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1. Introduction

Forests are vital ecosystems, covering a significant portion of the Earth’s land area
and providing essential ecological services and valuable products for human society [1].
However, forests face numerous challenges, including climate change, water deficits, nutri-
ent limitations, and the emergence of pests and diseases [2]. To ensure the resilience and
sustainability of forests, it is crucial to understand the genetic and molecular mechanisms
underlying tree responses to these stressors. This Special Issue on “Strategies for tree
improvement under stress conditions” presents a collection of 19 research papers that
contribute to the recent advances of physiological and molecular mechanisms in woody
plants in adapting to stress conditions.

2. Drought

Research papers in this collection explore various aspects of tree genetics and molec-
ular responses to drought stresses. In one study, the effects of water deficit on artificially
bred poplar hybrids were investigated, revealing that male siblings exhibit better protection
than female siblings under water-deficient conditions [3]. Li et al. investigated the impact
of nitrogen (N) supply on water uptake, drought resistance, and hormone regulation in
Populus simonii seedlings under PEG-induced drought stress and reveal that increasing
N supply may enhance drought tolerance by reducing transpiration rate and oxidative
stress while improving water uptake and antioxidant activity [4]. The overexpression
of the SpsNAC005 gene promotes growth, development, and stress tolerance in trans-
genic plants under drought conditions [5]. The expression levels of MaTCP2, MaTCP4-1,
MaTCP8, MaTCP9-1, and MaTCP20-2 exhibited a significant correlation with the process of
root development, suggesting their involvement in regulating root growth under drought
conditions [6]. Furthermore, these identified MaTCP transcription factors hold potential
implications for enhancing the drought tolerance of mulberry plants [6]. Liu et al. identi-
fied and analyzed 18 auxin response factors (ARFs) in Santalum album and tissue-specific
expression and drought-induced expression patterns were observed, with six genes over-
expressed in haustorium and three genes overexpressed under drought stress [7]. These
findings provide insights into the functions of S. album ARF genes, particularly in hausto-
rium formation and response to drought stress [7]. Robinia pseudoacacia can access shallow
soil water in wet years and utilize deeper soil water in dry years to maintain growth and
resistance to drought stress, which provide the solutions for rainwater resource planning
and management in forest plantations [8].
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3. Heavy Mental

Heavy mental accumulation in soils affects the normal growth of plants; however, the
exogenous application of nutrients may mitigate the toxic effects of heavy metals. Here,
Li et al. suggest that high-dose Fe mitigates Cd-induced growth suppression, promotes
Cd transport to aboveground tissues, and enhances antioxidant capacity in poplar, which
provides insights for Cd-contaminated soil remediation using poplar [9]. Wang et al. inves-
tigated the effects of selenium (Se) on cadmium (Cd) accumulation and the physiological
mechanisms underlying Se-mediated regulation of Cd-induced oxidative stress in Juglans
regia, suggesting that the exogenous application of Se, especially at 200 µM, reduces Cd
accumulation, enhances antioxidant enzyme activities, and alleviates Cd-induced stress in
walnut roots [10]. Another study focused on the transcriptomic response to zinc stress in
mulberry, uncovering organ-specific differences in gene expression [11].

4. Salinity

Saline is one of the most serious abiotic stresses that affecting plant growth and devel-
opment worldwide [12]. Zhang et al. found that grafting can ameliorate the inhibition of
salinity on the photosynthetic capacity of Hibiscus syriacus, mainly resulting from alleviated
limitations on photosynthetic pigments, photochemical efficiency, and the Calvin-Benson–
Bassham cycle [13]. Additionally, the overexpression of the poplar WRKY51 transcription
factor was found to enhance salt tolerance in Arabidopsis thaliana, demonstrating the po-
tential of genetic engineering for improving tree resilience [14]. Pang et al. showed that
highly expressed transcription factor genes were correlated with key salt tolerance indices,
suggesting their potential as genetic resources for salt tolerance breeding in Salix matsu-
dana [15]. Moreover, the overexpression of SpsNAC005 from Salix psammophila in poplar
significantly improved its tolerance to salt stress [5].

5. Nutrient

N is one of the most important macronutrients for growth and development in woody
plants, and applications of N can significantly increase productivity [16,17]. Responses
of fine root traits and soil nitrogen to fertilization methods and N application amounts
in a poplar plantation were investigated, shedding light on the interactions between
tree roots and soil nutrient availability [18]. NH4

+-N and NO3
−-N distributions have

different impacts on the root morphology and growth of Cunninghamia lanceolata and
Schima superba seedlings, in which tailoring N application based on N form and plant
species is recommended for seedling cultivation [19]. The influence of trace elements
on the traits and active compounds of Camellia oleifera in nutrient-poor forests was also
examined, revealing that exogenous applications of zinc and Se could significantly improve
the qualities of its fruits [20]. The trace element boron has been shown to be essential
for woody plants overcoming stress conditions [21]. Liu et al. uncovered the effects of
Funneliformis mosseae inoculation on C. oleifera seedlings under normal and boron deficient
conditions and found that AMF inoculation improves boron deficiency resistance and that
AMF colonization is influenced by boron availability [22].

6. Other Strategies for Tree Improvement

The genome-wide identification of the PP2C gene family and expression-level analyses
of the PP2Cs in Paulownia fortunei in response to rifampicin and methyl methanesulfonate
treatments were studied, providing insights into their potential roles in stress responses [23].
The chemical composition of walnut oil, including fatty acids, micronutrients, and sec-
ondary metabolites, was analyzed in different walnut species and hybrids cultivated at
various sites [24]. Significant variations in composition and content were observed between
species and sites, which could be valuable for site selection and improving the nutritional
quality of walnut oil [24]. Differentially methylated regions (DMRs) and associated genes
(DMGs) after gtafting in pecan were analyzed, which identified the key genes involved in
hormone response, suggesting their crucial roles in graft growth regulation [25]. This study
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provides valuable insights into the epigenetic mechanisms underlying rootstock-induced
growth changes in pecan, paving the way for tree improvement using grafting in this plant
species [25].

7. Conclusions and Prospects

These research papers collectively highlight the significance of molecular genetics
and genomics in addressing the challenges faced by forest ecosystems. By unraveling the
genetic basis of tree responses to various stressors, we can develop targeted strategies
for tree improvement, conservation, and sustainable forest management. Furthermore,
these studies encompass a wide range of tree species, including economically important
species, rare and endangered species, and ecologically significant trees, broadening our
understanding of forest species beyond model species.

As guest editors, we believe that this Special Issue presents a valuable compilation
of research findings that contribute to tree improvements under stress conditions. The
diversity of species, conditions and genetic traits investigated underscores the potential of
molecular genetics to enhance forest health, ecosystem services, and sustainable production.
However, more research is needed to further expand our knowledge and address the
complex challenges faced by forests in the face of climate change and other stressors. By
continuing to explore the intricacies of tree physiology and genetics, we can pave the way
for a more resilient and sustainable future for our forests and the multitude of benefits
they provide.

Funding: The study was supported by the Fundamental Research Funds for the Central Universities
(Grant no. 2262022YLYJ007).

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Hibiscus hamabo Rootstock-Grafting Improves Photosynthetic
Capacity of Hibiscus syriacus under Salt Stress
Shuqing Zhang 1,2,†, Wanwen Yu 1,†, Zhiguo Lu 2,†, Peng Xiang 1,2, Zhiquan Wang 2, Jianfeng Hua 2, Chunsun Gu 2,
Jinfeng Cai 1 and Yan Lu 2,*

1 Co-Innovation Center for the Sustainable Forestry in Southern China, Nanjing Forestry University,
Nanjing 210037, China; shuqing20210226@163.com (S.Z.); youeryuww@163.com (W.Y.);
xpeng0501@163.com (P.X.); caijinfeng1984@njfu.edu.cn (J.C.)

2 Jiangsu Key Laboratory for the Research and Utilization of Plant Resources, Institute of Botany, Jiangsu
Province and Chinese Academy of Sciences (Nanjing Botanical Garden Mem. Sun Yat-Sen),
Nanjing 210014, China; lzgjs@cnbg.net (Z.L.); wangzhiquan@cnbg.net (Z.W.); jfhua@cnbg.net (J.H.);
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Abstract: Hibiscus syriacus, a woody ornamental plant with great economic value, is vulnerable to
salinity. Hence, its cultivation in saline areas is severely restricted. Although grafting H. syriacus onto
H. hamabo rootstock can greatly improve H. syriacus’s salt resistance, the photosynthetic response of
H. syriacus to grafting and salt stress remains largely unknown. To address this question, self-rooted
(Hs), self-grafted (Hs/Hs), and H. hamabo-grafted (Hs/Hh) H. syriacus were exposed to 0 or 300 mM
NaCl. Salt significantly reduced the net and maximum photosynthetic rates, chlorophyll content,
and maximum (Fv/Fm) and actual (ΦPSII) photochemical quantum yield of photosystem II (PSII),
as well as the apparent electron transport rate, in Hs and Hs/Hs. However, these reductions were
largely alleviated when H. syriacus was grafted onto H. hamabo. In line with the changes in the
chlorophyll fluorescence parameters, the expression of genes encoding subunits of PSII and PSI in
Hs/Hh was higher than that in Hs and Hs/Hs under saline conditions. Moreover, H. hamabo rootstock
grafting upregulated the genes involved in the Calvin–Benson–Bassham cycle in H. syriacus under
salt conditions. These results indicate that grafting can ameliorate the inhibition of salinity on the
photosynthetic capacity of H. syriacus, mainly resulting from alleviated limitations on photosynthetic
pigments, photochemical efficiency, and the Calvin–Benson–Bassham cycle.

Keywords: grafting; salt stress; gas exchange; chlorophyll fluorescence; Hibiscus syriacus Linn.;
Hibiscus hamabo Sieb. et Zucc

1. Introduction

Salinity is one of the major critical environmental constraints that limits the growth,
yield, and quality of trees, crops, and horticultural plants [1–3]. Nowadays, over 20% of
the arable land throughout the world is salt influenced [4], and improper fertilization and
irrigation further exacerbate salinization [5]. It is estimated that approximately half of the
cultivated land will be affected by salinity in 2050 [6]. The declining productivity of plants
grown in saline environments is usually correlated with a reduction in their photosynthesis.
The reduction in gas exchange is mainly due to the following factors: (i) stomatal closure,
which restricts the intercellular CO2 concentration (Ci) for carboxylation; (ii) impairment of
the photosynthetic apparatus, resulting in the limitation of photosystem II (PSII) efficiency;
and (iii) reduction in the activities of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) for the Calvin–Benson–Bassham (CBB) cycle [7]. Photosynthesis is recognized
as a good indicator of a plant’s response to salt stress [8]. Thus, exploring the response of
photosynthesis to NaCl stress could lay a physiological foundation for promoting plants’
salt tolerance.
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Grafting is a well-established agronomic practice to promote the salt tolerance of plants
by transferring its branch or bud to the stem or root of a salt-tolerant species [2,9]. Owing
to its low cost and ease of operation, grafting is widely applied in vegetable, fruit, and
woody crop production to improve their salt resistance [5,10,11]. For instance, grafting the
scions of Thompson Seedless, a salt-sensitive variety of grapevine (Vitis vinifera L.), onto the
rootstocks of the 110R variety, which has a higher salt-tolerant capacity, can greatly enhance
the growth and salt resistance of the scions [10]. Grafting can also alleviate the damage of
salt stress to mulberry (Morus alba L.) and avocado (Persea americana Mill.) [12,13]. Grafting
the scions of citrus (Citrus aurantium L.) onto salt-tolerant rootstocks reveals higher salinity
tolerance than grating onto salt-sensitive rootstocks [14]. Moreover, previous studies have
revealed that salt stress significantly decreases the net photosynthetic rate in self-rooted
and/or self-grafted salt-sensitive watermelon (Citrullus lanatus Matsum. Et Nakai) and
cucumber (Cucumis sativus L.), whereas salt-tolerant rootstock-grafted plants exhibit a
much higher net photosynthetic rate under NaCl stress [7]. Currently, little information is
available on the mechanisms underlying grafting that improve the photosynthetic capacity
of plants under salt stress.

Hibiscus syriacus L., which belongs to the genus Hibiscus, is an important woody
ornamental plant. There are more than 350 varieties with distinct flower colors and forms
distributed around the world [15]. The flowers of this species have a long blooming
period. Aside from its ornamental value, H. syriacus also has certain medicinal properties,
including antifungal, antihypertensive, and anti-inflammatory [16]. However, H. syriacus
plants grown in saline areas exhibit leaf shrinkage and plant withering, indicating their
susceptibility to salt stress. This seriously restricts the cultivation and application of
H. syriacus in saline areas. H. hamabo Sieb. et Zucc., also a member of the genus Hibiscus, is
a significant semi-mangrove shrub with golden yellow flowers [17]. However, its flowers
are sparse and short-lived, which severely limits its ornamental value [18]. This plant is
halophytic and can survive in habitats where the NaCl concentration varies from 1.1 to
1.5% [18]. Owing to its superior salt tolerance, H. hamabo has been used as a rootstock to graft
H. syriacus. The grafted H. syriacus plants can grow well in coastal and inland saline lands,
indicating that grafting has greatly enhanced the salt tolerance of H. syriacus. However,
there is currently little information available regarding the photosynthetic response of
grafted H. syriacus to soil salinity.

In this study, self-rooted (Hs), self-grafted (Hs/Hs), and H. hamabo-grafted (Hs/Hh)
H. syriacus are exposed to either 0 (−Na, serving as the control) or 300 (+Na) mM NaCl, re-
spectively. We hypothesize that grafting H. syriacus scions onto H. hamabo rootstocks would
markedly enhance the photosynthetic capacity and induce the transcriptional regulation
of key genes that participate in photosynthesis under salt stress. To test this hypothesis,
we characterize the changes in the photosynthetic rates, photosynthetic pigment contents,
chlorophyll fluorescence, and expression of key genes (genes encoding subunits of PSII and
PSI and involved in the CBB cycle) involved in photosynthesis in the leaves of Hs, Hs/Hs,
and Hs/Hh in response to salt stress.

2. Materials and Methods
2.1. Plant Cultivation and Salt Treatment

Cuttings (length, 15 cm; diameter, 0.5 cm) of Hibiscus syriacus Linn. and Hibiscus hamabo
Sieb.et zucc. were planted in plastic pots (2.6 L) containing soil (categorized as Alfisol based
on USDA soil taxonomy; total nitrogen, 842 mg kg−1; available phosphorus, 42 mg kg−1;
available potassium, 152 mg kg−1; 1.30% organic matter; pH, 6.9). When the stems of the
one-year-old cuttings were 6 mm thick, 48 H. syriacus and 24 H. hamabo plants were selected
for grafting. Among them, 24 H. syriacus plants were selected as self-rooted plants (Hs).
The remaining H. syriacus and H. hamabo plants were used for grafting using the splice-
grafting technique to obtain self-grafted H. syriacus (Hs/Hs) and heterografted H. syriacus
(H. syriacus grafted on H. hamabo rootstock, Hs/Hh) plants, respectively. All plants were
grown in a greenhouse (natural light and temperature; relative humidity, 75%). Seventy-
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five days after grafting, the growth of Hs/Hs and Hs/Hh became vigorous, and each of the
three types of plants (Hs, Hs/Hs, and Hs/Hh) was equally divided into two groups. The
plants in each group were irrigated with either 0 (−Na, serving as control) or 300 (+Na)
mM NaCl. The irrigation was performed every other day. To avoid salt shock, NaCl was
added to obtain the desired concentration (300 mM, 29.2 dS m−1) in increments of 50 mM
at a time.

2.2. Harvesting

After 23 days of salt treatment, distinct morphological differences appeared among
the groups. The leaf samples (leaf plastochron index = 5 to 10) were collected and frozen
immediately in liquid nitrogen. Frozen samples were ground into fine powder in liquid
nitrogen using a ball mill (GT300, Beijing Grinder Instrument Co. Ltd., Beijing, China) and
stored at −80 ◦C for further analysis. For further biochemical analysis, equal amounts of
frozen samples acquired from two plants that received the same treatment in each plant
type were pooled and thoroughly mixed. As a result, six mixed samples were obtained for
each treatment per plant type.

2.3. Determination of Chlorophyll and Carotenoids

The concentrations of photosynthetic pigments were determined using the ethanol
extraction procedure, as described elsewhere [19]. Briefly, about 50 mg of the sample was
extracted using 10 mL of 95% ethanol. The mixture was left to soak in the dark overnight
until the samples turned white. The concentrations of chlorophyll a, chlorophyll b, and
carotenoid in the supernatant were determined spectrophotometrically at 665, 649, and
470 nm, respectively.

2.4. Determination of Gas Exchange

Prior to harvesting, two mature leaves (LPI = 7–8) from six plants per group were se-
lected for photosynthetic measurements. The net photosynthetic rate (Pn), intercellular CO2
concentration (Ci), transpiration rate (E), stomatal conductance (Gs), and photosynthetic
water-use efficiency (WUE, calculated as Pn/E) were measured using a portable photosyn-
thesizer (CIRAS-3, PP-Systems, Amesbury, MA, USA) according to the manufacturer’s in-
structions. The photosynthetic active radiation gradient (PAR) was set at 1000 µmol m−2 s−1,
and the external CO2 concentration was maintained at 400 ± 10 µmol mol−1. The environ-
mental temperature was maintained at 32 ± 5 ◦C.

For the diurnal variation of photosynthesis, the gas exchange was measured every
2 h from 8:00 to 18:00. The measured leaves were marked to ensure that the same leaf was
measured at different time points.

For the determination of the light-response curves of Pn, the following PAR levels
were set: 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 300, 200, 100, 50, 0 µmol m−2 s−1.
The Pn value under each PAR was recorded every 2 min.

2.5. Determination of Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters of the leaves were determined using a
portable pulse-modulated fluorometer (FMS-2, Hansatech, King’s Lynn, Norfolk, UK) be-
tween 9:00 and 11:00 am according to the manufacturer’s instructions. Briefly, endogenous
actinic light was activated to measure the minimum fluorescence (Fs), maximum fluores-
cence (Fm’), and actual photochemical quantum yield of PSII (ΦPSII) after light adaptation,
as suggested by Lu et al. [20]. After dark adaptation for 0.5 h, the initial fluorescence (Fo),
maximum fluorescence (Fm), steady-state fluorescence (Fs), and maximum photochemical
quantum yield of PSII (Fv/Fm) were determined, as described previously [20]. The non-
photochemical quenching coefficient (NPQ), photochemical quenching coefficient (qP), and
apparent electron transport rate (ETR) were calculated according to the following formula:
NPQ = Fm/Fm’ − 1, qP = ΦPSII/(Fv/Fm), ETR = ΦPSII × PPFD × f × α [21,22].
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2.6. Analysis of Transcript Levels

Total RNA was isolated from the fine, powdered fresh samples (ca. 50 mg) using
an OminiPlant RNA Kit (CW2598S, CVBIO, Taizhou, China). RNA concentration was
determined using a Colibri ultramicro spectrophotometer (LB915, Corrine Technology,
Beijing, China). RNA integrity was checked using 1% agarose gel electrophoresis. The RNA
(ca. 1 µg) was used to synthesize the first strand of cDNA using a PrimeScript RT reagent
kit (RR047A, TaKaRa, Dalian, China). The synthesized cDNA was used for quantitative
real-time PCR (qRT-PCR), as described elsewhere [23]. qRT-PCR was conducted using a TB
Green Premix Ex Taq II (RR820, TaKaRa) in a StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Primers were designed specifically for each gene,
and 18S rRNA was selected as the reference gene (Table S1).

2.7. Statistical Analysis

Statistical tests were performed using Statgraphics (STN, St Louis, MO, USA), as
described elsewhere [24], with minor modifications. Briefly, prior to statistical analysis,
the data were tested for normality. Two-way ANOVAs were used with grafting and NaCl
as two factors. Differences in means were considered significant if the p-value was less
than 0.05. The light-response curve was fitted using the rectangular hyperbola model, as
described elsewhere [25]. Principal component analysis (PCA) was performed using the
command prcomp in R (http://www.r-project.org/, accessed on 9 January 2023).

3. Results
3.1. Morphology and Photosynthetic Pigments

After 23 days of 300 mM NaCl treatment, the leaves of Hs and Hs/Hs turned yellow
but the leaves of Hs/Hh remained green (Figure 1a). Consistently, the chlorophyll a
concentration was decreased by 22% and 31%, and the chlorophyll (a + b) concentration was
reduced by 19% and 23% in the leaves of Hs and Hs/Hs, whereas no marked differences
were found for these two parameters in Hs/Hh leaves grown under NaCl treatment
compared to the control (Figure 1b,d). The carotenoid and chlorophyll a/b concentrations
were reduced by 29% and 38% in the leaves of Hs/Hs, but no marked differences were
found in Hs/Hh leaves grown under NaCl conditions compared to those grown under
control conditions (Figure 1e,f). Except for the carotenoid content in Hs/Hs under control
conditions, the concentrations of chlorophyll a, chlorophyll b, chlorophyll (a + b), and
carotenoid were all significantly higher in Hs/Hh than in Hs and Hs/Hs, regardless of the
NaCl treatment (Figure 1b–e).

