters indicate
significant differences between different mulberry genotypes under normal watering (p < 0.05), lowercase letters
indicate significant differences between different mulberry genotypes after drought (p < 0.05), * indicate significant
differences between the same genotypes before and after drought stress (p < 0.05).

3.5. Correlation Coefficients of Growth Morphology with Photosynthesis, Fluorescence, Biochemical
Index, and Biomass

The correlation coefficients of the morphological traits and biomass components of the
four mulberry trees during the whole drought process are shown in Table 3. Among them,
the SLA was significantly positively correlated with the DBW and significantly positively
correlated with the DRW and TB; the BL and DLW were significantly positively correlated
with the DBW, DRW, and TB; the TLA was positively correlated with the DLW, DBW, DRW,
and TB; and the TLA was negatively correlated with the RCR.

Table 3. The correlation coefficient among biomass components (dependent variables) and morpho-
logical traits.

DLW DBW DRW TB RCR

BL 0.42 * 0.95 ** 0.90 ** 0.89 ** –
TLA 0.97 ** 0.58 ** 0.62 ** 0.72 ** −0.59 **
SLA – 0.45 * 0.52 ** 0.52 ** –

* Showed a significance at p < 0.05, ** showed a significance at p < 0.01. Abbreviation: BL, branch length; TLA,
total leaf area; SLA, specific leaf area; DLW, dry leaf weight; DBW, dry branch weight; DRW, dry root weight; TB,
total biomass; RCR, root-to-crown ratio.

Table 4 shows the correlation coefficients of the morphological traits with the pho-
tosynthetic, fluorescence, and biochemical indexes of the four mulberry trees during the
whole drought process. Among them, the BL was highly significantly positively correlated
with the PIABS and ABS/RC values (p < 0.01), and it was significantly positively correlated
with the TR/RC, CHl (a + b), and Gs values (p < 0.05). The TLA was significantly positively
correlated with the NSC and CHL values (p < 0.05).

3.6. Principal Components Analysis

The principal component analysis (PCA) provided an additional method for quan-
tifying the relationship between the genotypes using morphological and photosynthetic
parameters [25]. In the PCA of the biomass allocation, the first two components (PC1 and
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PC2) explained 86.3% of the variation, with PC1 alone explaining 63.9% of the total varia-
tion (Figure 6A). According to the eigenvector values, PC1 was associated with the traits TB,
DBW, DRW, BL, TLA, and DLW (Table 5). PC2 (22.4%) was associated with the traits RCR,
DLW, and TLA (Table 5). Most morphological traits were clustered together except for the
RCR, indicating that most of the characters contribute to growth (Figure 6A). In the PCA of
the photosynthetic and fluorescence parameters, the first two components accounted for a
total variation of 80.2% of which PC1 accounted for 66.0% and PC2 accounted for the rest
(14.2%) (Figure 6B). PC1 was associated with the traits Pn, Fv/Fm, Fv/Fo, TRo/RC, Tr, Gs,
and ABS/RC, whereas PC2 was associated with IWUE, Vj, and PIABS (Table 5).

Table 4. The correlation coefficient among photosynthesis, fluorescence, biochemical indexes, and
morphological traits.

PIABS ABS/RC TRo/RC Gs NSC Chl (a + b)

SLA – – – – – –
BL 0.43 ** 0.49 ** 0.31 * 0.32 * – 0.62 *

TLA – – – – 0.47 * 0.53 *
* Showed a significance at p < 0.05, ** showed a significance at p < 0.01. Abbreviation: BL, branch length; TLA,
total leaf area; SLA, specific leaf area.
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Figure 6. The PCA of four mulberry genotypes under drought stress: (A) biomass and morphology,
(B) photosynthesis and fluorescence.

Table 5. Linear combination with a maximal variance of morphological and biomass based on
eigenvector values of principal components.

Genotypes PC1 63.9% PC2 22.4% Species PC1 66.0% PC2 14.2%

Morphology
traits

BL 0.37 0.28
Photosynthetic
parameters

Pn 0.33 −0.03
TLA 0.37 −0.37 Gs 0.30 0.21
SLA 0.26 0.11 Tr 0.31 −0.23

Distribution of
biomass

DLW 0.35 −0.44 IWUE −0.13 0.63

DBW 0.41 0.20

Fluorescence
parameters

PIABS 0.28 0.37
DRW 0.41 0.24 Fv/Fm 0.33 0.06

TB 0.43 0.13 Fv/Fo 0.32 0.15
RCR −0.11 0.68 Vj −0.22 −0.46

Mo −0.25 −0.08
ABS/RC −0.30 0.24
TRo/RC −0.32 0.18
ETo/RC 0.20 0.20

Abbreviation: BL, branch length; TLA, total leaf area; SLA, specific leaf area; DLW, dry leaf weight; DBW, dry
branch weight; DRW, dry root weight; TB, total biomass; RCR, root-to-crown ratio.
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4. Discussion