3.2. Gas-Exchange Parameters

The Pn, E, and Gs were significantly decreased in the leaves of all the plants exposed to
NaCl compared to those grown under control conditions. In addition, the reduced levels of
these parameters observed in Hs/Hh were significantly lower than those in Hs and Hs/Hs
(Figure 2a–c). The Ci was not markedly altered by salt in the leaves of any of the plants
(Figure 2d). The E/Gs was increased by 177%, 147%, and 95%, respectively, in the leaves of Hs,
Hs/Hs, and Hs/Hh treated with NaCl compared to those under control conditions (Figure 2e).
The WUE was reduced by 39% in the leaves of Hs, but no significant differences were observed
in the leaves of Hs/Hs and Hs/Hh treated with NaCl compared to those grown under control
conditions (Figure 2f). Except for the Pn in Hs/Hs, no significant differences were found in the
Pn, E, Gs, Ci, WUE, and E/Gs in all plants under control conditions (Figure 2a–f). However,
the Pn, E, Gs, and WUE in Hs/Hh leaves were all significantly higher, and the E/Gs was
lower compared to the levels observed in Hs and Hs/Hs under salt conditions (Figure 2a–f).
For instance, the Pn in Hs/Hh (11.90 µmol CO2 m−2 s−1) leaves was, respectively, 243% and
225% higher than that in Hs (3.47 µmol CO2 m−2 s−1) and Hs/Hs (3.67 µmol CO2 m−2 s−1)
leaves under salt treatment (Figure 2a).
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Figure 1. Morphology (a), and concentrations of chlorophyll a (b), chlorophyll b (c), chlorophyll (a 
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(control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; 
Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6). 
Different letters on the bars indicate significant differences between the treatments. p-values based 
on the ANOVA tests for grafting (G), NaCl (Na), and their interaction (G × Na) are indicated: * p < 
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant. 
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Figure 1. Morphology (a), and concentrations of chlorophyll a (b), chlorophyll b (c), chlorophyll
(a + b) (d), carotenoid (e), and chlorophyll a/b (f) of grafted H. syriacus leaves grown under either
0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus;
Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6).
Different letters on the bars indicate significant differences between the treatments. p-values based on
the ANOVA tests for grafting (G), NaCl (Na), and their interaction (G × Na) are indicated: * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant.

The diurnal changes in the Pn in all the plants showed single-peak curve change
patterns, and no mid-day depression was evident (Figure 3a). The highest daily Pn observed
in Hs/Hh (10:00) grown under control and salt conditions occurred later than that in
Hs (14:00) grown under control and salt conditions, as well as Hs/Hs grown under salt
conditions (Figure 3a). The Pn was decreased in all the plants grown under NaCl conditions
compared to those grown under control conditions at each time point (Figure 3a). The Pn
in the leaves of Hs/Hh was consistently higher than that of Hs and Hs/Hs grown under
salt treatment between 8:00 and 16:00 (Figure 3a).
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of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-
rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo 
as the rootstock. Data indicate means ± SE (n = 6). The information about the treatments and statis-
tical analysis is the same as that mentioned in Figure 1. 
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Figure 2. (a) Net photosynthetic rate (Pn), (b) transpiration rate (E), (c) stomatal conductance (Gs),
(d) intercellular CO2 concentration (Ci), (e) E/Gs, and (f) photosynthetic water-use efficiency (WUE)
of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-
rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo
as the rootstock. Data indicate means ± SE (n = 6). The information about the treatments and
statistical analysis is the same as that mentioned in Figure 1.
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Hs/Hs 
0 mM 12.99 ± 1.30 ab 1274.99 ± 366.86 a 35.11 ± 2.46 a 0.12 ± 0.00 b 3.36 ± 0.09 a 

300 mM 7.47 ± 1.74 cd 818.93 ± 29.76 ab 47.97 ± 0.20 a 0.08 ± 0.00 c 2.98 ± 0.05 ab 
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300 mM 11.30 ± 1.26 bc 899.88 ± 149.53 ab 43.00 ± 6.96 a 0.08 ± 0.01 c 2.79 ± 0.12 ab 

Figure 3. Diurnal variation of photosynthesis (a) and light-response curves (b) of grafted H. syriacus
leaves grown under either 0 (−Na, serving as the control) or 300 mM NaCl (+Na) conditions. Hs:
self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H.
hamabo as the rootstock. In (a), bars indicate means ± SE (n = 6); in (b), numbers represent the
averages of six biological replicates.
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Figure 3b shows the fitted light-response curves of the Pn in the leaves of the three
plants. The Pn–PAR curves of all the plants are parabolic. The patterns of variation in the
curves are quite similar for Hs grown under both control and salt conditions and Hs/Hh
grown under salt conditions. In other words, as the PAR increased, the Pn exhibited a
trend of first increasing and then slowly decreasing. The light-response curves of the
Pn in Hs/Hs grown under control and salt conditions and Hs/Hh grown under control
conditions exhibited a trend of first increasing and subsequently plateauing. Specifically,
when the PAR was less than 200 µmol m−2 s−1, the Pn increased rapidly as the PAR
increased. When the PAR ranged from 200 to 800 (for plants under NaCl treatment) or 1000
(for plants under control conditions) µmol m−2 s−1, the rate of increase of the Pn gradually
slowed down. When the PAR further increased, the Pn in the Hs grown under control and
salt conditions and the Hs/Hh grown under salt conditions gradually decreased, and the
curves in the Hs/Hs grown under control and salt conditions and the Hs/Hh grown under
control conditions became flat. Except for 0 µmol m−2 s−1, the Pn in the three plants grown
under NaCl conditions decreased compared to those grown under control conditions, and
the Pn in Hs/Hh was higher than in Hs and Hs/Hs grown under salt treatment.

The maximum net photosynthetic rate (Pnmax) and apparent quantum efficiency (AQY)
were significantly reduced in the leaves of all the plants grown under NaCl conditions
compared to those grown under control conditions (Table 1). The Pnmax value was markedly
higher in Hs/Hh (11.30 µmol CO2 m−2 s−1) than in Hs (5.97 µmol CO2 m−2 s−1) under salt
treatment (Table 1). The AQY value in Hs/Hh (0.14 mol mol−1) was 27% and 21% higher
than in Hs (0.11 mol mol−1) and Hs/Hs (0.12 mol mol−1) under control conditions (Table 1).
The dark respiration rate (Rd) was decreased by 34% in the leaves of Hs grown under NaCl
conditions compared to those grown under control conditions (Table 1).

Table 1. Simulated parameters in light-response curves of grafted H. syriacus leaves grown under
either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted
H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate
means ± SE (n = 6). The different letters beside the values indicate significant differences. The
p-values based on the ANOVA tests for grafting (G), NaCl (Na), and their interaction (G × Na)
are indicated: * p < 0.05; *** p < 0.001; **** p < 0.0001; ns: not significant. Pnmax: the maximum net
photosynthetic rate; LSP: the light saturation point; LCP: the light compensation point; AQY: the
apparent quantum efficiency; Rd: the dark respiration rate.

Grafting NaCl Pnmax (µmol CO2
m−2 s−1) LSP (µmol m−2 s−1) LCP

(µmol m−2 s−1)
AQY

(mol mol−1)
Rd

(mmol CO2 m−2 s−1)

Hs
0 mM 15.32 ± 1.42 a 1057.32 ± 186.86 ab 36.09 ± 4.26 a 0.11 ± 0.01 b 3.39 ± 0.15 a

300 mM 5.97 ± 0.99 d 713.27 ± 63.24 b 45.17 ± 9.88 a 0.06 ± 0.01 c 2.25 ± 0.34 b

Hs/Hs
0 mM 12.99 ± 1.30 ab 1274.99 ± 366.86 a 35.11 ± 2.46 a 0.12 ± 0.00 b 3.36 ± 0.09 a

300 mM 7.47 ± 1.74 cd 818.93 ± 29.76 ab 47.97 ± 0.20 a 0.08 ± 0.00 c 2.98 ± 0.05 ab

Hs/Hh
0 mM 15.28 ± 0.44 a 1051.27 ± 6.70 ab 44.86 ± 4.28 a 0.14 ± 0.00 a 3.53 ± 0.52 a

300 mM 11.30 ± 1.26 bc 899.88 ± 149.53 ab 43.00 ± 6.96 a 0.08 ± 0.01 c 2.79 ± 0.12 ab

p-values
G ns ns ns * ns

Na **** * ns **** ***
G × Na ns ns ns ns ns

3.3. Chlorophyll Fluorescence Parameters

Although the Fm, Fm’, ΦPSII, qP, and ETR were significantly decreased in the leaves
of Hs, Hs/Hs, and Hs/Hh exposed to NaCl compared to those grown under control
conditions, the reduced levels of these indexes in Hs/Hh were significantly lower than
those in Hs and Hs/Hs (Figure 4a,b,d,f,g). The Fv/Fm was decreased by 26% and 33% in
the leaves of Hs and Hs/Hs, respectively, whereas it was not significantly altered in Hs/Hh
leaves grown under NaCl conditions compared to those grown under control conditions
(Figure 4c). The NPQ was increased by 55% and 276% in the leaves of Hs/Hs and Hs/Hh,
and the ETR/Pn was increased by 292%, 185%, and 69%, respectively, in the leaves of Hs,
Hs/Hs, and Hs/Hh treated with NaCl compared to those grown under control conditions
(Figure 4e,g). The Fm, Fm’, Fv/Fm, ΦPSII, qP, and ETR in Hs/Hh were markedly higher
than those in Hs and Hs/Hs under NaCl treatment, but no such differences were found in
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the leaves grown under control conditions (Figure 4a–d,f,g). The ETR/Pn in Hs/Hh (8.95)
leaves was lower than that in Hs (21.92) and Hs/Hh (20.01) leaves under salt treatment,
whereas no such difference was observed in the leaves grown under control conditions
(Figure 4h). Grafting and salt stress had no effect on the Fo and Fs (Figure S1).
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grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted
H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the
rootstock. Data indicate means ± SE (n = 6). The information about the treatments and statistical
analysis is the same as that mentioned in Figure 1.

3.4. PCA Analysis of Photosynthetic Parameters

In order to investigate the relationship between varying the Pn and grafting and saline
treatments, PCA was performed (Figure 5a, Table S2). PC1 and PC2 accounted for 48% and
22% of the total variation, respectively. PC1 clearly distinguished the effects of salt, and PC2
revealed the effects of grafting when the plants were exposed to NaCl treatments. Moreover,
the differences between the control and salt-stress treatments in Hs/Hh were smaller than
those in Hs and Hs/Hs, which indicated that Hs/Hh was more tolerant to saline stress
than Hs and Hs/Hs. The variables Fo, Fs, qP, Gs, and E/Gs were key contributors to PC1,
and the variables Fm, ΦPSII, ETR, chlorophyll a, chlorophyll (a + b), and Fm’ were essential
factors for PC2. These results demonstrate that grafting induced a higher Pn capacity under
salt conditions, which can be attributed mainly to the chlorophyll concentration, Fm, ΦPSII,
and ETR.
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Figure 5. Principal component analysis (PCA) plots of photosynthetic parameters (a), cluster analysis
of transcriptional fold changes of photosynthetic genes (b) of grafted H. syriacus leaves grown under
either 0 (−Na, serving as control) or 300 mM NaCl (+Na) conditions. Hs: self-rooted H. syriacus;
Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock.

3.5. Changes in mRNA Levels of Key Genes Participating in Photosynthesis

The transcript levels of representative genes involved in photosynthesis were assessed
in the three plants (Figure 5b). These genes included Photosystem I subunit D-1 (PSAD-1),
PSAK, and PSAL, which encode complexes of PSI, and Photosystem II oxygen-evolving complex
1 (PSBO1), Photosystem II subunit P-1 (PSBP-1), PSBP-2, PSBQ, and PSBR, which encode the
oxygen-evolving complexes of eukaryotic PSII. The expression of these genes was markedly
lower in Hs leaves but was upregulated in Hs/Hh leaves treated with salt compared to
those grown under control conditions. The expression of these genes was significantly
higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown
under salt treatment.

Photosystem I light-harvesting complex gene 3 (LHCA3), Photosystem II light-harvesting
complex gene B1B2 (LHB1B2), and light-harvesting complex Photosystem II (LHCB4.3) are
involved in capturing light energy in PSI and PSII. Except for LHCB4.3 in Hs/Hs, the
expression of these three genes was significantly lower in the leaves of Hs and Hs/Hs
but was markedly higher in Hs/Hh leaves grown under salt conditions compared to
those grown under control conditions. The mRNA levels of LHCA3 and LHB1B2 were
upregulated in the leaves of Hs/Hh compared to Hs grown under control conditions. The
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transcript levels of LHCA3, LHB1B2, and LHCB4.3 were markedly higher in the leaves of
Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown under salt conditions.

Ribulose bisphosphate carboxylase small subunit 1A (RBCS1A), rubisco activase-A (RCA-A),
RCA-B, ribulose-phosphate 3-epimerase (RPE), and phosphoribulokinase (PRK) participate in
the Calvin–Benson–Bassham (CBB) cycle, which is a vital pathway of photosynthesis in
plants. The expression of these five genes was markedly lower in Hs leaves grown under
salt conditions compared to those grown under control conditions. The mRNA levels of
RPE, RCA-A, and RBCS1A were downregulated, but the transcript levels of RCA-B and
PRK were significantly higher in Hs/Hh leaves grown under salt conditions compared
to those grown under control conditions. The expression of RPE, RCA-A, and RBCS1A
was markedly higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to
Hs/Hs, regardless of the NaCl treatment. The mRNA levels of RCA-B and PRK were
higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown
under salt conditions.

4. Discussion
4.1. Grafting onto H. hamabo Rootstock Ameliorates the Inhibition of Saline on the Photosynthetic
Capacity of H. syriacus Leaves

Photosynthesis provides the primary material and energy for plant growth. The pho-
tosynthetic capacity of most plants has been reported to be reduced by salt stress [5,20,26],
and saline-tolerant plants can better acclimate to NaCl stress with a lesser decrease in the
Pn [27]. Consistently, the Pn and Pnmax were markedly decreased in the leaves of Hs,
Hs/Hs, and Hs/Hh exposed to salt compared to those grown under control conditions.
More importantly, Hs/Hh exhibited a higher Pn and Pnmax than Hs and Hs/Hs under
saline conditions, demonstrating that grafting onto H. hamabo rootstock could largely en-
hance the salt-tolerance of H. syriacus by alleviating the limitations of salt stress on its
photosynthetic capacity. This result is consistent with previous studies on grafting in
salt-treated watermelon, cucumber, and tomato (Lycopersicon esculentum Mill.) [5,28,29].

In general, salt-induced restrictions on the Pn can result from either stomatal closure
or non-stomatal-related limitations [30]. For instance, a marked decrease in the Pn, Gs, and
Ci has been observed in NaCl-exposed non-grafted and grafted apple (Malus pumila Mill.),
tomato, and cucumber, implying that stomatal limitation is mainly responsible for the
salt-induced reduction in the Pn [28,30,31]. In contrast, we found that the Pn and Gs were
markedly decreased, whereas the Ci was not altered by salt in Hs, Hs/Hs, and Hs/Hh,
indicating that non-stomatal limitation was likely the dominant factor for the reduced Pn
under salt stress. Similar results were observed in 200 mM NaCl-treated H. syriacus [20].
Moreover, Hs/Hh exhibited a higher WUE than Hs and Hs/Hs when grown under saline
treatment. Since the WUE is calculated as the ratio of Pn to E, the higher WUE in the
salt-exposed Hs/Hh may have been caused by the grafting-induced improvement in
photosynthetic performance. Having a higher WUE is significant for a plant’s salt tolerance
because it helps reduce the absorption of salt and alleviates water deficiency under salt
stress [32].

4.2. Grafting Alleviates the Inhibition of Salt Stress on Photosynthetic Capacity through
Amelioration of Photosynthetic Pigment Reduction

Chlorophyll is the main photosynthetic pigment in higher plants. The light energy
harvested by chlorophyll is converted to stable chemical energy under a series of complex
reactions in the chloroplast, and plant photosynthesis will be limited due to the damage and
degradation of chlorophyll [20]. A reduced chlorophyll content has been observed in many
plants suffering from salt stress [20,33,34]. In this study, the concentrations of chlorophyll
a and chlorophyll (a + b) were significantly decreased by salt stress in Hs and Hs/Hs.
Since chlorophyll b was not markedly altered by salt stress, the decreased chlorophyll
(a + b) content can mainly be attributed to the reduced concentration of chlorophyll a in
salt-exposed Hs and Hs/Hs. Notably, chlorophyll a is the primary photosynthetic pigment
involved in determining the photosynthetic rate [8]. Thus, the reduction in the Pn was
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likely mainly due to the decreased concentration of chlorophyll a in salt-treated Hs and
Hs/Hs. Moreover, the chlorophyll a and chlorophyll (a + b) concentrations were not altered
in Hs/Hh leaves exposed to salt compared to those grown under control conditions. This
indicates that grafting effectively ameliorated the salinity-induced reduction in chlorophyll
concentrations. Similar findings of grafting alleviating the salt-induced decline in the
chlorophyll content have also been reported in watermelon, tomato, and apple [5,7,9,30].
These results suggest that the inhibition of salt stress on photosynthetic capacity through
grafting is caused by the alleviation of reductions in the concentrations of chlorophyll a
and chlorophyll (a + b).

4.3. Grafting Alleviates the Inhibition of Salt Stress on Photosynthetic Capacity through
Amelioration of Limitations on Photochemical Efficiency

The decline in photochemical activity is known to be one of the non-stomatal factors
that limits photosynthesis [35]. Therefore, the photochemical efficiency was determined in
this study. The Fv/Fm, the maximum quantum use efficiency of PSII, is a classic parameter
related to PSII functioning [36]. In the current study, the Fv/Fm was decreased by 26%
and 33% in Hs and Hs/Hs under 300 mM NaCl treatment, indicating that photoinhibition
occurred, which could be the result of damage to PSII [37]. Nonetheless, the constant Fv/Fm
in Hs/Hh demonstrates that the salt-induced photoinhibition of PSII was repaired by the
H. hamabo rootstock. Similar results were observed in salt-exposed grafted watermelon,
cucumber, and tomato [7,28,38]. In this study, salt stress led to significant reductions in
the ΦPSII and ETR in Hs, Hs/Hs, and Hs/Hh, likely owing to the decrease in the open
PSII reaction centers (qP). Since the ΦPSII and ETR represent the photochemical conversion
efficiency of PSII [38], their reductions indicate that the electron transporting for carbon
fixation was limited by salt in the leaves of Hs, Hs/Hs, and Hs/Hh. This would harm the
PSII complexes and cause the production of excess reactive oxygen species [7]. However,
Hs/Hh exhibited a higher ΦPSII and ETR than Hs and Hs/Hs under saline treatment,
suggesting that the H. hamabo rootstock can alleviate the salt-induced inhibition of the
photochemical conversion efficiency of PSII in H. syriacus. Moreover, the ΦPSII and ETR
were reduced, whereas the Fv/Fm was not altered in Hs/Hh, which was likely a result
of the improvement in the NPQ under saline conditions (Figure 4e), implying that more
energy was safely dissipated as heat in PSII [28].

In fact, photosynthesis is a very complex process that depends on the synergistic
functioning of large multi-subunit pigment–protein complexes of PSII and PSI, which
are embedded in specific regions of the thylakoid membrane [39]. The genes responsible
for encoding the subunits of PSII and PSI are closely associated with the photochemical
efficiency in plants [40,41]. For instance, the suppression of PSBO1 and PSBP2 through
RNA interference (RNAi) led to a marked reduction in the Fv/Fm and ΦPSII and an
accumulation of PSII core subunits [42–44]. Arabidopsis psad1-1 mutant plants exhibited
retarded growth and lower PSI activity, Fv/Fm, and ΦPSII, as well as downregulation
of most genes participating in the light phase of photosynthesis compared to wild-type
(WT) plants [41]. The transcript levels of PSBO1, PSBP-1, PSBP-2, PSBQ, PSBR, PSAD-1,
PSAK, and PSAL were significantly reduced by salt in Hs, and the transcript levels of these
genes in Hs/Hh were higher than in Hs and Hs/Hs under saline conditions, suggesting
that H. hamabo rootstock can alleviate the salt-induced inhibition of mRNA levels of genes
encoding the subunits of PSII and PSI in H. syriacus. Thus, these results indicate that the
amelioration of the inhibition of salt on photosynthetic capacity through grafting can be
attributed to the H. hamabo rootstock-enhanced expression of genes encoding the subunits
of PSII and PSI, as well as the stimulation of the photochemical efficiency in H. syriacus
under saline conditions.