Drought stress can greatly impair the growth of woody plants and limit the geograph-
ical distribution of many tree species [26]. When plants are damaged by water stress, they
respond to adverse environments by altering different morphological structures and physi-
ological metabolisms, such as leaves, root morphology, photosynthesis, etc. [27,28]. The
growth and biological yield of different species of mulberry trees vary greatly, providing
the possibility of selecting cultivars or genotypes that have increased biological yields [29].
The results of this study showed that the photosynthetic responses (Pn and Gs) of SS and JA
were superior to those of ARX and FJ under well-irrigated conditions, which was attributed
to their greater leaf area, biomass, and total Chl contents, similar to the results of the study
by Narayan et al. [30]. To maintain photosynthesis, plants develop a series of defense mech-
anisms to protect their photosynthetic organs from damage during adaptation to water
stress [31,32]. In the results of this study, the photosynthetic and fluorescence parameters
changed significantly after drought stress in the mulberry trees. As soil moisture decreases,
the transpiration rate and net photosynthetic rate of mulberry leaves become synchronized
because the stomata are the common transport channels for CO2 and water vapor, and both
of these rates rely on solar radiation and light energy capture. This kind of defense mode
simultaneously limits the absorption of CO2 and inhibits plant photosynthesis. In our
results, the photosynthetic parameters of ARX decreased the least and those of SS decreased
the most, indicating that ARX was the least affected by drought stress and SS was the most
affected by drought stress. The decrease in Pn values under drought stress was mainly
caused by non-stomatal factors. Most non-stomatal factors, including chlorophyll content,
photosynthesis activity, and reactive oxygen species metabolism, are induced by moderate
and severe drought stress [33,34]. BHusal et al. concluded that the total CHL concentrations
in drought-stressed Sargent cherry trees were significantly reduced, resulting in higher
limits in light capture and energy conservation, which resulted in a greater reduction in
photosynthesis under drought [35].

IWUE values were significantly increased under drought stress in the four mulberry
genotypes, and this response mechanism is an effective physiological response to drought
stress, indicating that the plants can maintain adequate carbon dioxide absorption, re-
duce water consumption per unit biomass production, and minimize water loss [22].
Chloroplasts consume absorbed light energy through three pathways: photosynthetic
electron transport, chlorophyll fluorescence, and heat dissipation, and the trade-off rela-
tionship between the pathways makes the fluorescence change reflect the photosynthesis
of plants [36,37]. PSII, as a sensitive component of photosynthetic machinery, is usually
subjected to stress conditions [38]. Fv/Fo and Fv/Fm represent the main photochemical
conversion efficiency and maximum quantum efficiency, respectively, of photosystem
II (PSII), and they are positively correlated with the primary photochemical activity of
PSII [39]. In plants subjected to drought stress, Fv/Fo and Fv/Fm differ due to different
levels of resistance. In this experiment, the Fv/Fo and Fv/Fm values of the mulberry
leaves decreased to varying degrees after drought stress, and the decreases were roughly
in the order of ARX < FJ < JA < SS. The results showed that the light energy absorbed
by the PSII reaction center under drought stress may not have been fully utilized, and
the photosynthetic electron transport and photosynthetic primary reaction processes of
the plants were inhibited [40]. Some studies have shown that Fv/Fm is a useful measure
for drought-sensitive species or when subjected to severe drought, but it is less useful
for drought-tolerant or mildly drought-tolerant species [41]. It had also been reported
that photosystem II is highly resistant to water stress [42], as opposed to relying only on
Fv/Fm parameters to study resistance [43,44]. Most researchers have commonly used the
multiparametric performance index (PIABS) to describe the change between Fo and Fm,
which are sensitive to drought stress and more responsive than Fv/Fm [45], similar to the
results of this study. Drought stress caused the fluorescence parameter Mo to increase,
that is, the QA decreased rapidly, indicating that water stress reduced the activity of the
reaction center. The increase in VJ values indicated that the decrease in the photochemical
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activity of PSII under drought stress was due to the obstruction of electron transport on
the donor side and the receptor side of PSII [4]. After drought stress, the Vj and Mo values
of the four mulberry trees were significantly higher than those of the control, and the Vj
values of ARX, FJ, JA, and SS increased one by one. After stress, the Mo values of ARX
and FJ increased by 11.92% and 16.45%, respectively, while the Mo values of JA and SS
increased by 18.31% and 25.04%, respectively, indicating that the drought stress inhibited
the photosynthetic electron transport in the SS and JA mulberry leaves more than it did in
the ARX and FJ leaves.

Severe drought can destroy plant cell chloroplasts, reduce PSII activity, destroy elec-
tron transport chains, hinder electron transport and QA− accumulation, prevent electron
transport from QA to QB on the PSII receptor side, and reduce the electron transport ability
of PSII, which was the cause of the decreases in the photosynthetic rates [46,47]. The light
energy absorbed by the unit reaction center, the energy captured by the unit reaction center
for reducing QA, and the energy captured by the unit reaction center for electron transfer
were the specific activity parameters of the reaction center per unit of PSII of the leaves after
drought stress, which were expressed using the ABS/RC, TRo/RC, ETo/RC, respectively,
and the increase in specific activity parameters indicated that the reaction center was par-
tially inactivated. When drought stress occurred, the specific activity parameters of ARX
and FJ increased less than those of SS and JA, which showed that ARX and FJ could allocate
more light energy for photosynthetic electron transfer than SS and JA after drought stress,
maintaining normal photosynthesis and a normal energy supply in the process [48]. While
SS and JA could not consume too much energy on the photosynthetic electron transport
chain, more energy was wasted, causing the drought stress to harm their PSII, and so, to a
greater extent, the plants were inhibited or destroyed by light.

The leaves are the organs that adapt the most to an environment over time [49]. The
morphological characteristics of the leaves adjust the photosynthetic performance and water
balance of plants [50], and they respond similarly to drought stress, with atrophy, curl, and
decreased chlorophyll contents [51,52]. Tree growth is closely related to leaf morphological
characteristics, and the allocation of biomass reflects the resource status of plant habitats,
indicating that these characteristics help predict plant biomass [53]. Marron et al. concluded
that total leaf area and specific leaf area (SLA) are better indicators of biomass production
than leaf growth traits [54]. Stress leads to leaf growth retardation and a decrease in leaf
number and area [23]. Water deficits in early nutrition inhibit cell expansion, resulting
in reduced leaf area, internode elongation, and reduced plant height [55]. This study
revealed the correlations between these morphological traits, and we found that BL, TLA,
and SLA were highly correlated with the biomass components’ DLW, DBW, DRW, TB,
and RCR (p < 0.01) (Table 2), and BL, TLA, and SLA were positively correlated with
the photosynthetic fluorescence parameters GS, PIABS, ABS/RC, and TRo/RC and the
biochemical parameters NSC and CHL (p < 0.05) (Table 3). The results have shown that
plant biomass and physiological and biochemical characteristics jointly affect plant growth.
Under normal growth conditions, the branch length, stem weight, root stem weight, and
total biomass of SS performed well, and the leaf area and leaf stem weight of JA were
outstanding. The inhibition of photosynthesis in plant leaves by drought was the main
reason for the slowed growth [45]. After drought stress, the biomass decreases in ARX
and FJ were less than those in SS and JA, and the root-to-head ratios of SS, FJ, and JA
increased, indicating that the degree of damage to ARX and FJ by drought stress was less
than that of SS and JA. Drought stress affected biomass distribution to the underground
plant parts, reduced the allocation to the aboveground parts, and changed the biomass
distribution patterns.

5. Conclusions

In extreme climates, the scientific selection of tree species is an important step in
afforestation. We studied the morphological, biomass, physiological, and biochemical
characteristics that determined the drought tolerance of four types of mulberry trees.
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Overall, the current findings supported the direction of extreme environmental science to
promote the cultivation of mulberry varieties. The results showed that the photosynthetic
responses of SS and JA were better than those of ARX and FJ under good irrigation, which
was attributed to their greater leaf area, biomass, and total Chl contents. After drought
stress, the tree species’ morphology, physiology, and biochemical indexes changed little,
which was the basic condition for withstanding drought stress. The growth form of the tree
species was significantly related to their physiology and biochemistry, and thus, growth
form needs to be considered comprehensively when selecting and breeding. In the genotype
development selection scheme of mulberry trees in the semi-arid sandy areas of northwest
Liaoning, the excellent properties of ARX and FJ led to good natural growth prospects for
them under drought conditions. Breeders should pay attention to the improvement in the
above genotypes and traits to improve the drought tolerance of mulberry trees. This study
revealed the coping strategies of mulberry trees under drought stress during growth in
semi-arid and aeolian areas, and it provides a data basis for the subsequent screening and
improvement of mulberry varieties in semi-arid sandy areas.
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