4.4. Grafting Alleviates the Limitation of Salt Stress on Photosynthetic Capacity through
Amelioration of Inhibition on mRNA Levels of Genes Involved in the CBB Cycle

The CBB cycle is responsible for CO2 fixation in photosynthesis [45]. In this cycle,
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a primary rate-limiting
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enzyme that catalyzes the binding of CO2 to ribulose-1,5-bisphosphate (RuBP) to form 3-
phosphoglycerate [46,47]. Ribulose-phosphate 3-epimerase (RPE) catalyzes the conversion
of xylulose-5-P to form ribulose-5-phosphate (Ru5P) [48], and phosphoribulokinase (PRK)
catalyzes the ATP-dependent phosphorylation of Ru5P to form RuBP [45]. The de-activation
of the Rubisco and a reduced Pn have often been observed in long-term NaCl stress [29].
The mRNA levels of RBCS1A, which encodes a Rubisco small subunit that constitutes
Rubisco [49], as well as RCA-A and RCA-B, which code for Rubisco activase responsible
for activating Rubisco [50], and RPE and PRK were downregulated by saline in Hs. The
transcript levels of these genes in Hs/Hh were significantly higher than those in Hs and
Hs/Hh under salt conditions. Similar results have been found in salt-exposed grafted
watermelon [7]. T-DNA insertion mutants of rbcs1a revealed significant reductions in the
Rubisco activity and net photosynthetic rates compared to wild-type (WT) Arabidopsis [49].
RCA uses the energy from ATP hydrolysis to restore catalytic competence to Rubisco [47].
A previous study revealed that the reduction in the net CO2 assimilation was related
to Rubisco deactivation owing to the inhibition of RCA under moderate heat stress in
A. thaliana [51]. Therefore, these results suggest that the amelioration of the inhibition of
salt stress on photosynthetic capacity through grafting can be attributed to the higher
expression of RBCS1A, RCA, RPE, and PRK under saline conditions.

5. Conclusions

Taken together, our results show that after 23 days of NaCl treatment, the leaves of Hs
and Hs/Hs exhibited chlorosis, whereas the leaves Hs/Hh remained green. Saline stress
markedly decreased the Pn, Pnmax, E, Gs, WUE, chlorophyll a, chlorophyll (a + b), Fm,
Fm’, Fv/Fm, ΦPSII, and ETR in the leaves of Hs and Hs/Hs. In contrast, the reductions
in these parameters were greatly alleviated when H. syriacus was grafted onto H. hamabo
rootstock. Since the Ci was not markedly altered by 300 mM NaCl in Hs, Hs/Hs, and
Hs/Hh, it indicates that these three plants experienced significant non-stomatal limitations
to photosynthesis under salt conditions. Consistent with the changes in the Fv/Fm, ΦPSII,
and ETR, genes encoding subunits of PSII and PSI were downregulated by salt in Hs,
and the transcript levels of these genes were higher in Hs/Hh than in Hs and Hs/Hs
under salt conditions. Moreover, H. hamabo rootstock grafting upregulated RBCS1A, RCA,
RPE, and PRK, which were involved in the CBB cycle in H. syriacus scions under saline
treatment. These results demonstrate that grafting can alleviate the inhibition of salt on the
photosynthetic capacity of H. syriacus, which is mainly attributed to ameliorated limitations
on photosynthetic pigments, photochemical efficiency, and the CBB cycle.
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Abstract: Arbuscular mycorrhizal fungi (AMF) symbiosis has been shown to improve the ability to
obtain nutrients and resist adverse environmental conditions. However, there are few studies on
the functions of AMF in the absorption and accumulation of boron (B). Moreover, it is still unclear
whether the root colonization rates of AMF are limited by B deficiency. In this study, Camellia oleifera
seedlings were planted in normal and boron-deficient substrates, and the seedlings were inoculated
with Funneliformis mosseae or left uninoculated. The growth and physiological indices of C. oleifera
seedlings were determined. The results of this experiment indicate that AMF inoculation increased
the plant biomass, B content, B accumulation, and antioxidant enzyme activity in both normal and
boron-deficient C. oleifera seedlings. Furthermore, boron deficiency resulted in a decrease in the
AMF root colonization efficiency and the inhibition of C. oleifera seedlings’ growth and physiological
activity. These findings suggest that AMF inoculation could improve the resistance to B-deficiency
stress. Additionally, the colonization efficiency of AMF was adversely affected by B deficiency; thus,
AMF play a cooperative role with B in the growth and physiological functions of plants. The results
provide a theoretical basis for taking measures to solve B-deficiency stress in C. oleifera and other
plants’ cultivation.

Keywords: Camellia oleifera; boron deficiency; arbuscular mycorrhizal fungi (AMF); root morphology;
physiological parameters

1. Introduction

Boron (B), as one of the essential trace elements, plays an important role in sugar
transportation and hormone and phenolic metabolism for the growth and development
of higher plants [1,2]. B deficiency induces the accumulation of reactive oxygen species
and accelerates peroxidation in the root membrane system. B deficiency also affects the
levels of phenylalanine and tyrosine in the roots, promotes the biosynthesis of salicylic
acid, caffeic acid, and ferulic acid, and increases lignin contents in plant roots, which can
lead to structural and morphological changes [3]. The typical symptoms of B deficiency in
crops include bud development without flowering in Gossypium hirsutum and flowering
without seed production in Brassica napus [4,5]. Boron application, on the other hand, has
been shown to increase the grain size, reduce ear sterility, and increase the yield of Oryza
sativa [6], as well as reduce crop sensitivity to abiotic stresses, such as drought, salinity,
or heavy-metal toxicity [7]. However, the excessive application of B can lead to B toxicity
due to the narrow suitable range of B demand in plants. Therefore, alleviating the adverse
effects of B deficiency by improving the root absorption and utilization efficiency of B in
plants is very crucial.

Arbuscular mycorrhizal fungi (AMF) are symbiotic with approximately 80% of terres-
trial plants, increasing the efficiency of soil water and nutrient absorption while mitigating
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the negative effects of stress on plants [8,9]. AMF colonization can improve the plant’s
uptake and effective utilization of mineral nutrients, such as nitrogen and phosphorus. A
few studies have demonstrated that AMF can alleviate excess B toxicity symptoms in plants
by increasing biomass and decreasing the tissue B concentration [10,11]. AMF inoculation
could also be an effective method to promote the phytoremediation of B-contaminated soils
under salt and drought stresses [10]. However, the roles of AMF in B uptake and utilization
under B-deficient conditions are poorly understood [12].

Previous research has confirmed that AMF can obtain carbohydrates from host
plants [8,13], but it is still unclear whether the symbiosis between AMF and host plants
is affected by the levels of mineral nutrients such as B. Recent studies have shown that B
deficiency can negatively affect plant growth and the AMF colonization rate. For exam-
ple, B deficiency reduced root growth and the AMF colonization rate of Norway spruce
(Picea abies) [4,14,15]. These findings suggest that B may be necessary for effective sym-
biosis between AMF and host plants [16]. Moreover, some fungi can transport B in their
hyphae, indicating that B may play an important role in the relationship between fungi and
plants [11]. However, the specific effects of B-deficiency stress on plant AMF colonization
in B-deficient environments and the physiological mechanism of the interaction between B
deficiency and AMF remain unclear.

The plantations of Camellia oleifera cover an expansive area of over 5 million hectares in
southern China. These plantations serve crucial functions in resolving the conflict between
the demand for and supply of edible oil, boosting the income of farmers, and preserving
the ecological balance of the region. The C. oleifera planting area is located in the area with
red and yellow soil in southern China. The soil’s B content in this region, affected by heavy
rainfall and leaching, was generally below the normal range of 0.5–1 mg kg−1 because
of the heavy rainfall leaching influence [17]. B deficiency results in C. oleifera plantations
exhibiting symptoms such as flowering without bearing fruit, buds without blossoming,
and cracks in fruit shells. These symptoms significantly impact the quality and productivity
of plantations and serve as the primary inhibitors of the industry’s growth.

It has been proven that C. oleifera roots can live in symbiosis with AMF [18]. To what
extent AMF infection alleviates the symptoms of boron deficiency in C. oleifera and whether
the AMF infection efficiency is limited by boron deficiency, however, are not clear yet.
Clarifying the effects of AMF on B absorption and accumulation, as well as the effects of
B deficiency on the AMF colonization efficiency, will provide a basis for understanding
the interaction between B and AMF and its physiological mechanism. Additionally, the
insights from this study will underpin the development of effective cultivation strategies
and address the issue of B-deficiency stress in the C. oleifera industry.

2. Materials and Methods
2.1. Experimental Materials and Treatments

C. oleifera ‘Chang Lin 40′ (CL40) seedlings were planted in the greenhouse with a plastic
board roof, with no additional temperature and humidity control measures other than
natural ventilation with open windows. The roots of 2-year-old seedlings were sterilized
with 10% hydrogen peroxide (H2O2) for 15 s and then repeatedly washed with distilled
water before transplanting them to bigger pots (5 L). The culture substrate was a mixture
of pearlite and sand (pearlite–sand = 3:1, v/v), sterilized by high-pressure steam (121 ◦C,
0.11 Mpa, 2 h). C. oleifera seedlings were inoculated with or without Funneliformis mosseae
on 1 July 2021. The inoculant was composed of fungal spores, mycelia, an inoculated
root segment and other propagules, and a mixed matrix, which was purchased from the
Institute of Root Research, Yangtze University. The active spore count in the inoculant was
70–80 per gram. To ensure full contact between the AMF agent and the root system, 25 g of
the dried fungal agent was spread evenly onto the rhizosphere per pot of inoculant-treated
C. oleifera seedlings. The same amount of sterilized inactive AMF agent was added in the
same way in the non-AMF-inoculated treatments.
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Inoculated and uninoculated C. oleifera seedlings were irrigated daily with 40 mL of
Hoagland nutrient solution with normal B (2.86 mg L−1) or deficient B (0 mg L−1) per
plant once a day. Four treatments were applied: AMF inoculation and normal B (+AM+B),
AMF inoculation and B deficiency (+AM−B), no AMF inoculation and normal B (−AM+B),
and no AMF inoculation and B deficiency (−AM−B). There were 30 replicate seedlings for
each treatment.

2.2. Sampling and Plant Growth Parameters

Three replicate seedlings of C. oleifera were randomly selected for the measurement
of plant height, ground diameter, and other growth indices 60 days after treatment. All
plant samples were separated into roots, stems, and leaves and then killed at 105 ◦C for
30 min and dried at 75 ◦C until reaching constant weight. Subsequently, the biomass and
root-to-shoot (R/S) ratio were calculated. The dried samples were ground into powder
for the determination of B content. Three more replicate plants were chosen at random
and separated into roots, stems, and leaves. The fresh roots were scanned using an Epson
scanner (12000 XL), and the root length, surface area, and volume were examined using the
WinRHIZO analysis software (Pro 32-bit 2019a). Some fresh roots were isolated from three
plants to determine root vitality and the mycorrhizal infection rate, while root activity was
evaluated using 2,3,5-triphenyl-tetrazolium chloride staining [19]. The fresh samples were
put in buffer solution and then stored at −80◦C in the refrigerator for the determination of
physiological indicators.

The AMF root colonization rate was determined using the method outlined by Vier-
heilig et al. [20]. Specifically, 0.2 g of a fresh, fine root was cut into 1 cm sections, fixed
in FAA until transparent, and then stained. Fifteen stained root segments were arranged
neatly on glass slides, covered with lactic acid and a slide, and gently squeezed. Pictures
were taken using a light microscope to visualize invasion points, mycelium, arbuscules,
vesicles, and spores. The colonization rate of each root was determined using a grading
score of 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100, and the number of root segments at each
level was recorded to calculate the AMF root colonization rate for each treatment.

AMF colonization rate (%) = ∑(0 × N1 + 10 × N2 + . . . . . . + 100 × N11)/N × 100% (1)

2.3. Boron Analysis and Physiological Parameter Evaluation

Three plants were mixed into one sample, and three duplicate samples were used for
boron and physiological parameter determination. The boron contents were determined
using the curcumin colorimetric method as described by Bingham [21]. Each dry sample
weighed 0.533 g and was dry-ashed in a muffle furnace at 550 ◦C for 5 h. It was then
dissolved in a 0.1 mol L−1 HCL solution. The supernatant was absorbed with a curcumin-
oxalic acid solution, dried using a water bath, dissolved with alcohol, and filtered with
dry filter paper into a light contrast groove. Finally, the boron content and accumulation
were calculated.

The malondialdehyde (MDA) content was determined with the thiobarbituric acid
reaction [22]. Into a graduated test tube, 2 mL of crude enzyme solution and 3 mL of
a 5% trichloroacetic acid solution of 0.5% sulfobarbituric acid were added, and the mix-
ture was heated in a boiling water bath for 10 min. After quickly cooling, it was cen-
trifuged at 4500 r min−1 for 10 min. The supernatant was then measured for absorbance
using a spectrophotometer at 600 nm and 532 nm (UV-4802), with distilled water as a
100% blank transmittance.

The soluble sugar content was determined using the method outlined by Zhang
et al. [23]. Fresh and clean plant samples weighing 0.1 g were extracted two times in boiling
water for 30 min each time with 5 mL of distilled water. After filtration into a 25 mL
volumetric flask, 0.5 mL of the sample extract was combined with 1.5 mL of distilled water
in a 10 mL graduated tube, and the absorbance was measured with a spectrophotometer
(UV-4802) at a 630 nm wavelength to determine the soluble sugar content.
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The activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
were determined using the method described by Zhou and Leul [24]. Specifically, 0.5 g of
the plant sample was placed in a pre-cooled mortar for enzyme solution extraction. Then,
1 mL of phosphate buffer was added to an ice bath, and the volume was increased to 5 mL,
after which it was centrifuged at 4000 r.p.m. for 10 min.

SOD activity was determined by adding 0.05 mol L−1 phosphate buffer, 130 mmol L−1

methionine solution, 750 µmol L−1 tetrazole solution, 100 µmol L−1 EDTA-Na2 solution,
20 µmol L−1 riboflavin solution, and crude enzyme solution to a test tube containing
phosphate buffer. The reaction mixture was then exposed to 4000 lux daylight for 20 min.
The absorbance of the reaction mixture was measured at 560 nm using a spectrophotometer
(UV-4802).

POD activity was determined by adding 3 mL of 25 mmol L−1 guaiacol solution
(C6H4(OH)(OCH3)) to a centrifuge tube, followed by the addition of 0.2 mL of 250 mmol
L−1 hydrogen peroxide solution. The reaction mixture was mixed thoroughly to make a
homogeneous solution. Then, 0.1 mL of crude enzyme solution was added to the reaction
mixture as a substrate and introduced evenly into the spectrophotometer (UV-4802). The
absorbance of the reaction mixture was measured at 470 nm every 1 min for 10 min.

CAT activity was determined by adding 3 mL of 20 mmol L−1 hydrogen peroxide
solution to a 10 mL centrifuge tube. Then, 50 µL of crude enzyme solution was quickly
mixed with the reaction mixture and transferred to a quartz cuvette. The absorbance of
the reaction mixture was continuously measured at 240 nm using a spectrophotometer
(UV-4802) for 3 min, and the initial and final values were recorded.

2.4. Statistical Analysis

All data were analyzed using IBM SPSS Statistics 26 software. Before statistical analysis,
data were tested for normality using appropriate tests. If normality assumption was not
met, data were transformed before being subjected to significance analysis. Significance
was analyzed using the Duncan method with a significance level of p < 0.05. The effect of B-
deficiency stress treatment on morphological and physiological parameters was determined
using two-way ANOVA.

3. Results
3.1. The Effect of Boron Deficiency and AMF Inoculation on the Growth Parameters

Among the four treatments, +AM+B-treated seedlings showed the highest height
elongation, ground diameter thickening, shoot and root biomass, total biomass, and R/S
ratio. They were followed by those obtained with +AM−B and −AM+B treatments, while
the lowest values were observed in −AM−B-treated seedlings. The biomass and R/S
ratio showed significant differences (p < 0.05) between the +AM+B and −AM−B treat-
ments. Statistical analysis of the data presented in Table 1 indicated that AMF colonization
significantly benefits the growth parameters under B-deficiency stress treatment.

Table 1. Effects of boron deficiency and AMF inoculation on growth parameters (n = 3).

Treatments +AM+B +AM−B −AM+B −AM−B

Height elongation (cm) 3.45 ± 0.21 a 2.81 ± 0.29 a 1.35 ± 0.08 b 1.26 ± 0.18 b

Ground diameter thickening (mm) 1.28 ± 0.14 a 1.04 ± 0.18 a 1.05 ± 0.11 a 0.42 ± 0.04 b

Root biomass (g) 5.15 ± 0.51 a 4.85 ± 0.40 a 4.57 ± 1.00 a 3.40 ± 0.50 b

Shoot biomass (g) 10.03 ± 0.36 a 9.47 ± 0.16 a 9.64 ± 0.16 a 7.29 ± 0.46 b

Total biomass (g) 16.02 ± 0.81 a 13.47 ± 0.74 ab 15.56 ± 0.82 a 11.29 ± 0.97 b

R/S ratio 0.69 ± 0.01 a 0.69 ± 0.01 a 0.67 ± 0.03 a 0.43 ± 0.05 b

Note: +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and B deficiency; −AM+B: no AMF
inoculation and normal B; −AM−B: no AMF inoculation and B deficiency. The same applies to tables below. Values
are expressed as means ± SE. Significant differences between treatments were determined using Tukey’s honestly
significant difference test. Different lowercase letters indicate significant differences between treatments, p < 0.05.
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3.2. Boron-Deficiency Effect on AMF Root Colonization Rate, Activity, and Morphology

The AMF colonization rate of +AM+B-treated seedlings was 46.1%, significantly higher
than that of seedlings in the +AM−B treatment (35.6%). In contrast, no AMF colonization
was observed in the roots of AMF non-inoculated C. oleifera seedlings. This result indicates
that B deficiency could inhibit the development of the AMF symbionts (Figure 1). The root
sections of AMF-inoculated plants showed the presence of mycelia, follicles, arbuscular,
and spores of AMF. The inoculated roots were closely attached to the surface by hyphae
and kept growing along the root surface and branches, forming multiple invasion points.
The hyphae grew in the form of a binary fork, forming a dendritic structure. Root cortical
cells produced multiple round or oval vesicles filled with cellular chambers (Figure 1B–D).
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Figure 1. AMF root colonization rate (A), light micrographs of AMF-inoculated root (B,C), and AMF
non-inoculated root (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B:
AMF inoculation and B deficiency. Values (A) are expressed as means ± SE. Significant differences
between means were determined using significant difference T-test. Different lowercase letters
indicate significant differences between treatments, p < 0.05.

The +AM+B-treated seedlings had the maximum root activity after treatment (Figure 2).
AMF inoculation improved the root activity in both B-deficient and normal-B-supplied
C. oleifera seedlings (p < 0.05).

The +AM+B-treated C. oleifera seedlings had the maximum total root length, root
surface area, and root volume (Figure 2). The total root length, root surface area, and root
volume of −AM+B-treated seedlings decreased by 5.9%, 33.6%, and 23%, respectively,
and those in the +AM−B treatment decreased by 7.2%, 34.9%, and 36.2%, respectively,
compared with +AM+B. Under B-deficient conditions, the total root length, root surface
area, and root volume of AMF-inoculated C. oleifera seedlings were significantly higher
than those of uninoculated seedlings 60 days after treatment (p < 0.05).
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3.3. Effect of Boron Deficiency and AMF Inoculation on Boron Content and Accumulation

AMF inoculation improved the B content in stems and leaves in both B-deficiency-
and normal-B-supply-treated C. oleifera seedlings (p < 0.05) (Figure 3B,C). Under normal B
treatment conditions, the B content in the roots, stems, and leaves of uninoculated seedlings
decreased by 18.7%, 12.5%, and 12.1%, respectively, compared with AMF-inoculated treat-
ments (Figure 3A–C). B accumulation in normal-B-treated plants was higher than that in
B-deficiency-treated C. oleifera seedlings (p < 0.05). AMF inoculation significantly increased
the plant’s B accumulation in normal-B treatments (Figure 3D).
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(C) and B accumulation (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B:
AMF inoculation and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF
inoculation and B deficiency. Values are expressed as means ± SE. Significant differences between
means were determined using Tukey’s honestly significant difference test. Different lowercase letters
indicate significant differences between treatments (p < 0.05).

3.4. Effect of Boron Deficiency and AMF Inoculation on Antioxidant Enzyme Activity

AMF inoculation significantly increased soluble sugar contents in roots and leaves
under different boron treatments (p < 0.05) of C. oleifera seedlings (Figure 4A,B). The MDA
contents in roots and leaves significantly differed among the four treatments, and the MDA
contents in leaves were significantly higher than that in the roots of C. oleifera seedlings
(p < 0.05). B deficiency increased the MDA content, while AMF inoculation significantly
decreased MDA contents in both the leaves and roots of C. oleifera seedlings (Figure 4C,D).
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Figure 4. Effects of boron deficiency and AMF inoculation on soluble sugar and MDA contents of
C. oleifera seedlings (n = 3). Root soluble sugar (A), leaf soluble sugar (B), Root MDA (C) and leaf
MDA (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation
and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and
B deficiency. Values are expressed as means ± SE. Significant differences between means were
determined using Tukey’s honestly significant difference test. Different lowercase letters indicate
significant differences between treatments, p < 0.05.

The SOD activities in roots and leaves significantly differed among the four treatments
of C. oleifera seedlings (p < 0.05). The +AM−B-treated plants had the highest SOD activity
in roots and leaves (Figure 5A). The B-deficiency treatment significantly improved the
SOD, POD, and CAT activities in the roots and leaves in both AMF-inoculated and non-
inoculated C. oleifera seedlings. AMF inoculation enhanced SOD, POD, and CAT activities
in roots and leaves in B-deficiency-treated C. oleifera seedlings (p < 0.05).
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Figure 5. Effects of boron deficiency and AMF inoculation on the SOD, POD, and CAT activities
of C. oleifera seedlings (n = 3). Root and leaf SOD (A), root and leaf POD (B), root and leaf CAT
(C) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation
and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and
B deficiency. Values are expressed as means ± SE. Significant differences between means were
determined using Tukey’s honestly significant difference test. Different lowercase letters indicate
significant differences between treatments of roots or leaves (p < 0.05).

3.5. Principal Component Analysis

A principal component analysis of 14 indicators was performed for dimension reduc-
tion. There are two components with eigenvalues greater than 1, and PCA scores for the
four treatments are shown in Figure 6. The first principal component eigenvalue is 8.610,
and the larger contributing indexes are total root length and soluble sugar; the second
principal component eigenvalue is 5.614, and the larger contributors are SOD and CAT. The
main variables with high loads on axis 1 are the R/S ratio, root length, root surface area,
root volume, root vitality, and malondialdehyde. The main variables with high loads on
axis 2 are mainly soluble sugar, soluble protein, SOD, POD, CAT, and boron accumulation.
There is a positive correlation between root activity and the mycorrhizal infection rate and
R/S ratio. The four treatments are distributed in different quadrants, indicating significant
differences between treatments.
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Figure 6. Principal component analysis of variables. The arrow lines of the variables are plotted as
the correlation coefficients between them and the first two principal components. CAT, SOD, POD,
and MDA are catalase, superoxide dismutase, peroxidase, and malondialdehyde, respectively, in
C. oleifera plants.

According to the principal component analysis, a comprehensive evaluation model of
C. oleifera quality under different treatments was established (F = 0.66F1 + 0.29F2), from
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which the comprehensive scores of four treatments (Table 2) were calculated, and the scores
were ranked from high to low: +AM+B, +AM−B, −AM+B, and −AM−B.

Table 2. Scores and sorting of the principal components of all detected indexes in 4 treatments.

Treatment
Principal Component Score

Scores Sort
F1 F2

+AM+B 3.58 0.54 2.52 1
+AM−B −0.96 2.50 0.09 2
−AM+B 0.99 −2.30 −0.01 3
−AM−B −3.61 −0.74 −2.59 4

Note: +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and B deficiency; −AM+B: no AMF
inoculation and normal B; −AM−B: no AMF inoculation and B deficiency.

The relationships between 14 indexes and 4 treatments were analyzed by principal
component analysis. The AMF colonization rate, total biomass, root activity, soluble sugar,
root length, root surface area, and root volume made significant contributions to PC1, while
there was a large negative correlation between POD and PC1 (Figure 6).

4. Discussion
4.1. Effect of Boron Deficiency on AMF Colonization

The colonization of AMF depends on the host plant species, the classification of AMF,
and the soil environment. Several studies have reported that soil environmental factors
affect the growth of the AMF symbiont, such as low phosphorus levels, which inhibit plant
AMF root colonization [25–27]. This result showed that B deficiency significantly reduced
the AMF colonization rate, which expanded our knowledge by showing that the soil B
level is also an important factor affecting AMF colonization.

Boron deficiency significantly decreases the plant’s total root length, which will limit
the contact chances between the root system and AMF in the soil to a certain extent. Many
researchers have reported that B deficiency damages the root cell structure [28], which may
hinder the invasion and decrease the colonization rate of AMF. In addition, B has been
proven to be transported in the hyphae of most fungi, and B also plays a role in maintaining
the cell wall structure of hyphae [11]. Under the condition of B deficiency, the stability of
the AMF fungal vesicle envelope was impaired, resulting in the production of nitrogenase,
and nitrogen fixation was almost non-existent [29]. Therefore, B deficiency inhibits hyphal
growth, which is also the main reason that AMF reduce their ability to infect plants [16].
These results further confirm that B is necessary for the establishment of effective symbiosis
between AMF and plants.

4.2. Effect of AMF on Plant Growth, Boron Absorption, and Utilization

B deficiency has been proven to inhibit the growth and elongation of plant roots [30].
These research results also showed that the total root length, total root surface area, total
root volume, and root biomass of AMF-inoculated C. oleifera seedlings were significantly
higher than those of non-inoculated seedlings, which is consistent with other research results
showing that B deficiency limited the growth and development of plant roots [28,30]. AMF
inoculation significantly increased the total root length, surface area, volume, and biomass
of C. oleifera seedlings under B-deficient conditions, which is consistent with published
studies [31,32]. The symbiotic relationship between AMF and plant roots effectively in-
creased the root length, root surface area, root volume, and biomass, which facilitates plant
adaptation to B deficiency and other stresses. AMF inoculation increased the B accumulation
in both normal-B-supply and B-deficient conditions. The colonization of AMF promotes
B absorption and accumulation and effectively alleviates growth and other physiological
symptoms in B-deficient environments.
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4.3. Effect of AMF and Boron Deficiency on Plant Physiological Characteristics

Plants under stress conditions will produce a series of physiological responses to
reduce the damage to themselves. Soluble sugars, as important carbohydrates in plants,
increase plant resistance to environmental stress through their osmoregulatory function [33].
Our results showed that AMF inoculation significantly increased the contents of soluble
sugars and enhanced the cell stability of C. oleifera seedlings under different boron-supply
treatments, the same result as in C. sinensis [34]. Moreover, the soluble sugar content was
significantly higher in boron-deficient than normal-boron-treated C. oleifera seedlings. It
has been speculated that the accumulation of soluble sugars may result in an increase
in osmotic regulators and carbohydrate transportation to improve the adaptation to B
deficiency and other stresses [35].

MDA is the final decomposition product of membrane lipid peroxidation, which
suppresses the activity of cell-protective enzymes and antioxidant contents, resulting in
membrane lipid peroxidation and severe plant cell death [36]. The root and leaf MDA
contents of C. oleifera seedlings inoculated with AMF were significantly lower than those of
non-AMF-inoculated seedlings, indicating that AMF could protect the plant membrane
system and thus relieve the stress symptoms of B deficiency in C. oleifera seedlings.

The plant exoenzyme protection system consists of SOD, POD, and CAT [22]. CAT is
a redox enzyme that converts H2O2 into H2O and O2, thus preventing H2O2 accumulation
in the cell, and SOD acts as a key defensive enzyme against free radicals in catalyzing
superoxide dismutation to H2O2 and O2 [37], thus functioning to eliminate excess super-
oxide anions and sustain normal physiological metabolism under stress [38]. POD has a
wide variety of physiological roles, including lignification, the crosslinking of polymers
in cell walls, the formation of suberin, and resistance to stress [39]. The SOD, POD, and
CAT activities were higher in the roots and leaves of AMF-inoculated seedlings than in
those without AMF, indicating that AMF could improve antioxidant enzyme activity and
protect plants from adversity [40,41]. The SOD, POD, and CAT activities in roots and leaves
were significantly higher in B-deficiency-treated seedlings than in normal-B-treated Brassica
seedlings, which is consistent with the findings of Pandey and Archana [42]. Another study
also confirmed that AMF can effectively improve the activities of SOD, POD, and CAT
in the leaves of tobacco (Nicotiana tabacum L.) and further improve the activities of plant
antioxidant enzymes to alleviate toxic effects and enhance plant stress resistance [43].

5. Conclusions

The results demonstrated that AMF inoculation improved both seedling growth and B
absorption and utilization efficiency, in addition to enhancing the physiological functions of
C. oleifera seedlings under both normal and B-deficiency stress conditions. B deficiency had
a direct and negative impact on growth and physiological parameters and also reduced the
AMF root colonization rate of C. oleifera seedlings. These conclusions provide an important
theoretical basis for understanding the effect of the interaction between B and AMF on
plant growth, providing ideas for solving the problem of B deficiency in C. oleifera by
AMF inoculation.
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Abstract: Sexually dimorphic response to stress has been observed in assorted natural dioecious
plants. Up to now, few studies have focused on the difference of stress responses between artifi-
cially bred siblings. To determine the sexual dimorphism between artificially bred sibling poplar
trees, we conducted a study comparing the response to water deficit between male and female
Populus × euramericana siblings. This pair of hybrids was analyzed in terms of growth, photosynthe-
sis, membrane injury and repair systems, as well as gene regulation patterns. The female and male
siblings presented distinct responses to water deficit, with greater inhibition in females’ growth and
photosynthesis. The results also displayed that in females, relative electrolyte leakage and malon-
aldehyde content were higher than those in males under water deficit conditions. On the other hand,
water deficit caused a greater increase in both SOD activity and POD activity in males than those in
females. Consistent with these physiological differences, the expression of several stress-related genes,
including SOD, GST, bHLH35, and PsbX1, was regulated differently between female and male hybrids
by water deficit stress. Higher expression of SOD in moderate-water-deficit-treated females and
higher GST, bHLH35 expression in both moderate- and severe-water-deficit-treated females suggest
that the female sib is more sensitive, whilst higher expression of SOD in severe-water-deficit-treated
males and higher PsbX1 expression in water-deficit-treated males testify that males protect cells
better. To achieve an integrated view, all these variables were analyzed through the use of a principal
component analysis and a total discrepancy between the sexes in their response to water deficit was
demonstrated. The results indicate that, compared with male poplar sibs, females are more sensitive,
but deploy a weaker protective apparatus to deal with water deficit.

Keywords: sexual dimorphism; siblings; water deficit; gene regulation; ROS scavenging; Populus ×
euramericana

1. Introduction

There are 15,600 dioecious plant species which have been identified to date, accounting
for 5%–6% of the angiosperm plants on Earth [1]. Under environmental selection, dioecious
plants separate females from male individuals, which has been hypothesized to increase
outcrossing for facilitating species evolution and resolving intralocus sexual conflicts over
the allocation of resources [2–5]. Despite their autosomal genetic similarity, females and
males of various dioecious plants are different in morphological, physiological, and ecolog-
ical features, including possessing different responses to environmental stresses [6,7]. In
dioecious plants, sexual-related stress resistance bias is selected and evolves naturally along
with sexual selection on both autosomes and sexual chromosomes over several decades
to million years [2,8]. Artificially bred female and male siblings are generated as hybrids
from a specific pair of parents, and are produced through carefully controlled fertilization,
precluding paternal input except from the selected male parent. These hybrids are quite
similar in autosomes, and this is reflected in similarities in morphological, physiological,
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and ecological features. However, these similarities do not include the similarity in re-
sponses to environmental stresses [9,10]. The distinct physiological responses to stress
between artificially bred female and male siblings may be linked to gene expression or sex
determination biases [3].

Water is indispensable to plants in retaining the balance of cell turgor, osmotic potential,
photosynthesis, respiration, etc. [11–13]. Drought has induced huge pecuniary losses
in global crop production in the last decade and will increasingly be a misfortune for
agriculture, humanity, and livestock alike [14]. Water deficit, another meaning for drought
for plants, greatly restricts plant distribution, growth, development, and productivity [15].
To perceive, avoid, and compensate for drought-induced harm, plants have evolved various
defense strategies. The perception of stress by plants is through initiating several complex
signaling networks, such as phytohormone level change, kinase/phosphatase signaling
cascade regulation, stress-related gene expression, and reactive oxygen species (ROS)
production [15,16]. However, the excess ROS induced by water deficit is harmful to cellular
integrity and biomacromolecules. To survive, plants have to detoxify excess ROS toxicity
through enzymatic and/or nonenzymatic mechanisms [17–19]. It can be considered that
the capability of detoxification of ROS might be correlated with the ability of plants to
resist stress. Under water deficit stress, resistant and sensitive plants respond differently,
spanning from morphology and physiology to biochemistry and gene regulation. Typically,
the sensitive plant responds quickly to water deficit but is exposed to more harm due to a
weaker protective strategy for water deficiency than a tolerant plant at either cell, tissue, or
overall plant level [14,20,21]. This theory is supported in many native dioecious species,
whereby it appears that the female is the sensitive sex and is harmed more severely by
stress compared to male plants [22–28]. Few research studies have focused on whether
and how the sexual-specific response to water deficit between sexes is manifest between
cultured female and male sibs [9,10].

Several gene expression mechanisms, especially stress response and resistance-related-
gene regulation, endue plants with different responses and resistance to stress [14,15,29,30].
The response- and resistance-related genes’ products, for sensing and resisting drought, are
classified into functional and regulatory groups [30]. In the first group, there are water chan-
nels and transporters, detoxification enzymes, protection factors, and osmolyte biosynthesis
enzymes and proteases, and in the regulatory groups, there are transcription factors, such as
DREBs, AREB, MYC, MYB, bZIP, bHLH, and NAC, and protein kinases and phosphatases,
phospholipid metabolism and ABA biosynthetic pathway components [30]. Superoxide
dismutase (SOD) is a crucial antioxidant enzyme responsible for ROS scavenging and
its expression was higher in tolerant plants compared with sensitive ones [31–33]. Glu-
tathione S-transferase (GST) reduces hydroperoxides produced during oxidative stress and
was upregulated in drought-tolerance-enhanced transgenetic poplar [34,35]. Basic helix–
loop–helix (bHLH) transcription factors are involved in plant growth and development,
secondary metabolite biosynthesis, photomorphogenesis, signal transduction, and stress
response. bHLH-gene-overexpressed poplar show higher resistance to drought [36–38].
Photosystem II subunit X (PsbX) protein maintains efficient electron transport in PS II and
safeguards PSII integrity for photosynthesis [39–41]. It is sensitive to stresses and greater
PsbX expression, the greater integrity of PSII, and higher photosynthesis capacity, even
facing stress [42].

Populus, a dioecious tree with a fully sequenced genome, is a typical model for survey-
ing both physiological and genetic sexual-specific response to stress in woody plants [43–45].
Previous studies have revealed different responses between female and male plants in
many native poplars to various stresses [28,46–51]. Nevertheless, these poplars investigated
in these studies were natural populations or cuttings (clones) from either male or female
plants. The different responses between these native sexes developed under sex-specific
evolutionary selection from several decades to million years, which means that the genomes
between native female and male poplars are greatly different in both sex chromosomes
and autosomes. However, the female and male poplar sibs, which are hybrids from the
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same pair of parents, have been selected in only several years and are much more similar
between females and males in morphological, physiological, and biochemical traits and
gene expression, except for the sexes [9,10]. Here, to determine whether and what sexual
dimorphism is present in artificial hybrids, the sibs of P. × euramericana, the female line
‘Nanlin-895’, and the male line ‘Nanlin-1388’, were chosen for a direct or integrated study
of morphological variability, alteration of physiological and biochemical parameters, gene
expression analysis, etc., under water deficit conditions.

2. Materials and Methods
2.1. Plant Materials and Water Deficit Treatment

The stalks of brother and sister sibling P. × euramericana were collected from the clones
‘Nanlin-895’ (P. × euramericana cv. ‘Nanlin-895’) and ‘Nanlin-1388’ (P. × euramericana
cv. ‘Nanlin-1388’), respectively, which are brother–sister sibs of the maternal clone ‘I-69’
(P. deltoides Bartr. cv. ‘Lux’) and the paternal clone ‘I-45’ (P. × euramericana (Dode) Guineir
cv. ‘I-45/51’). Stalks were planted in 5 L plastic pots filled with 3 kg of homogenized soil and
4 g of slow-release fertilizer (N:P:K = 13:10:14). Following two months of growth, eighteen
male and eighteen female seedlings, similar in both stature and height, were chosen for the
water deficit study. The seedlings were grown in a greenhouse with a glass shelter at Anhui
Normal University in Wuhu, China. The experimental design was completely randomized
with two factors: sex and water deficit stress. Water deficit treatment was set at three levels:
control (70%–80% of soil water holding capacity (SWHC)), moderate water deficit stress
(50%–60% of SWHC), and severe water deficit stress (30%–40% of SWHC). Each treatment
involved six male and six female seedlings (three biological replicates per sex with two
cuttings per biological replicate). To maintain the soil water content, each of the seedlings
was watered with an adjustable volume water into the pots according to Li et al. [52]. The
treatment was ongoing for three months from the 1 June to the 1 September 2019.

2.2. Morphology and Photosynthesis Assay

Along with the treatments, the seedlings’ heights were measured every two days,
and the shoot basal diameters (diameters of the boles at the soil surface) were measured
every ten days. The growth curves for both height and basal diameter were generated
using the binomial regression method in the SPSS 23.0 package (Chicago, IL, USA). At
the end of the treatments, photographs of the plants were taken. Four cuttings from each
treatment and sex were randomly selected for gas exchange rate assays. Light response
curves were generated on the third or fourth fully expanded leaf. The parameters measured
included the net photosynthesis rate (A), stomatal conductance (gs), intercellular CO2
concentration (Ci), transpiration rate (E), primary photochemical efficiency of PSII (Fv/Fm),
sum of the quantum yields of PSII photochemistry (ΦPSII), photochemical quenching (qP),
and non-photochemical quenching (NPQ). These measurements were obtained using the
Li-COR 6400 system (LI-COR, Inc., Lincoln, NE, USA) under the following conditions: leaf
temperature of 25 ± 2 ◦C, photosynthetic photon flux (PPF) of 1400 µmol m−2 s−1, relative
air humidity of 70%, and ambient CO2 concentration of 400 µmol mol−1. Light response
curves were generated using PPF values of 0, 100, 250, 500, 750, 1000, 1200, 1300, 1400, 1500,
1600, and 1800 µmol m−2 s−1, at an ambient CO2 concentration of 400 µmol mol−1, leaf
temperature of 25 ± 2 ◦C, and relative air humidity 70%. Gas exchange parameters and
light response were measured between 10:00 a.m. and 1:00 p.m. The modified rectangular
hyperbola model was used to generate a regression analysis for light response data, and
the corresponding formula is as follows [53,54]:

A = φPAR
1 − βφ

1 + γφ
− Rd

where ϕ represents the initial apparent quantum efficiency, PAR refers to photosynthetic
photon flux density, Rd stands for the rate of dark respiration, and β and γ represent the
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corresponding coefficients. The maximum net photosynthetic rate (Amax) can be calculated
using the following formula:

Amax = φ

(√
β + γ −

√
β

γ

)
− Rd

Nonlinear regression analysis was performed using the SPSS version 23.0 (Chicago,
IL, USA) software to generate the light response curve regression.

2.3. Chlorophyll Pigment Content Assay

To determine the chlorophyll pigment content, leaves from cuttings of each gender
and treatment were cut into approximately 0.2 cm strips. About 0.1 g of each sample was
then ground using a mortar and pestle with 5 mL of 80% acetone, and the mixture was
transferred to a 50 mL Falcon tube, with the mortar and pestle being washed several times
using 80% acetone. A total of 25 mL of mixture was obtained by adding 80% acetone. The
mixture was incubated in darkness at room temperature for 12 h, with gentle stirring every
4–5 h. After filtration with cheese cloth, the absorbance of the extractive was measured at
645 and 663 nm with a spectrophotometer (SMA5000, Merinton, StellarNet, Inc., Tampa,
FL, USA). The pigment contents were calculated using the follows [55]:

Chla = 12.25 ∗ A663 − 2.79 ∗ A645
Chlb = 21.50 ∗ A645 − 5.10 ∗ A663
TC = 7.15 ∗ A663 + 18.71 ∗ A645

where Chl a, Chl b, and TC represent chlorophyll a, chlorophyll b, and total chlorophyll
contents, respectively, and A645, A663 are the absorbance values of the extracted solution at
645 and 663 nm, respectively. The unit of chlorophyll is expressed in mg mL−1.

2.4. Relative Electrolyte Leakage Assay

The relative electrolyte leakage (REL) was measured according to the method de-
scribed by Liao et al. [56]. Leaves from four cuttings of each sex and treatment were
selected and washed with deionized water several times. Leaf discs (0.3 g) were prepared
by avoiding the main veins and then incubated at room temperature for 30 min with gentle
shaking every several minutes. The electrical conductivity (C1) of the bathing solution was
measured using a conductivity detector (DDB-303A, INESA Analytical Instrument Co.,
Ltd., Shanghai, China). The glass tubes containing the bathing solution and leaf discs were
then boiled for 10 min and allowed to cool to room temperature. The electrical conductivity
(C2) of the boiled solution was measured, and the relative electrolyte leakage was calculated
as follows:

REL(%) = (C1/C2) ∗ 100

where C1 is the electrical conductivity of the bathing solution before boiling, and C2 is the
electrical conductivity of the boiled solution. The REL is expressed as a percentage.

2.5. ROS Scavenging Enzyme Activity Assay

Four fully expanded leaves were randomly chosen from each replicate to conduct
the ROS scavenging enzyme activity assay. The extraction of superoxide dismutase (SOD:
EC 1.15.1.1) and peroxidase (POD: EC 1.11.1.7) was carried out according to a previously
published method, and the activity was measured [57]. To extract the enzymes, 0.5 g
of fresh leaves was ground in 5 mL of iced 50 µM phosphate buffer (pH 7.8) containing
1% w/v polyvinyl pyrrolidone (PVP) and then centrifuged at 12,000× g, 4 ◦C for 15 min.
After that, 10 µL of the supernatant was mixed with 4 mL of reaction system (50 µM
phosphate buffer (pH 7.8), 77.12 µM nitroblue tetrazolium chloride (NBT), 13.37 mM
methionine, 0.1 mM ethylene diamine tetraacetic acid (EDTA), and 80.2 µM riboflavin).
The reaction was initiated by illuminating the mixture with a white fluorescent lamp
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(4000 Lux). After 20 min of illumination, the absorbance at 560 nm was measured using a
UV spectrophotometer (SMA5000, Merinton). A negative control system without enzymes
was used for baseline measurements. One unit activity of SOD (U) was defined as the
amount of enzyme necessary to inhibit 50% of NBT reduction [58]. The POD activity was
initiated by adding 20 µL of the supernatant to the POD reaction system which contained
50 µM of phosphate buffer (pH 6.0), 50 µM of guaiacol, and 50 µM of H2O2, and mixing
by inverting and righting the tube three times. The rate of absorbance change at 470 nm
was monitored immediately with a UV spectrophotometer (SMA5000, Merinton) for three
minutes. POD activity was defined as the ability to convert guaiacol to tetraguaiacol and
was evaluated from the change in absorbance value per minute [59].

2.6. Malondialdehyde Content Assay

To assess the level of membrane lipid peroxidation, the malondialdehyde (MDA)
content was determined following a previously established method [23]. For each treat-
ment, four fully expanded leaves were randomly selected, and 0.5 g of fresh leaves was
homogenized in an ice bath using 5 mL of phosphate buffer (pH 7.8). The homogenate was
then centrifuged at 12,000× g for 20 min at 4 ◦C. Next, 1 mL of the supernatant was mixed
with 2 mL of the reaction mixture containing 0.6% (w/v) TBA and 10% (v/v) TCA; then,
the mixture was incubated in boiling water for 15 min and quickly cooled in an ice bath.
Subsequently, the mixture was centrifuged at 12,000× g for 10 min and the absorbance
of the supernatant was measured at 450, 532, and 600 nm using a UV spectrophotometer
(SMA5000, Merinton). Finally, the MDA content was calculated:

C(µM) = 6.45 ∗ (A532 − A600)− 0.56 ∗ A450

where A450, A532, and A600 denote the absorption of the supernatant at the wavelengths of
450 nm, 532 nm, and 600 nm respectively.

2.7. RNA Extraction and qRT-PCR Assay

Poplar leaves were subjected to total RNA extraction using the Trizol Total RNA
Extractor Kit (Sangon Biotech, Shanghai, China) following the manufacturer’s instructions.
Subsequently, complementary DNA (cDNA) was synthesized using the Monscript™ RTIII
Super Mix Kit (Monad Biotech Co., Ltd., WuHan, China) according to the manufacturer’s
guidelines. The primers for SOD, GST, bHLH35, and PsbX1 transcript were developed using
SnapGene software 2.3.2 and are listed in Supplementary Table S4. PCR was performed
with the MonAmp™ ChemoHS qPCR Mix Kit (Monad Biotech Co., Ltd. WuHan, China)
on Roche LightCycler™ 96, using SYBRGreen as the fluorescent detection dye. The internal
control used was UBQ, and the 2−∆∆CT method was employed for determining the relative
expression of each gene [60]. The entire experiment was conducted in triplicate to ensure
the accuracy of the results.

2.8. Statistical Analysis

To test the different responses, data of growth, gas exchange, chlorophyll pigment
content, chlorophyll fluorescence, REL, MDA content, ROS enzyme activities, and gene
expression were compared between the sexes and among the treatments using generalized
linear models in IBM SPSS 23.0 package (Chicago, IL, USA). Two-way analysis of variance
(ANOVA) with a post hoc Duncan multiple comparison was used for statistically signif-
icantly differing means at a p < 0.05 level. All data were tested for, and validated to be,
both normally distributed and with a homogeneity of variance before comparisons were
performed.

To assess and compare the composite different response between female and male
siblings, the principal component analysis (PCA) was carried out based on the growth,
photosynthetic and biochemical parameters, and gene expression of P. × euramericana
siblings. Prior to PCA, the correlation between the traits was examined and is documented
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in Supplemental Table S5. The PCA analysis was conducted using SIMCA 13.0 software
(Umetrics AB, Umea, Sweden).

3. Results
3.1. Water Deficit Had Different Effects on Growth, Net Photosynthesis, and Chlorophyll
Fluorescence in Female and Male Poplar Sibs

Water deficit induced more serious leaf curling and chlorosis in females than in males
(Figure 1A). The height and basal diameter increments were significantly reduced in both
sexes by water deficit, and the reduction was more severe in females’ basal diameter than
that in males under severe water deficit (Figure 1B,D, Table S1). Furthermore, water deficit
resulted in a greater depression in female height and basal diameter growth than in males
(Figure 1C,E, Table S1). Water deficit decreased A in both female and male sibs and this
decrease was statistically significantly greater in females (Table 1). However, other gas
exchange parameters such as gs, Ci, and E were not greatly affected by water deficit and
showed no significant difference between sexes of poplar cuttings (Table S2). Moreover,
Fv/Fm, ΦPSII, and qP were all statistically significantly lower in female sibs than in male
sibs under water deficit conditions (Table 1).
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Figure 1. Phenotypic symptom and growth of female and male sibs of P. × euramericana under
different irrigation conditions. (A) Phenotypic differences between sib lines; (B) increment of height
growth; (C) height growth curves; (D) increment of basal diameter; (E) basal diameter growth curves.
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MCK and FCK, male and female lines under control treatment (70%–80% of SWHC); MMS and FMS,
male and female lines under moderate water deficit stress (50%–60% of SWHC); MSS and FSS, male
and female lines under severe water deficit stress (30%–40% of SWHC). Different uppercase letters
above the bars denote significant differences among the control and water-deficit-treated female and
male lines separately, and different lowercase letters denote significant differences between the sexes
of each treatment at the level of p ≤ 0.05 according to Duncan post hoc tests. BD, basal diameter.
Values are means ± SE (n ≥ 3).

Table 1. Photosynthesis and chlorophyll fluorescence parameters of female and male P. × euramericana
sibs under different irrigation conditions.

Parameters A (µmol m−2 s−1) Fv/Fm ΦPSII qP

Male
CK 9.976 ± 0.208 Aa 0.824 ± 0.002 Aa 0.057 ± 0.003 Aa 0.116 ± 0.005 Aa
MS 9.135 ± 0.391 ABa 0.823 ± 0.003 Aa 0.047 ± 0.001 Ba 0.096 ± 0.001 Ba
SS 8.008 ± 0.752 Ba 0.808 ± 0.003 Ba 0.036 ± 0.001 Ca 0.075 ± 0.002 Ca

Female
CK 8.367 ± 0.562 Ab 0.825 ± 0.002 Aa 0.053 ± 0.001 Aa 0.116 ± 0.004 Aa
MS 6.945 ± 0.494 ABb 0.817 ± 0.002 Ba 0.039 ± 0.001 Bb 0.083 ± 0.003 Bb
SS 5.897 ± 0.676 Bb 0.799 ± 0.002 Cb 0.026 ± 0.001 Cb 0.050 ± 0.004 Cb

P-level
Pstress 0.001 0.000 0.000 0.000

Psex 0.000 0.018 0.000 0.000
Note: A, net photosynthesis rate; Fv/Fm, maximal PSII quantum yield; ΦPSII, quantum yield in PSII; qP, photo-
chemical quenching parameter. CK, control treatment (70%–80% of SWHC); MS, moderate water deficit stress
(50%–60% of SWHC); SS, severe water deficit stress (30%–40% of SWHC). Within a column, different uppercase
letters following values denote significant differences among the control and water-deficit-treated female and
male lines separately, and different lowercase letters denote significant differences between the sexes of each
treatment according to Duncan posthoc tests. Pstress, water deficit treatment effect; Psex, sex effect. Values are
means ± SE (n ≥ 3).

3.2. Female and Male Poplar Sibs Responded Differently to Light and the Chlorophyll Content Was
Reduced Differently by Water Deficit

Female and male hybrids showed different light response curve, especially under
water deficit conditions (Figure 2). Regression analysis using the modified rectangular
hyperbola model showed that the regressed A in males was higher than in females when
the photosynthetic photon flux increased to above 500 µmol m−2 s−1, and this difference
was more pronounced under water deficit conditions. The coefficients of the fitted curves
are presented in Table S3. Furthermore, Amax, regressed by the modified rectangular
hyperbola model, was reduced in both males and females under water deficit stress, with a
more noticeable reduction in females than that in males under severe water deficit (Table 2).
Additionally, the chlorophyll a, b, and total chlorophyll content decreased in both female
and male sibs under water deficit. The chlorophyll content was lower in females than males
under both control and water deficit conditions (Table 2).

Table 2. The maximum net photosynthetic rate and chlorophyll pigments content of female and male
P. × euramericana under different irrigation conditions.

Parameters Amax
(µmol m−2 s−1) Chl a (mg mL−1) Chl b (mg mL−1) TC (mg mL−1)

Male
CK 11.045 ± 0.501 Aa 26.086 ± 0.194 Aa 47.599 ± 0.358 Aa 73.686 ± 0.552 Aa
MS 9.473 ± 0.195 Ba 24.721 ± 0.176 Ba 45.086 ± 0.328 Ba 69.806 ± 0.504 Ba
SS 7.444 ± 0.635 Ca 21.290 ± 0.139 Ca 38.787 ± 0.255 Ca 60.077 ± 0.394 Ca

Female
CK 10.684 ± 0.400 Aa 23.134 ± 0.261 Ab 42.155 ± 0.478 Ab 65.289 ± 0.738 Ab
MS 8.522 ± 0.371 Ba 18.008 ± 0.601 Bb 32.802 ± 1.096 Bb 50.810 ± 1.697 Bb
SS 6.059 ± 0.084 Cb 12.382 ± 0.399 Cb 22.569 ± 0.706 Cb 34.951 ± 1.105 Cb

P-level
Pstress 0.019 0.000 0.000 0.000

Psex 0.000 0.000 0.000 0.000
Note: Amax, maximum net photosynthetic rate; Chl a, chlorophyll a content; Chl b, chlorophyll b content; and
TC, total chlorophyll content. CK, control treatment (70%–80% of SWHC); MS, moderate water deficit stress
(50%–60% of SWHC); SS, severe water deficit stress (30%–40% of SWHC). Within a column, different uppercase
letters following values denote significant differences among the control and water-deficit-treated female and
male lines separately, and different lowercase letters denote significant differences between the sexes of each
treatment according to Duncan post hoc tests. The p values for water deficit, sex, and their combined effects are
denoted. Pstress, water deficit treatment effect; Psex, sex effect. Values are means ± SE (n ≥ 3).
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Figure 2. Light response curves of female and male P. × euramericana hybrids under different irriga-
tion conditions. MCK and FCK, male and female lines under control treatment (70%–80% of SWHC); 
MMS and FMS, male and female lines under moderate water deficit stress (50%–60% of SWHC); 
MSS and FSS, male and female lines under severe water deficit stress (30%–40% of SWHC). Values 
are means ± SE (n = 3). 
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Figure 2. Light response curves of female and male P. × euramericana hybrids under different
irrigation conditions. MCK and FCK, male and female lines under control treatment (70%–80% of
SWHC); MMS and FMS, male and female lines under moderate water deficit stress (50%–60% of
SWHC); MSS and FSS, male and female lines under severe water deficit stress (30%–40% of SWHC).
Values are means ± SE (n = 3).

3.3. Water Deficit Damaged Cell Membrane Differently and Induced MDA Contents Differently
between Female and Male Sibs

The parameter REL is used to measure plant membrane damage, and its analysis was
conducted on both female and male P. × euramericana under different irrigation conditions.
It was observed that the water deficit resulted in an increase in REL in both males and
females. Additionally, when subjected to severe water deficit conditions, the REL levels
were significantly higher in females than in males (Figure 3A). Another key observation
was related to MDA, which is the final product of lipid oxidation caused by ROS and
is known to be harmful to other macromolecules within the cell. The content of MDA
was examined in female and male P. × euramericana under different irrigation conditions.
It was found that after water deficit treatments, MDA contents increased in both sexes
(Figure 3B). Notably, under severe water deficit conditions, the MDA content in females
was significantly higher than that in males (as shown in Figure 3B).
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Figure 3. Relative electrolyte leakage (A) and MDA content (B) of female and male P. × euramericana
lines under different irrigation conditions. CK, control treatment (70%–80% of SWHC); MS, moderate
water deficit stress (50%–60% of SWHC); SS, severe water deficit stress (30%–40% of SWHC). Different
uppercase letters above the bars denote significant differences among the control and water-deficit-
treated female and male lines separately, and different lowercase letters denote significant differences
between the sexes of each treatments according to at the level of p ≤ 0.05 according to Duncan post
hoc tests. Values are means ± SE (n ≥ 3).
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3.4. Water Deficit Induced Different Activities of ROS Scavenging Enzymes

It is widely recognized that a plant’s ability to scavenge ROS is positively correlated
with its resistance to stress. Therefore, in this study, the activities of ROS scavenging
enzymes, SOD and POD, were measured in female and male cuttings subjected to different
irrigation treatments. As anticipated, the enzyme activities in control females and males
were quite similar. However, the response to water deficit treatment was distinct between
the two genders. Specifically, the activities of SOD (Figure 4A) and POD (Figure 4B) were
significantly higher in males following exposure to water deficit.
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Figure 4. Activities of SOD (A) and POD (B) of female and male P. × euramericana lines under different
irrigation conditions. CK, control treatment (70%–80% of SWHC); MS, moderate water deficit stress
(50%–60% of SWHC); SS, severe water deficit stress (30%–40% of SWHC). Different uppercase letters
above the bars denote significant differences among the control and water-deficit-treated female and
male lines separately, and different lowercase letters denote significant differences between the sexes
of each treatments according to at the level of p ≤ 0.05 according to Duncan post hoc tests. Values are
means ± SE (n = 3).

3.5. Water Deficit Regulated Stress-Related Gene Expression Differently in Male and Female
Poplar Hybrids

In order to clarify the different regulation patterns in response to water deficit, we
investigated the expression of four stress-related genes in female and male P. × euramericana
sibs. It was found that under moderate water deficit conditions, the expression of SOD
and GST was significantly higher in females than in males (Figure 5A,B). However, under
severe water deficit, SOD expression was higher in male sibs (Figure 5A). The gene bHLH35
was upregulated in females under water deficit stress but downregulated in males, and
the expression level in females was higher than that in males under both moderate and
severe water deficit (Figure 5C). In contrast, PsbX1 gene was downregulated in females but
upregulated in males in response to water deficit (Figure 5D).

3.6. PCA Displayed Comprehensively Different Responses between Male and Female Sibs to
Water Deficit

To gain a comprehensive understanding of the differential responses to water deficit
between female and male sibs of P. × euramericana, we performed a principal component
analysis (PCA) based on growth, physiological and biochemical parameters, and gene
expression data of stress-related genes after different irrigation treatments (Figure 6, Table
S6). The first principal component (PC1), which accounted for 58.6% of the total variation,
was identified as the stress axis, effectively separating the control group from the water
deficit treatment groups, except for the moderate-water-deficit-treated males in the control
group. The second principal component (PC2), accounting for 19.4% of the total variation,
was identified as the sex axis. PC2 separated the male and female sibs into upper and lower
regions, except for MCK3, which was located in the lower region (Figure 6A). The weights
of the variables’ contribution to PCA revealed that the distribution of REL, MDA content,
and NPQ aligned with the direction of severe-water-deficit-treated females, whereas the
distribution of SOD activity and gene expression of GST and bHLH35 (in Figure 6B) aligned
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with the direction of severe-water-deficit-treated males (Figure 6). Other variables, such
as gas exchange, chlorophyll content, and growth, contributed to PCA in distinguishing
control from water-deficit-treated samples (Figure 6B).
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Figure 5. Expression of stress-related genes in female and male P. × euramericana sibs under different
irrigation conditions. (A) SOD, (B) GST, (C) bHLH35, (D) PsbX1. CK, control treatment (70%–80%
of SWHC); MS, moderate water deficit stress (50%–60% of SWHC); SS, severe water deficit stress
(30%–40% of SWHC). Duncan post hoc tests at the following levels, **: 0.001 < p < 0.01; ***: p < 0.001.
Values are means ± SE (n ≥ 3).
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Figure 6. PCA of physiological, biochemical, and the gene expression parameters response to water
deficit of female and male P. × euramericana lines under different irrigation conditions. (A) Score
scatter plot and (B) loading scatter plot of all parameters. MCK and FCK, male and female lines
under control treatment (70%–80% of SWHC); MMS and FMS, male and female lines under moderate
water deficit stress (50%–60% of SWHC); MSS and FSS, male and female lines under severe water
deficit stress (30%–40% of SWHC); EXP with hyphen in front of each gene in (B) indicates gene
expression value.
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4. Discussion

We present evidence of sexual dimorphism in the response to water deficit in arti-
ficially bred female and male poplar siblings. Our study investigated the physiological,
biochemical, and gene regulation responses of female and male poplar lines to water deficit,
and the results indicated that artificially bred male poplar siblings were stronger in resisting
water deficit due to more effective ROS scavenging over female siblings.

4.1. Females Were More Vulnerable to Water Deficit in Growth and Photosynthesis Than Males

Water deficit causes plant yield loss through stunted plant growth or even
mortality [14,61,62]. Plants that are more resistant to drought are typically able to maintain
better growth under stress conditions [11]. Studies have shown that female plants tend
to suffer more in terms of growth than males under suboptimal environmental condi-
tions [10,56,63,64]. This sexual bias in growth response may be the result of millions of
years of natural and sexual selection [65]. However, dioecious populations that have been
artificially bred do not have the benefit of millions of years of selection and are, therefore,
more similar in their secondary sexual traits [9,10]. Despite this, we observed sexually
dimorphic responses to water deficit in the growth of female and male hybrid poplars in
our study.

One mechanism that may contribute to growth depression under water deficit is
the reduction in photosynthesis. Stress conditions are known to inhibit photosynthesis
by decreasing the net photosynthesis rate and the capacity for photosynthesis, as well
as reducing light use efficiency [12,66]. Our results show that water deficit significantly
reduced the photosynthetic capacity of P. × euramericana sibs, and this inhibition was more
pronounced in females under severe water deficit stress. This result is consistent with
previous findings in natural dioecious plants but has never been found before in artificially
bred sibling plants [27,49]. Chlorophyll fluorescence parameters have been used to examine
photosynthetic performance under stress conditions [67–70]. A previous study found that
freezing reduced Fv/Fm, ΦPSII, and qP in P. euphratica, but these parameters were higher in
transgenic lines with higher tolerance compared to wild lines under freezing conditions [71].
Our results showed lower Fv/Fm, ΦPSII, and qP in female sib P. × euramericana compared to
males, suggesting that the maximal and actual quantum yield of PSII in females was lower
than in males during water deficit. This result is consistent with the transgenic study and
natural population observations, indicating that males can acquire efficient photosynthesis
ability even under water stress conditions [71,72].

4.2. Female Was Damaged More Severely by Water Deficit Due to Its Weaker ROS Scavenging
Enzyme Activities

The cell membrane is highly susceptible to stress, and its integrity and stability are key
indicators of a plant’s ability to tolerate stress [73,74]. Two important markers of damage
caused by stress in plants are REL and MDA content, which are products of membrane lipid
peroxidation [74,75]. Higher membrane permeability, as measured by REL, is positively
correlated with cell membrane injury induced by drought [74,76]. In the present study,
REL was found to be elevated in both sexes of P. × euramericana under water deficit,
with higher levels observed in females. Similarly, higher levels of MDA were observed
in female poplar lines than in males under severe water deficit. This suggests that the
cell membrane is more intact in artificially bred male poplar lines during water deficit, in
line with previous studies of natural dioecious plants [48,56,77]. Excessive production of
ROS under stress can harm cellular macromolecules, raise REL, and lead to excess MDA
accumulation, which ultimately result in plant death [13,17,19]. To combat this, plants
possess enzymatic systems, including superoxide dismutase, peroxidase, catalase, ascorbate
peroxidase, and glutathione reductase, that scavenge ROS and provide protection against
oxidative stress [19,78]. SODs, the first defensive line against ROS, convert superoxide into
stable H2O2, whereas PODs detoxify H2O2 to H2O [13,17,78]. Previous studies have found
that drought led to a rapid increase in ROS in plant cells and a subsequent rise in SOD and
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POD activity [19,72,79,80]. In the present study, SOD and POD activity increased under
water deficit conditions in both sexes of poplar, indicating activation of the enzymatic
system to avert ROS damage. Notably, the activities of SOD and POD were significantly
higher in males than in females under severe water deficit, suggesting that males are more
efficient at converting superoxide into H2O2 and then detoxifying them through POD.

4.3. Water Deficit Regulated Genes Encoding Stress-Related Proteins Differently in Female and
Male Lines of P. × euramericana

Plants regulate gene expression to respond to and resist stresses. Different regulatory
patterns of genes which encode stress-related proteins endow plants with different levels of
stress resistance. For example, in poplar, the SOD gene, which affects the balance of ROS,
is upregulated by salt and drought stress [34]. In tetraploid Poncirus trifoliata, the tolerant
genotype has higher levels of SOD gene expression than its diploid progenitors under
drought stress [32]. In our research, the SOD gene was expressed higher in male poplar
than that in females under water deficit conditions, and its transcript levels correlated
with higher SOD activity in males. These results suggest that male poplar may possess
more effective ROS scavenging abilities than their female siblings. GST genes confer plant
tolerance by increasing the activities of enzymes that scavenge ROS to maintain ROS
homeostasis and decrease cellular damage [81–83]. Previous research has demonstrated
that improved GST activity enhances drought tolerance in P. × euramericana by eliminating
excess ROS [34]. Similarly, in female P. × euramericana under moderate water deficit
conditions, GST expression was significantly higher than in male siblings, indicating
females have higher sensitivity to stress. Despite the sensitive response to water deficit,
the final SOD and POD activity levels were lower in females, indicating weaker ROS
scavenging capacities. bHLH genes participate in various biological processes, including
plant stress responses [36,84]. bHLH genes promote plant tolerance to drought by regulating
photosynthesis, ROS scavenging, and growth [37,85]. Similar to the GST expression pattern,
in male P. × euramericana, the expression of bHLH35 was lower than in females under
water deficit conditions. We attribute these results to the fact that females showed a more
sensitive response to water deficit, whereas males exhibited higher levels of photosynthesis,
growth, and ROS scavenging, thus indicating that males are more tolerant to water deficit
than females. PsbX, a low-molecular-weight protein in PSII, is a key component affecting
the integrity of PSII and subsequently regulating photosynthesis [39–41]. In both female
and male cuttings of poplar siblings, the expression of PsbX1 increased significantly under
water deficit conditions. Importantly, the degree of upregulation in males was significantly
higher than females. These results are consistent with the physiological results of higher
A and Fv/Fm ratio in water-deficit-treated males. Physiological and photosynthesis gene
expression results indicate that male poplar siblings possess a higher photosynthesis
capacity than their female siblings under water deficit conditions, likely due to higher PSII
integrity and greater protection in males under water deficit conditions.

4.4. PCA Showed an Overall Difference in Water Deficit Response between Female and Male
Poplar Sibs

PCA is a powerful tool for analyzing large datasets as it depicts the relationships
among variables and observations. It enables us to identify which variables contribute
unique or similar information to the model [86]. In our study, PCA revealed that males
and females responded differently to water deficit. Principal component 1 (PC1) clearly
separated control and water-deficit-treated lines, except for the moderate-water-deficit-
treated males in the control samples, suggesting that females were more sensitive to water
deficit than males. The second component, PC2 separated males from females under both
control and water deficit conditions. However, the separation between water-deficit-treated
males and females was more pronounced than that of the control-treated lines. These
results confirmed that female and male poplar siblings showed striking differences in
physiological processes and gene regulation under stress conditions. The loading plot
demonstrated the variables’ contribution to the PCA of observations. The distribution
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of REL, MDA content, and NPQ was in line with the distribution of severe water deficit
females in the score plot. In contrast, gas exchange parameters grouped moderate-water-
deficit-treated males into control-treated poplar. These results align with previous studies
showing native females’ higher sensitivity to stress than males [49,57,87].

5. Conclusions

Our findings indicate that male and female P. × euramericana siblings show different
responses to water deficit, which is especially evident in artificially cultivated female
and male pairs. Females exhibit greater inhibition of growth and photosynthesis, with
higher REL and MDA levels indicating more severe damage caused by water deficit. In
contrast, males show higher levels of SOD and POD activity, as well as greater expression
of the SOD and PsbX1 genes, suggesting that they are better equipped to handle water
deficit by more effectively scavenging ROS. These results confirm that sexually dimorphic
response to stress is present in both natural and artificially cultivated dioecious plants.
Based on our findings and the work of others, we suggest examining the correlation
between reduced growth and survival of stress in sibling plants. While our research shows
that males may maintain better growth during drought stress for various reasons, it is
possible that female plants may be less susceptible to death in the long run due to their
ability to reduce their growth and conserve energy in times of stress. It is important to
reconsider the consequences of response to different degrees of stresses and the short-
term/long-term consequences of stress resistance in plants. Furthermore, more research
should be conducted to investigate whether female plants are hedging their long-term
survival by responding poorly to drought stress and limiting their growth. This may lead
to a paradigm shift in scientists’ understanding of plant adaptation to stress and open the
door for further investigation into the survival strategies of dioecious plants under stress.
Moreover, identifying and characterizing genes that influence this sex-specific response to
water deficit stress would be an invaluable pursuit for future studies.
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Abstract: Mulberry (Morus, Moraceae) is an important economic plant that is considered zinc-rich.
Zinc (Zn) is a micronutrient that plays vital roles in various bio-processes in plants and animals. In
the present study, a comparative transcriptome analysis associated with physiological indicators
was performed to reveal the potential mechanism in different organs in response to zinc toxicity in
mulberry. Physiological indicators in mulberry plants treated with increasing concentrations of zinc
were monitored to reveal the tolerance limits to zinc concentration. Transcriptome analysis of different
organs in mulberry under excess zinc stress was performed to reveal the spatial response to zinc stress.
The results show that the hormone signaling pathway and secondary metabolism including lignin
biosynthesis, flavonoid biosynthesis and sugar metabolism are important for excess zinc treatment
responses. In addition, the organ-based spatial response of these pathways is indicated. Lignin
biosynthesis mainly responds to zinc stress in lignified tissues or organs such as stems, flavonoid
biosynthesis is the main response to zinc stress in leaves, and sugar metabolism is predominant in
roots. Further co-expression network analysis indicated candidate genes involved in the organ-based
spatial response. Several transcription factors and genes involved in phenylpropanoid biosynthesis,
cell wall biogenesis and sugar metabolism were further validated and designed as organ-based
response genes for zinc stress.

Keywords: mulberry; physiology; organ-specific; secondary metabolism; transcriptome; zinc stress

1. Introduction

Zinc (Zn) is a micronutrient that is necessary for higher plants, animals and humans.
Zinc is known to bind to various proteins and works as a cofactor involved in metabolic
processes in the plant and animal kingdoms. Zinc is important for people to maintain their
fitness level by affecting physical growth, the immune system, reproductive health and brain
development [1,2]. Zinc deficiency in humans is a critical nutritional and health problem
in the world. It affects, on average, one-third of the world’s population in different coun-
tries [3]. Dietary modification with zinc-rich foods is a recommended intervention strategy
to improve zinc intake for humans to keep normal healthy growth and reproduction [4].

Plants are the main sources of many food products including staples, such as rice,
wheat and maize, and non-staple food, such as vegetables and fruits [5]. In addition, some
plants provide specific nutrients to benefit our health. Zinc-deficient plants generally have
low tissue zinc concentrations and therefore, in addition to reduced crop yields, the crop
products from these plants make a lower contribution to the zinc content in the human
diet [5]. Soil-plant relationships also affected the zinc content in animal food products,
another human dietary source [5]. Therefore, plant zinc content is one of the main sources of
human zinc intake. Increasing plant zinc content can alleviate zinc deficiency in the human
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body. Zinc deficiency in crops is found in many countries and regions around the world [3].
The average total zinc concentration in soils was reported to be around 55 mg/kg [5]. On
the other hand, zinc concentration in soils has gradually increased in the last decades
as a consequence of human activities [6–8] including industrial processes, agriculture,
increasing use of biosolids and metal mining [9,10]. The maximum zinc concentration
permitted in sewage sludge-amended soils (pH 6–7) among different European countries is
within the range of 100 mg/kg to 300 mg/kg zinc [11]. Zinc-polluted soils also lead to zinc
toxicity in plants, which affects growth and yield [6–8].

It is possible to clean up zinc-polluted soils with zinc hyperaccumulator plants along
with the production of zinc-rich foods. In plants, zinc modulates the activity of a large
number of enzymes involved in the maintenance of biomembrane integrity, participates in
carbohydrate metabolism and protein synthesis and plays an important role in indoleacetic
acid metabolism [12,13]. Further, zinc protects cells from the damage caused by reactive
oxygen species [14]. Some studies also indicated that a relatively high concentration of zinc
in soil could help to reduce the cadmium content in crops [15,16]. It has been proved that
the application of zinc can effectively relieve lead toxicity in Lactuca sativa and Houttuynia
cordata [7,17,18]. However, beyond certain concentrations (100 mg/kg~500 mg/kg), zinc is
toxic to vascular plants [19]. Mulberry is a woody plant with resistance to heavy metals,
such as iron and cadmium, and is also used in medicine and food. Mulberry is capable
of taking up small amounts of heavy metals and was reported to have the ability to clean
up zinc-polluted soils. Mulberry planted in mines was measured to migrate 254,532.8 mg
zinc every square meter of plough layer soil [20]. The contents of zinc in mulberry showed
spatial differences with quite different zinc concentrations in different organs (leaf, root,
bark and stem) [20]. In mulberry, the leaves and fruits are known as sites rich in zinc and
are used to produce zinc-rich food [21].

The availability of the Morus notabilis genome and chromosome-level genome of Morus
alba promote the transcriptome analysis of mulberry in response to various stresses [22,23].
However, little knowledge is available in terms of the response to zinc toxicity in mulberry.
M. alba variety Fengchi is a new variety created by the Sericultural Research Institute,
Chinese Academy of Agricultural Sciences, that is expected to spread and grow in extreme
environment conditions as forage. Given the great potential of M. alba variety Fengchi
to improve the ecological environment, it is also expected to be used as a heavy metal
hyperaccumulator in mines. Our previous studies assessed the potential roles of lignin
biosynthetic genes in response to zinc stress in Fengchi [24]. In the present study, we
performed physiological analysis of mulberry plants under zinc stress and validated the
limit of zinc concentration for mulberry tolerance. Transcriptome analysis of different
organs in mulberry under excess zinc stress was performed to reveal the spatial response
to zinc stress. Specifically, we address the following questions: (i) what is the concentration
of zinc in soil that causes zinc stress in mulberry, (ii) how does mulberry respond to zinc
stress at the transcription level and (iii) what are the organ-specific responses to zinc stress
in different mulberry organs?

2. Materials and Methods
2.1. Plant Materials

The materials used in this study were obtained from the National Germplasm Resource
Nursery of the Institute of Sericulture, Chinese Academy of Agricultural Sciences. Zinc
treatments were reported in our previous studies [24,25]. In brief, one-year-old seedlings
of M. alba variety Fengchi were transplanted into plastic pots with soil, and the potted
plants were irrigated with 400 mL/kg of Murashige and Skoog (MS) medium to provide
nutrients [26]. Zinc sulfate powder was applied near the roots of the mulberry trees as the
excess zinc stress treatment, in which the zinc ion concentration ranges from 0 to 450 mg/kg
with a gradient set every 50 mg/kg. The root, stem and leaf tissues were quickly frozen in
liquid nitrogen and stored at −80 ◦C. This experiment was performed using three mulberry
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seedlings with a similar growth status as biological replicates. These collected samples were
used for both RNA-Seq and RT-qPCR (quantitative real-time PCR) analysis.

2.2. Determining the Contents of Physiological Indicators Related to Zinc Toxicity

The samples collected on day 15 were used for the determination of physiological
indexes. Chlorophyll contents including Chlorophyll a (Chl a), Chlorophyll b (Chl b)
and total Chlorophyll (Chl a + b) were determined with ethanol extraction followed by
spectrophotometry [27]. The MDA contents in roots and stems were measured using
the thiobarbituric acid method as described by Sairam and Srivastava (2001) [28]. Then,
0.5 g of the plant samples were extracted in 4.0 mL of 10% trichloroacetic acid (TCA)
and centrifuged at 10,000× g for 10 min at 4 ◦C. The absorbance of the supernatant was
determined at 532 and 600 nm with a spectrometer (BioTek ®Epoch 2, BioTek Instruments,
Inc., Winooski, VT, USA) [28]. Proline (Pro) content was measured according to Silva
et al. (2016) [29]. SOD activity was determined using a SOD measurement kit (Suzhou
Keming Technology, Suzhou, China) according to the manufacturer’s instructions. The
MDA, proline and SOD contents in the leaves, roots and stems were measured, respectively.
The zinc supply concentration resulting in zinc toxicity was determined based on both
physiological indicators and plant phenotypes. Graphpad Prism8.0 was used to perform
ANOVA and visualize the results. p < 0.05 was considered significant. All the above
measurements were carried out with three biological replications.

2.3. RNA-Seq and Data Processing

The RNA-Seq dataset of mulberry containing different organs under the excess zinc
treatment (450 mg/kg) was obtained using the Illumina sequencing system, and the trim
galore (version-0.6.4) was used to remove the adapters and perform a quality control of
the reads. The trimmed reads were further aligned to the Morus alba genome released by
Jiao et al. (2020) using bowtie2 (version-2.3.2) [30]. Samtools was used to operate the bam
files. The genome annotation file (.gff3) was used to calculate the expression matrix using
StringTie v2.15 [31]. Differentially expressed genes (DEGs) were obtained using DEseq2
by comparing the expression levels of sample pairs [32]. A weighted correlation network
analysis (WGCNA) was performed to screen the co-expressed DEGs [33]. R version 4.1.2
was used for R-package-based analyses.

2.4. Workflow for Comprehensive Transcriptome Analysis

The sample correlation was assessed using DEGs with both Principal Component
Analysis (PCA) and Pearson correlation analysis. All DEGs were annotated to their or-
thologs in Arabidopsis thialiana using Blast. The DEGs involved in the response to zinc
stress were further compared between different organs to reveal the possible organ-specific
responses. Classification of DEGs was performed based on Venn analysis, and KEGG and
GO analysis of the specific class of DEGs was performed using DAVID online tools [34].
WGCNA was performed using the DEGs as input and the treatments as conditions, and
cytoscape 3.01 was used to visualize the co-expression network. TBtools v1.09876 and R
version 4.1.2 were used to perform the above analysis and visualize the results [35].

2.5. RT-qPCR Analysis of Key Genes Involved in the Response to Zinc Toxicity

Total RNA extraction and cDNA synthesis were performed as in our previous re-
port [35]. Quantitative real-time PCR (RT-qPCR) was performed using an ABI StepOne-
Plus™ Real-Time PCR System (USA) with actin as the reference gene [36]. Reactions were
prepared in a total volume of 10 µL containing 5 µL 2× ChamQ SYBR Color qPCR Master
Mix (High ROX Premixed) (Vazyme, Nanjing, China), 1 µL cDNA template and 0.3 µM
of each primer. The program was set at 95 ◦C for 15 min, 45 cycles of 20 s at 95 ◦C and
60 s at 60 ◦C. The relative expression level was calculated using 2−δCt, and the fold change
(treatment/control) was calculated using 2−δδCt. The primers are listed in Table S1. Graph-
pad Prism8.0 was used to perform an ANOVA and visualize the RT-qPCR results. p < 0.05
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was considered significant. Three biological replicates, each with three technical replicates,
were used for RT-qPCR.

3. Results
3.1. Mulberry Organ-Specific Physiological Responses to Zinc Treatment

As both zinc deficiency and zinc excess can lead to plant abnormal growth, several
physiological indicators were selected to assess their effect on physiological processes.
Malondialdehyde (MDA) contents changed slowly along with increasing zinc concentra-
tions and showed a sharp increase at 350 mg/kg followed by a sharp decrease in MDA
contents (Figure 1A). Although MDA contents showed a similar trend in the stems and
roots with minor differences, the stems showed a significantly higher level than in roots. A
similar bell-pattern trend in proline content was also observed in different organs, with the
summit of proline content at the zinc concentration of 200 mg/kg. The proline content in
leaves showed a significantly higher level than in the stems or roots (Figure 1B). SOD activ-
ity in different organs showed quite different trends with increasing zinc concentrations
(Figure 1C). SOD activity increased sharply at 50 mg/kg zinc with a significant difference
compared with the control, which thereafter kept stable in stems. The highest SOD activity
was found in the leaves and roots at 350 and 250 mg/kg zinc, respectively, which thereafter
decreased with an increase in zinc concentration. A significant difference can be observed
at the summits compared with the controls. The chlorophyll content including chlorophyll
A and B in the leaves showed an increase–decrease-increase fluctuation with a summit
at 150 mg/kg zinc (Figure 1D). The above bell-pattern change in physiological indicators
along with increasing zinc concentration was also reported in a previous study [37]. The
bell-pattern change might indicate that plants experience a process including benefiting
from suitable supply of zinc, suffering excess zinc toxicity and damage in the physiological
response mechanism. It is obvious that a 350 mg/kg zinc supply completely induced phys-
iologically adverse effects in all organs of mulberry. In addition, the mulberry seedlings
under the >350 mg/kg zinc treatment showed growth retardation (Figure S1).
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nant factor for distinguishing samples. Transcription-level disturbances due to excess 
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should be considered when further analyses of DEGs involved in zinc stress responses 
are performed. 

Figure 1. Change in physiological indicators under the gradient zinc concentration treatment on different
organs in mulberry. (A). MDA contents in different organs under different zinc concentration treatments;
(B). SOD activity in different organs under different zinc concentration treatments; (C). proline contents in
different organs under different zinc concentration treatments; and (D). chlorophyll contents in different
organs under different zinc concentration treatments. A two-way ANOVA was performed to analyze the
difference resulting from zinc treatments and organs or types of chlorophyll. ***, p < 0.001; ****, p < 0.0001.
In addition, significance analysis was also performed for every two points using ANOVA, and the results
are available in Table S2.
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3.2. Transcriptomic Analysis Showed Organ-Specific Differences in Response to Excess Zinc Treatments

Given the results of spatial physiological responses to zinc treatments at different
concentrations, a zinc concentration >350 mg/kg would be toxic to mulberry plants and
inhibit growth, as we observed (Figure S1). Therefore, the leaves, stems and roots from
mulberry plants exposed to 450 mg/kg zinc were collected for a further study to explore
mulberry spatial responses at transcription levels under excess zinc. A summary of the
RNA-Seq datasets is available in Table S3. The Q30 values of the RNA-Seq clean data from
all samples were >91%. Both the PCA and Pearson correlation analysis-based heatmaps
using Fragments Per Kilobase Million values (FPKM) of DEGs showed that the replications
of each sample set are clustered together (Figure 2A,B). In addition, the organ-specific differ-
ence was indicated by both the PCA and Pearson correlation analysis-based heatmaps. The
difference resulting from different organs seems to be a dominant factor for distinguishing
samples. Transcription-level disturbances due to excess zinc treatments in different organs
are also quite different (Figure 2A,C,D). Maximum DEGs were identified in the stems
(572), which also included the most number of down-regulated genes (349), while DEGs
in the leaves (total DEGs: 319) and roots (total DEGs: 215) are mainly up-regulated genes
(Figure 2C,D). Therefore, organ-specific differences should be considered when further
analyses of DEGs involved in zinc stress responses are performed.
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Figure 2. Comparative transcriptome analysis in different organs under excess zinc treatment. (A). PCA
showing different organ samples under zinc treatments and control; (B). heatmap showing different organ
samples under zinc treatments and the control based on Pearson correlation coefficients; (C). volcano
diagram showing DEGs in different organs under zinc treatments and the control; and (D). up-regulated
and down-regulated genes in different organs under zinc treatments and the control. L0, S0 and R0 indicate
the leaves, stems and roots of mulberry without zinc treatment (controls), respectively. L450, R450 and
S450 indicate the leaves, stems and roots of mulberry under the 450 mg/kg zinc treatment, respectively.
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3.3. Organ-Specific DEGs in Mulberry under Zinc Stress

The Venn diagram showed that quite a large number of DEGs are organ-specific under
excess zinc treatment, indicative of the organ-specific responses to zinc toxicity in mulberry
(Figure 3A). The GO and KEGG pathway enrichment analysis using organ-specific DEGs
showed that different biological processes were involved in the organ-specific response
to zinc toxicity in mulberry. In the leaves, the hormone response and signal transduc-
tion pathways are well enriched (Figure 3B). In addition, the KEGG pathway analysis
also showed that the secondary metabolic biosynthesis pathways including flavonoid
biosynthesis and the indole alkaloid biosynthesis pathway are also significantly enriched
(Figure 3B). Different pathways are enriched for root-specific DEGs including the jasmonic
acid biosynthesis pathway and processes involved in sugar metabolites. Quite a lot of sugar
metabolite-related processes including the starch and sucrose biosynthesis pathway, the
carbohydrate metabolic process and the glucan catabolic process are significantly enriched
(Figure 3C). These results indicate that JA and sugar metabolism participate in the response
to zinc toxicity in roots. In the stems, hormone-related pathways are also significantly en-
riched. Phenylpropanoid biosynthesis and the following lignin biosynthesis and flavonoid
biosynthesis are enriched in the stems (Figure 3D). Obviously, these results imply that there
is quite a different disturbance in different organs in response to zinc toxicity in mulberry.
It is possible that a more complex regulation network of genes involved in zinc stress exists
in mulberry.
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Figure 3. Organ-specific DEGs in mulberry under zinc stress. (A). Venn diagram showing DEGs
in different organs in mulberry under zinc stress; (B). enrichment analysis showing unique DEGs
in leaves in mulberry under zinc stress; (C). enrichment analysis showing unique DEGs in roots in
mulberry under zinc stress; and (D). enrichment analysis showing unique DEGs in stems in mulberry
under zinc stress.
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A total of 81 transcription factors were annotated as the DEGs involved in the response
to zinc toxicity including ERF (17), MYB (11), NAC (9) and WRKY (7). It is interesting that
these TFs also showed organ-specific preferences. These 17 zinc toxicity-responsive ERFs
mainly showed significant differences in the leaves and stems (16/17) than in the roots
(1/17) (Table 1, Figure S2). The fold-change in these genes is also available in Table S5. Since
most ERFs are annotated as factors involved in hormone responses and stress responses, the
results match our GO and KEGG pathway enrichment analysis. In addition, zinc toxicity-
responsive MYBs also showed organ-specific preferences. Among the eleven differently
expressed MYBs, seven MYBs were identified as DEGs unique to stems, and two MYBs were
identified as DEGs in stems and other organs (leaves or roots). Stem-specific, differentially
expressed MYBs are mainly annotated as factors involved in phenylpropanoid biosynthesis
or cell wall biogenesis (Table 1 and Figure S2). For example, stem-specific DEGs MYB7 and
MYB52 were proposed to be involved in lignin biosynthesis, and MYB66 and MYB123 were
proposed to be involved in flavonoid biosynthesis in Arabidopsis [38]. Several WRKYs,
including WRKY40, WRKY50 and WRKY51 and bHLH MYC4, that were annotated as
JA-related genes showed significantly different expressions in the roots under excess zinc
treatment (Table 1). These results further suggested that organ-specific transcriptional
regulation networks might be important in the response to zinc toxicity in mulberry.

Table 1. Zinc toxicity-responsive transcription factors in mulberry.

Gene ID Organ Ortholog Gene Name TF Type Annotation

M.alba_G0008931 L AT3G07340 CIB3 bHLH Photoperiodic flowering

M.alba_G0005811 L AT2G22850 bZIP6 bZIP Vascular development

M.alba_G0006171 L AT1G75390 bZIP44 bZIP Stress response and development

M.alba_G0017047 L AT1G27730 STZ C2H2 Stress response

M.alba_G0013540 L AT4G29190 AtC3H49 C3H Cold response

M.alba_G0018475 L AT3G47500 CDF3 Dof Nitrogen responses

M.alba_G0006380 L AT4G39780 ERF60 ERF Defense response and light stimulus

M.alba_G0020260 L AT2G44840 ERF13 ERF Ethylene-activated signaling pathway

M.alba_G0020348 L AT4G17500 ERF-1 ERF Ethylene-activated signaling pathway

M.alba_G0003406 L AT5G51190 ERF105 ERF Response to cold stress

M.alba_G0016087 L AT2G47520 ERF71 ERF Response to hypoxia stress

M.alba_G0016369 L AT1G50640 ERF3 ERF Ethylene-activated signaling pathway

M.alba_G0001958 L AT3G02550 LBD41 LBD Stress response

M.alba_G0017051 L AT3G49940 LBD38 LBD Cellular metal ion homeostasis

M.alba_G0012646 L AT4G37260 MYB73 MYB Stress responses and leaf senescence

M.alba_G0006600 L AT1G01720 ANAC002 NAC Response to wounding and abscisic acid

M.alba_G0007251 L AT1G69490 ANAC029 NAC Leaf senescence

M.alba_G0013712 L AT1G01720 ANAC002 NAC Response to wounding and abscisic acid

M.alba_G0019459 L AT4G27410 ANAC072 NAC ABA-mediated dehydration response

M.alba_G0007498 L AT1G13260 EDF4 RAV Response to low temperature

M.alba_G0011100 L AT1G80840 WRKY40 WRKY Fungus defense

M.alba_G0009278 R AT4G01500 NGA4 B3 Leaf, stigma development

M.alba_G0005063 R AT4G17880 MYC4 bHLH Activate JA-responses

M.alba_G0010656 R AT4G20970 NA bHLH Dehydration stress memory

M.alba_G0018432 R AT3G47640 PYE bHLH Regulating response to iron deficiency
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Table 1. Cont.

Gene ID Organ Ortholog Gene Name TF Type Annotation

M.alba_G0015523 R AT5G28770 bZIP63 Bzip Circadian phase in response to sugars

M.alba_G0001737 R AT5G39660 CDF2 Dof Photoperiodic flowering response

M.alba_G0003407 R AT4G17500 ERF-1 ERF Ethylene-activated signaling pathway

M.alba_G0004215 R AT3G13040 γ-YB2 G2-like Phosphate starvation

M.alba_G0016414 R AT2G31180 MYB14 MYB Cold or wound stress

M.alba_G0006667 R AT5G64530 ANAC104 NAC Xylem development

M.alba_G0013320 R AT1G80840 WRKY40 WRKY Photosynthesis and Iron Homeostasis

M.alba_G0013615 R AT5G26170 WRKY50 WRKY Defense response to fungus, JA response

M.alba_G0018966 RLS AT3G18960 REM7 B3 Tissue development

M.alba_G0018963 RLS AT5G23090 NF-YB13 NF-YB NA

M.alba_G0002019 RS AT5G16770 MYB9 MYB Suberin biosynthesis and transport

M.alba_G0006489 RS AT5G64810 WRKY51 WRKY Jasmonic acid-inducible defense responses

M.alba_G0013321 RS AT1G80840 WRKY40 WRKY Jasmonic acid-inducible defense responses

M.alba_G0001053 S AT4G29930 NA bHLH NA

M.alba_G0004848 S AT1G32640 MYC2 bHLH Activate JA-responses

M.alba_G0012659 S AT1G72210 BHLH96 bHLH Regulation of RNA polymerase II

M.alba_G0018293 S AT4G20970 NA bHLH Defense response to fungus

M.alba_G0019112 S AT4G25440 ZFWD1 C3H Development

M.alba_G0003582 S AT2G40140 SZF2 C3H Response to biotic and abiotic stresses

M.alba_G0005725 S AT4G38960 BBX19 DBB Photomorphogenesis and flowering

M.alba_G0005394 S AT5G51990 CBF4 ERF Drought stress and abscisic acid treatment

M.alba_G0012399 S AT1G21910 DREB26 ERF Response to JA and SA, abiotic stress

M.alba_G0016407 S AT2G31230 ERF15 ERF Stress response

M.alba_G0005395 S AT5G51990 CBF4 ERF Drought stress and abscisic acid treatment

M.alba_G0014394 S AT1G50420 SCL-3 GRAS Response to gibberellin

M.alba_G0013518 S AT2G22840 GRF1 GRF Leaf development.

M.alba_G0019709 S AT3G61890 HB-12 HD-ZIP Leaf and stem development

M.alba_G0013465 S AT4G37540 LBD39 LBD Cell wall biogenesis

M.alba_G0011537 S AT5G35550 MYB123 MYB Anthocyanin biosynthesis

M.alba_G0012042 S AT1G17950 MYB52 MYB Lignin, xylan and cellulose biosynthesis

M.alba_G0018463 S AT5G61420 MYB28 MYB Seed development and aliphatic
glucosinolate biosynthesis

M.alba_G0018447 S AT3G47600 ATMYB94 MYB Cuticular wax biosynthesis

M.alba_G0011536 S AT2G16720 MYB7 MYB General phenylpropanoid and lignin
R2R3-MYB repressors

M.alba_G0018280 S AT5G14750 MYB66 MYB Anthocyanin production and
differentiation of trichome cells

M.alba_G0013188 S AT1G75250 ATRL6 MYB Signal transduction

M.alba_G0019458 S AT3G15510 ANAC056 NAC System development

M.alba_G0009218 S AT3G04070 ANAC047 NAC Response to flooding

M.alba_G0009713 S AT5G63790 ANAC102 NAC Mediating response to low oxygen stress
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Table 1. Cont.

Gene ID Organ Ortholog Gene Name TF Type Annotation

M.alba_G0011705 S AT4G14540 NF-YB3 NF-YB Response to heat, response to
water deprivation

M.alba_G0006285 S AT4G24660 ATHB22 ZF-HD Embryo development ending in
seed dormancy

M.alba_G0007224 S AT1G69600 ATHB29 ZF-HD Early responsive to dehydration stress.

M.alba_G0013466 SL AT1G27730 STZ C2H2 Stress response

M.alba_G0015192 SL AT3G46080 NA C2H2 Transient stress

M.alba_G0003253 SL AT5G52020 DREB ERF Glucosinolate metabolic process

M.alba_G0003254 SL AT5G51990 CBF4 ERF Drought stress and abscisic acid treatment

M.alba_G0003536 SL AT2G40340 AtERF48 ERF Response to abscisic and acid stress

M.alba_G0005396 SL AT5G51990 CBF4 ERF Response to drought stress and abscisic
acid treatment

M.alba_G0017242 SL AT4G34410 ERF109 ERF Retarding programmed cell death under
salt stress

M.alba_G0019814 SL AT1G19210 ERF17 ERF JA, defense to biotic stresses

M.alba_G0000389 SL AT5G48150 PAT1 GRAS Callus formation, photomorphogenesis,
red, far-red light phototransduction

M.alba_G0011734 SL AT4G17230 SCL13 GRAS Cellular response to hypoxia, heat

M.alba_G0004071 SL AT5G04760 DIV2 MYB Negative roles in salt stress and is required
for ABA signaling in Arabidopsis

M.alba_G0014170 SL AT3G44350 ANAC061 NAC Response to salt stress

M.alba_G0005182 SL AT4G11070 WRKY41 WRKY ABA defense response

M.alba_G0014899 SL AT2G38470 WRKY33 WRKY Stress response

M.alba_G0019631 SL AT2G46400 WRKY46 WRKY ABA signaling and auxin homeostasis in
response to abiotic stress

Note: The symbols were the gene names given to the orthologs in Arabidopsis thaliana and the function annotation
refers to the information in TAIR.

3.4. Network of Genes Involved in the Response to Zinc Toxicity in Different Organs

WGCNA showed that modules MEbrown, MEgreen and MEturquoise had significant
correlations with different organs, which indicated that DEGs in these modules are organ-
specific responses under zinc stress (Figure 4A). Further analysis showed that the top
co-expressed genes (nodes of the top 500 connections with correlation coefficients > 0.6) in
the leaves are involved in hormone signaling. Several transcription factors including EFR-1,
EFR13, EFR71, ANAC002 and WRKY40 and jasmonate signaling-related genes JAZ1 and
JAZ8 were co-expressed (Figure 4C). Co-expressed genes in the stems are also hormone
signaling-related genes (Figure 4B). The co-expression network of zinc-response genes in
the roots was quite different from the networks in the leaves and stems. Several sugar
metabolism-related genes such as CWINV1, BE3, GBSS1 and ADG1 showed a significant
correlation and interacted with other stress response genes including PYE, JMT and AVP
(Figure 4D). In addition, another module, MEblues, showed a significant correlation with
the treatments, which indicated these DEGs might be generally important genes involved
in the response to zinc toxicity. Repressor BAN and activator MYB52 together with a series
of genes involved in lignin biosynthesis and flavonoid biosynthesis comprised a regulation
network of phenylpropanoid biosynthesis and cell wall biogenesis involved in the response
to excess zinc. In addition, ANAC104 involved in suberin biosynthesis and MYB9 involved
in xylem development were also proposed to be involved in cell wall biogenesis. The
connections between phenylpropanoid biosynthesis and other stress response genes were
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also shown in the network. ANAC072 and PIP2;1 were reported to be involved in the
ABA-mediated dehydration response.
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Figure 4. Co-expression of DEGs in different organs in mulberry under zinc stress. (A). Heatmap of
module-trait associations based on WGCNA; (B). co-expression network showing DEGs in the stems
of mulberry under zinc stress; (C). co-expression network showing DEGs in the leaves of mulberry
under zinc stress; (D). co-expression network showing DEGs in the roots of mulberry under zinc
stress; and (E). co-expression network showing DEGs in both the stems and roots of mulberry under
zinc stresses. Co-expressed genes were clustered in the same-colored modules such as MEbrown,
MEblue, etc.

3.5. Validation of Transcription Levels of Key Genes Responsive to Zinc Toxicity

Several key genes responsive to zinc toxicity based on our WGCNA and co-expression
networks were further validated using RT-qPCR. The detailed information for these selected
genes is provided in Table S4. The RT-qPCR results correspond well with the RNA-Seq
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results except for BAN, which showed no significantly different expression in all detected
organs of mulberry exposed to zinc stress (Figure 5 and Table S4). Genes involved in phenyl-
propanoid biosynthesis, such as PAL2, CHS and 4CL2 (Figure 5A–C), genes involved in sugar
metabolism, such as CWINV1, GBSS1 and ADG1 (Figure 5D–F), and transcription factors
involved in cell wall biogenesis, such as MYB9 and ANAC 104 (Figure 5H,I), show quite
similar organ-specific expression change comparing with the results of the transcriptome
analysis. These genes are considered organ-specific zinc stress response genes.
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Figure 5. RT-qPCR showing the selected DEGs in response to zinc stress in mulberry. (A–I), relative
expression levels of selected DEGs in different organs under zinc stresses. the gene names were
marked in each subfigure and R, S and L indicated roots, stems and leaves respectively. Error bars
represent SE. Asterisks indicate significant differences as determined with Student’s t-test (* p < 0.05;
** p < 0.01; *** p < 0.001).

4. Discussion
4.1. Limitation of Excess Zinc Supply in Soil for Mulberry

Some heavy metals such as zinc are known as micronutrients that are essential to plant
growth and survival [1]. However, plants would suffer zinc toxicity if the zinc concentration in
the soil is beyond the limitation of zinc concentration in the soil. The threshold total zinc values
from the literature for zinc in sensitive plant species is 150~200 mg/kg zinc, and 100–500 mg/kg
zinc is regarded as the range of zinc contents at which the yield of many crops might be reduced
by 25% due to toxicity [39]. Zinc toxicity function disrupts key enzymatic reactions in many
cellular processes including carbon fixation and metabolism [40–42]. Different plants had quite
different capacities to deal with zinc toxicity, and the limitation in zinc supply that resulted in
zinc toxicity varied for different plant species [39]. Toxicity symptoms usually become visible at
>300 mg/kg zinc in leaf DW, although some crops show toxicity symptoms at <100 mg/kg zinc
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in leaf DW [5,43,44]. Mandarin orange (Citrus reticulata Blanco) seedlings supplied with 5 mM
(~325 mg/kg) zinc are considered zinc sufficient and induced prolific growth and sprouted
abundantly, while plants that received more than 10 mM (~650 mg/kg) of zinc suffered zinc
toxicity with prime features of growth retardation, defoliation and sluggish root growth [27].
Wheat under 14 mg/kg zinc treatment in the soil can help to deal with drought stress and result
in zinc-mediated alleviation of drought stress [45]. Some plants such as Thlaspi caerulescens are
zinc hyperaccumulators that show zinc-hypertolerant capacity. Mulberry is also reported to
have an outstanding ability to uptake zinc and survive in zinc-polluted mines [20]. A previous
study revealed that a 50 mg/kg zinc treatment can not only promote plant growth but also
alleviates the adverse effects of lead stress in Morus alba [46]. Heavy metal toxicity also can
be reflected by the change in physiological indicators levels such as MDA, SOD, proline and
chlorophyll [7,27,37,46]. In the present study, the limitation of excess zinc supply in the soil for
mulberry was identified by referring to physiological indicators. A 350 mg/kg zinc supply
completely induced physiological adverse effects in all organs of mulberry, and beyond this
limitation, possible damages that cannot be alleviated by physiological responses occurred
when supplying excess zinc (Figure 1). The bell-pattern change might indicate that plants
experience a process including benefiting from a suitable supply of zinc, suffering excess zinc
toxicity and damage in the physiological response mechanism. Similar physiological indicator
change patterns were also reported in the previous study [37]. In fact, mulberry plants with
400 mg/kg or 450 mg/kg zinc supply can still survive but only with slow growth (Figure S1).
The maximum zinc concentration permitted in sewage sludge-amended soils (pH 6–7) is in
the range of 100 mg/kg to 300 mg/kg zinc in some countries [11]. Therefore, mulberry is a
potential plant that can be used as a bio-cleaner in zinc-polluted areas.

4.2. Organ-Specific Responses to Zinc Toxicity

Zinc homeostasis showed a spatial-temporal distribution, and a spatial response
to acute zinc deficiency in Sorghum has been reported [47]. The distribution of zinc
in mulberry also showed spatial differences with quite different zinc concentrations in
different organs (leaf, root, bark and stem) [20]. Therefore, organ-specific responses to zinc
toxicity should be evaluated. Our results and previous reports have indicated that hormone
signaling pathways and several secondary metabolite-related pathways, such as lignin
and flavonoids, are important for zinc stress responses [8,19,24,47–49]. These pathways
were also identified in the present study, and organ-specific responses were also revealed.
Hormone signal pathways participate in the response to zinc toxicity in all organs, but
some hormones may play dominant roles in specific organs of mulberry. For example, in
the roots, only JA-related pathways were enriched, including its biosynthesis pathway and
alpha-linolenic acid metabolism. Secondary metabolism is another important biological
process involved in the response to zinc toxicity in all organs, but genes involved in specific
secondary metabolites were enriched in specific organs such as the flavonoid biosynthesis
pathway in leaves, sugar metabolism in roots and lignin biosynthesis in stems. The causes
of organ-specific responses to zinc toxicity in mulberry are various. The distribution of
zinc in organs, organ preference expression of key genes involved in pathways and roles of
different organs in response to stresses can together result in organ-specific responses. For
example, genes involved in the lignin biosynthesis pathway prefer expression in lignified
tissues, which may lead to this pathway mainly responding to zinc toxicity in stems or
lignified roots [24]. Sugar homeostasis in vascular tissue is important for the response
to various stresses including drought, oxidative stress and stresses resulting from heavy
metals [50,51]. Our results also indicated that the sugar metabolic pathway participates in
the response to zinc toxicity in the roots of mulberry.

4.3. Molecular Regulation Network of Genes in Response to Zinc Exposure

The current understanding of plant zinc homeostasis regulation mechanisms is mainly
based on studies on Arabidopsis. The transcriptional level regulation of zinc homeostasis
based on bZIP19 and bZIP23 in response to changes in cellular zinc status was reported
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in Arabidopsis [8]. However, the molecular mechanism of the transcriptional regulation
network in response to zinc toxicity is little reported for woody plants. In the present study,
a total of 88 transcription factors including ERFs, MYBs bHLHs and WRKYs were screened
as possible regulators in response to zinc toxicity using transcriptome analysis. AP2/ERF
proteins have important functions in the transcriptional regulation of a variety of biological
processes and are known as regulators involved in hormone responses such as the ABA
response, JA response in chlorophyll degradation and both the biotic and abiotic stress
responses [52–57]. ERFs were the most predominant TFs identified in this study. These
ERFs mainly show different expression levels in the leaves and participate in regulating a
network involved in hormone-signaling pathway-mediated stress responses. EFR-1 and
EFR13 were reported to be involved in the ethylene-activated signaling pathway, and
ERF71 was identified as a regulator involved in the response to hypoxia stress [55]. The
present study indicated that these EFRs were possibly important regulators involved in
the response to zinc toxicity through the hormone signaling pathway in mulberry leaves.
Other hormone response genes such as JAZ1 and IAZ8 were also co-expressed with these
ERFs to comprise the regulation network in mulberry leaves (Figure 4B) In addition to the
hormone signaling pathway, the secondary metabolic pathway is also important for the
response to zinc toxicity. In mulberry roots, a possible regulation network including sugar
metabolism-related genes was also built, indicating their important roles in response to
zinc toxicity (Figure 4D). Our previous study reported the genes involved in the lignin
biosynthesis pathway positively respond to zinc toxicity in lignifying tissues [24]. In the
present study, a possible regulation network of phenylpropanoid biosynthesis and cell wall
biogenesis was identified, and their roles in the response to zinc toxicity were primarily
revealed. Repressor BAN, activator MYB52 as well as ANAC104 and MYB9 were identified
as regulators in this network.

5. Conclusions

Finally, a schematic diagram was summarized (Figure 6). Mulberry seedlings show
different growth statuses under different concentrations of zinc treatments. Mulberry
seedlings show growth retardation when suffering > 350 mg/kg zinc supply in the soil,
and the physiological indicators show a bell-pattern change with a summit at high zinc
concentrations. Different pathways are enriched in different organs in response to excess
zinc treatment indicating an organ-specific response in mulberry. Flavonoids in leaves,
lignin and cell wall in stems and sugar metabolism in roots are important for response to
zinc toxicity in specific organs.

Forests 2023, 14, x FOR PEER REVIEW 15 of 17 
 

 

 
Figure 6. Schematic diagram showing the organ-based response to zinc toxicity in mulberry. 

Mulberry seedlings show different growth statuses under different concentrations 
of zinc treatments. Plants show growth retardation when suffering >350 mg/kg zinc 
supply in the soil, and the physiological indicators show a bell-pattern change with a 
summit at high zinc concentrations. Different pathways are enriched in different organs 
in response to excess zinc treatment, indicating an organ-specific response in mulberry. 
The up-regulated genes are colored red, and the down-regulated genes are colored blue. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Primers used in this study; Table S2: Detailed statistics signifi-
cance analysis results for the change in physiological indicators; Table S3: Summary of the RNA-
Seq dataset; Table S4: Detailed information and fold change in selected genes for RT-qPCR; Table 
S5: DEGs in different organs; Figure S1: Growth status of mulberry seedlings after 15-day zinc 
treatments; Figure S2: Distribution of different expressed transcription factors (DETFs) in different 
organs. R, unique DETFs in roots; S, unique DETFs in stems; L; unique DETFs in leaves; RS, DETFs 
in both roots and stems; SL, DETFs in both stems and leaves. 

Author Contributions: L.L. and N.C. guided this work and provided advice; L.Z. design the ex-
periments; S.H., X.K., T.Y. and K.Y. performed the experiments and analyzed the data; N.C. ana-
lyzed the data, organized the figures and wrote the manuscript. X.C. revised the manuscript. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This work was jointly supported by the Natural Science Foundation of Jiangsu Province 
(BK20210879 to Nan Chao), the National Natural Science Foundation (NSF 32201526 to Nan 
Chao), the Crop Germplasm Resources Protection Project of the Ministry of Agriculture and Rural 
Affairs of the People’s Republic of China (19190172), the National Infrastructure for Crop 
Germplasm Resources (NICGR-2019-43), and the China Agriculture Research System of MOF and 
MARA. 

Acknowledgments: We thank Feng Jiao at Northwest University of Agriculture and Forestry who 
provided us with the genome annotation file for M. alba. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Hambidge, M. Human Zinc Deficiency. J. Nutr. 2000, 130 (Suppl. S5), 1344S. 
2. Cherasse, Y.; Urade, Y. Dietary Zinc Acts as a Sleep Modulator. Int. J. Mol. Sci. 2017, 18, 2334. 
3. Hotz, C.; Brown, K.H. Assessment of the risk of zinc deficiency in populations and options for its control. Food Nutr. Bull. 

2004, 25, S130–S162. 
4. Gibson, R.S.; King, J.C.; Lowe, N. A Review of Dietary Zinc Recommendations. Food Nutr. Bull. 2016, 37, 443–460. 
5. Alloway, B.J. Zinc in Soils and Crop Nutrition; International Zinc International Association: Brussels, Belgium; Fertilizer Indus-

try Association: Paris, France, 2008. 
6. Tsonev, T.; Cebola Lidon, F.J. Zinc in plants-an overview. Emir. J. Food Agric. 2012, 24, 322–333. 

Figure 6. Schematic diagram showing the organ-based response to zinc toxicity in mulberry.

Mulberry seedlings show different growth statuses under different concentrations of
zinc treatments. Plants show growth retardation when suffering > 350 mg/kg zinc supply
in the soil, and the physiological indicators show a bell-pattern change with a summit at

61



Forests 2023, 14, 842

high zinc concentrations. Different pathways are enriched in different organs in response to
excess zinc treatment, indicating an organ-specific response in mulberry. The up-regulated
genes are colored red, and the down-regulated genes are colored blue.
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Abstract: Camellia oleifera is a major woody oilseed species in China, but it is typically cultivated in
nutrient-poor soils and may be affected by various trace elements. This study examined how spraying
selenium, boron, and zinc trace elements affected the traits and functional active compounds of C.
oleifera under nutrient deficiency. The results revealed significant variations in the effects of different
trace element combinations on C. oleifera. Optimal concentrations of zinc and selenium are critical for
promoting the growth and development of C. oleifera fruit. The transverse diameter of the fruit, the
single fruit weight, the number of seeds per fruit, the single fresh seed weight, the oil content in the
fruit, and the oil yield per plant of other treatments can be increased by up to 3.07%, 10.57%, 23.66%,
30.23%, 7.94%, and 21.95%, respectively, at most, compared to the control group. Diluting zinc from
1000 to 1500 times and maintaining a selenium concentration from 100 to 200 mg/L has been found
to be beneficial for fruit growth. While low concentrations of selenium may promote an increase in
fruit transverse diameter, high concentrations of selenium, along with high dilutions of zinc, can
have the opposite effect, leading to a reduction in fruit diameter. However, a high concentration of
selenium can positively impact the number of seeds per fruit. The most effective combination was
found to be a selenium concentration of 0 mg/L, a boron concentration of 4 mg/L, and a zinc dilution
of 1500. Interestingly, lower concentrations of selenium and boron, as well as lower dilutions of zinc,
were found to increase the oil yield per plant. This suggests that a careful balance of trace elements
is required to promote both fruit growth and oil content. The total sterol, squalene, total flavonoid,
and polyphenol content of other treatments can be increased by up to 28.81%, 32.07%, 188.04%, and
92.61%, respectively, at most, compared to the control group. Selenium fertilizer and boron fertilizer
increased the total sterol content in Camellia oil and had a significant positive correlation at the 0.01
level, but zinc fertilizer had little influence on it. High concentration selenium fertilizer generally
increased the squalene, total flavonoid, and polyphenol content in Camellia oil, but boron and zinc
fertilizers had little effect on these components. The results suggested that choosing appropriate
fertilizer combinations could improve nutrient deficiency in C. oleifera and enhance the functional
active compounds of its oil, thereby enhancing its value.

Keywords: Camellia oil; foliar fertilizer; nutrient-poor

1. Introduction

Camellia oleifera, a crucial oil crop in southern China, is often cultivated in arid and
infertile soil [1]. The primary value of C. oleifera lies in its oil production. However, this pro-
duction is often limited by soil nutrient deficiencies. Camellia oil contains antioxidant and
functional active components that make it a valuable resource for the medical and cosmetic
industries. These components are known to have balanced and healthy effects in reducing
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the risk of obesity, cancer, and heart disease [2,3]. Camellia oil is known for its nutritional
value and health benefits, which are attributed to its high content of unsaturated fatty acids,
antioxidants, and other bioactive compounds [4]. For example, the unsaturated fatty acids
found in Camellia oil, such as oleic acid, have been shown to have cardioprotective effects
and improve blood lipid profiles [5]. Tea polyphenols, and flavonoids, have potent antioxi-
dant and anti-inflammatory properties, which may help protect against chronic diseases
such as cancer and cardiovascular disease [6]. Squalene, a natural antioxidant found in
Camellia oil, and saponins have been found to have antimicrobial and anti-inflammatory
properties [7]. Overall, the combination of these beneficial compounds in Camellia oil
makes it a valuable resource for the food, cosmetic, and pharmaceutical industries. Camellia
flowers are abundant in phenolic compounds and serve as important natural sources of
active ingredients for the food industry [8]. Previous studies have indicated that the levels
of stigmasterol, tocopherol, beta-carotene, and lutein in Camellia oil are significantly higher
than those found in olive oil [9]. The functional and active compounds found in Camellia
oil play a crucial role in enhancing its quality. However, due to its tolerance in barren
soil, C. oleifera is often planted in barren areas, which results in a reduction in the active
compounds of Camellia oil and a decrease in nutritional value. Therefore, fertilization is
needed to supplement nutrients.

The soil nutrient levels in C. oleifera forests in China exhibit substantial variability,
and the growth of C. oleifera is restricted by different elements [10]. Stress induced by zinc
and boron results in a significant decrease in the growth and relative water content of
C. oleifera [11]. Selenium, on the other hand, can enhance the nutritional value of Camellia oil
and reduce the potential for heavy metal contamination [12]. Trace elements, including zinc,
boron, and selenium, play a crucial role in the growth and nutrient content of C. oleifera. Zinc
is an essential micronutrient for plants, but an excess or deficiency of it can cause oxidative
stress, which can damage plant cells. When Camellia plants are exposed to zinc stress,
they experience an increase in reactive oxygen species, which can cause oxidative damage
to cells. In response to this stress, Camellia plants increase the activity of antioxidant
enzymes to prevent oxidative damage [13]. However, zinc can improve the water use
efficiency of tea plants under drought stress and also reduce oxidative stress caused by
drought by increasing the activity of antioxidant enzymes [14]. Studies have shown that the
application of boron fertilizer can improve the yield and quality of C. oleifera by enhancing
soil fertility, balancing nutrient availability, and preventing nutrient deficiencies [15]. The
use of selenium fertilizer can significantly increase the selenium content in Camellia oil,
which in turn can improve its antioxidant and other beneficial functional components [16].
Previous studies have demonstrated that both soil and foliar fertilizer applications can
significantly increase the selenium content in C. oleifera oil. However, the enrichment effect
of foliar applications is superior to that of root applications [17]. Additionally, applying
an active selenium compound fertilizer to soil can increase the nutrient content in mature
C. oleifera forests, and the foliar spraying of selenium compound fertilizer can improve
both the quality and yield of C. oleifera [18]. Therefore, by understanding the role of trace
elements and using fertilizer effectively, it may be possible to increase both the production
and quality of C. oleifera in barren conditions. However, there are limited studies on the
effects of trace elements on the functional active compounds of Camellia oil, such as total
sterols, squalene, total flavonoids, and polyphenols.

The objective of this study was to investigate the effects of trace elements such as
zinc, boron, and selenium on the indicators of C. oleifera forests grown in nutrient-poor
conditions and on the functional and active components of Camellia oil. The results of this
research will provide a theoretical basis for improving the level and quality of Camellia oil
and its functional active compounds, which would improve economic benefits.
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2. Materials and Methods
2.1. Plant Material and Study Area

Camellia oleifera ‘Cenruan 3’, 8 years old, was used as the experimental species. The
study area was located in Chini Town, Guangzhou City, China, and had a subtropical
monsoon climate, warm and rainy, with long summers and short winters. The aver-
age monthly temperature was about 23.4 ◦C in October but, in exceptional months, was
13.1 ◦C. The average monthly precipitation was 98.5 mm in October [19]. The pH value of
the soil was 5.6, the organic matter content was 21.26 mg/kg, the basic nitrogen content was
46.82 mg/kg, the available phosphorus content was 6.08 mg/kg, the available potassium
content was 56.09 mg/kg, the available boron content was 0.22 mg/kg, the available zinc
content was 1.76 mg/kg, and the selenium content was 0.159 mg/kg.

2.2. Experimental Design

An orthogonal experimental design was used to apply various levels of selenium
(0, 100, 150, and 200 mg/L), boron (0, 2, 4, and 6 mg/L), and zinc (at dilutions of 0, 1000,
1500, and 2000) as a foliar fertilizer spray. The raw material for selenium is K3SeP3O10. The
raw material for boron is Na2B4O7·10H2O. The raw material for zinc is C10H12N2O8ZnNa2,
and the concentration of the original zinc solution before dilution was 145 mg/L. Mix the
above raw materials with water and stir evenly. Each treatment (16 in total) equaled 30 L of
fertilizer. The fertilizer was applied every two months from November 2020. Thirty trees
were used for each fertilizer combination, representing a total of 480 trees. The fertilization
plan is shown in Table 1.

Table 1. Orthogonal design implementation.

Treatment Number Selenium (mg/L) Boron (mg/L) Zinc (Dilution Factor)

CK 0 0 -
Y1 0 2 1000
Y2 0 4 1500
Y3 0 6 2000
Y4 100 0 1000
Y5 100 2 0
Y6 100 4 2000
Y7 100 6 1500
Y8 150 0 1500
Y9 150 2 2000

Y10 150 4 0
Y11 150 6 1000
Y12 200 0 2000
Y13 200 2 1500
Y14 200 4 1000
Y15 200 6 0

2.3. Measurement of Camellia Fruit Characteristics and Economic Indicators

In October 2021, 15 trees were randomly selected for treatment and their yields were
measured. Thirty fruits were randomly selected from thirty trees for each treatment, and
the characteristics of the fruits were quantified. The longitudinal and transverse diameters
of each fruit were measured with vernier calipers, and each fruit was weighed. Each fruit
was then crushed with a hammer to release the peel and seeds. The peel thickness was
measured with vernier calipers, and the number of seeds was counted. The fresh seeds
from each fruit were also weighed. Seeds were dried to constant weight at 60 ◦C and stored
in a refrigerator at 4 ◦C to measure the oil content.

Grinding the seeds into a powder. Two grams of dried seed powder per sam-
ple were wrapped in filter paper, baked to a constant weight at 105 ◦C, and then
weighed on the filter paper and soaked overnight in ether. After 3 h at 65 ◦C in a crude
fatty acid analyzer, the sample was dried again at 105 ◦C and weighed. The other
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fruit quality parameters were calculated using the following equations [20]: ratio of
fresh seed per fruit (RFS) (%)= total mass of fresh seeds (g)/total mass of fresh fruit
weight (g) × 100%; ratio of dry seed to fresh seed (RDS) (%) = total mass of dry seeds
(g)/total mass of fresh seeds (g) × 100%; ratio of kernels in dry seed (RKS) (%) = total
mass of fresh kernels (g)/total mass of dry seeds (g) × 100%; ratio of dry to fresh ker-
nels (RDK) (%) = total mass of dry kernels (g)/total mass of fresh kernels (g) × 100%;
oil content in dry kernels (OCK) (%) = total mass of oil (g)/total mass of dry kernels
(g) × 100%; oil content in fruit (OCF) (%) = RFS × RDS × RKS × RDK × OCK.

2.4. Measurement of Functional Active Compounds of Camellia Oil

For each treatment, 5 kg of fruit was picked from 30 trees for oil extraction, and red
or yellow peels were randomly selected. The fruit was dried indoors in the shade for a
week and then left in the sun until it cracked, and then the peeled seeds baked at 105 ◦C
to a constant weight. We then ground the seeds into powder and press oil and stored in a
refrigerator at 4 ◦C.

Measurement of the total sterol content in Camellia oil according to standard GB/T
25223-2010 [21]. An amount of 250 mg of oil was placed in a 25 mL flask, and the un-
saponifiable substances were extracted via an alumina column. Then, the unsaponifiable
substances was separated on the thin layer chromatographic plate, and the total sterol
content was obtained by gas chromatographic analysis.

Measurement of the squalene content in Camellia oil according to standard LS/T 6120-
2017 [22]. An amount of 300 µL of internal standard squalene solution was accurately
absorbed in a 250 mL round-bottomed flask and then dried with a nitrogen blower, and
0.2–2 g of the oil was added to the flask. An amount of 50mL of potassium hydroxide–
ethanol solution was added for saponification and extraction, and the resulting concentrate
was injected into a gas chromatograph for analysis of the squalene content.

The total flavonoid content of Camellia oil was determined using the following
method [23]. An amount of 1 mL of oil from the solution to be tested was placed in a
10 mL centrifuge tube, and 0.4 mL 5% sodium nitrite was added. The solution was
shaken well and left to stand for 6 min. Then, 0.4 mL 10% aluminum nitrate was added,
shaken well, and left to stand for 6 min, followed by 4 mL 4% sodium hydroxide, which
was again shaken well, and 4 mL 60% anhydrous ethanol. After 15 min, the absorbance
was measured at 510 nm with a spectrophotometer after centrifugation at 3500 r/min
for 10 min. The standard rutin, 10 mg, was added to a 10 mL volumetric bottle with
60% anhydrous ethanol to obtain a 1 mg/mL standard solution, and an absorbance of
0.025–0.4 mg/mL standard solution was determined. According to standard curve of
rutin, the total flavonoid content was calculated.

The polyphenols content of Camellia oil was determined using the following method,
according to standard LS/T 6119-2017 [24]. An amount of 1 mL of oil from the solution to
be tested was put into a 10 mL colorimetric tube, and 5 mL 10% foline-phenol was added.
It was then left to stand for 3–5 min, 4 mL 7.5% Na2CO3 was added, and it was again left to
stand for 1 h. Absorbance was measured at 625 nm with a spectrophotometer, alongside
a blank control. A standard curve was created using 30 mg gallic acid as a standard in a
100 mL volumetric bottle with distilled water added to obtain a 300 µg/mL solution. The
absorbance value of 10–50 µg/mL of the standard solution was determined. According to
standard curve of gallic acid, the polyphenols content was calculated.

2.5. Statistical Analysis

Microsoft Excel 2019 (Microsoft Corp, Redmond, Washington, DC, USA) was used
for data processing and mapping. SPSS 24.0 (SPSS Inc., Chicago, IL, USA) was used for
multiple comparisons, variance analyses, and correlation analyses.
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3. Results
3.1. The Effect of Trace Elements on Fruit Characteristics

As shown in Table 2, there were slight differences between treatments in peel thickness,
fruit transverse diameter, fruit longitudinal diameter, single fruit weight, the number of
seeds per fruit, and single fresh seed weight. The transverse diameter of the fruit in
treatment Y3 (0 mg/L selenium, 6 mg/L boron, and 2000 dilution of zinc) was significantly
lower than that in the control group (p < 0.05), suggesting that high concentrations of
selenium and high dilutions of zinc have the effect of reducing fruit transverse diameter,
while the other treatments showed no significant difference (p > 0.05). The transverse
diameter of fruit in treatment Y11 was the highest, and 9.1% higher than in treatment
Y3. Both had received 6 mg/L boron, suggesting that boron had no direct effect on
fruit transverse diameter. Treatment Y11 included 150 mg/L selenium, while treatment
Y3 included 0 mg/L, and treatments Y4, Y5, Y7, and Y8 included 100, 100, 100, and
150 mg/L, respectively, indicating that low concentrations of selenium could perhaps
promote an increase in fruit transverse diameter. However, there were no significant
differences between the 15 treatments and the control group (p > 0.05). Treatment Y3 had
the lowest fruit longitudinal diameter, while treatment Y2 had the highest fruit longitudinal
diameter, which was 6.86% higher than that of treatment Y3. The transverse diameter of
fruit of treatments Y2 can be increased by up to 3.07% compared to the control group. With
a 1500 dilution of zinc, the fruit longitudinal diameter was higher, suggesting that this
dilution had a positive effect on longitudinal diameter growth.

Table 2. Multiple comparison of the effects of trace elements on Camellia oleifera fruit characteristics.

Treatment
Number

Longitudinal
Diameter of
Single Fruit

(mm)

Transverse
Diameter of
Single Fruit

(mm)

Peel Thickness
of Single Fruit

(mm)

Single Fruit
Weight (g)

Number of
Seeds Per Fruit

Single Fresh Seed
Weight (g)

Mean ±
Standard Error

Mean ±
Standard Error

Mean ±
Standard Error Mean Mean Mean

CK 33.84 ± 2.91 ab 35.29 ± 3.65 ab 3.80 ± 0.55 bcd 22.81 6.17 1.29
1 33.27 ± 3.28 ab 35.00 ± 3.80 ab 3.63 ± 0.83 cd 22.16 4.93 1.68
2 34.88 ± 2.80 a 35.22 ± 3.22 ab 3.77 ± 0.65 bcd 22.66 5.57 1.27
3 32.64 ± 2.91 b 32.97 ± 3.11 c 3.67 ± 0.68 cd 18.88 5.60 1.15
4 34.19 ± 2.68 ab 35.58 ± 3.46 ab 3.77 ± 0.54 bcd 23.29 5.30 1.47
5 34.27 ± 3.18 ab 35.49 ± 3.50 ab 4.21 ± 0.77 a 22.4 6.03 1.27
6 34.11 ± 2.79 ab 35.28 ± 3.01 ab 4.00 ± 0.61 abc 22.35 5.90 1.26
7 34.51 ± 3.48 a 35.37 ± 3.38 ab 3.93 ± 0.63 abc 23.37 5.37 1.45
8 33.92 ± 3.56 ab 35.40 ± 4.12 ab 4.02 ± 0.63 abc 23.06 6.13 1.22
9 33.34 ± 2.96 ab 33.65 ± 3.87 bc 3.97 ± 0.64 abc 20.39 5.50 1.27

10 34.20 ± 2.97 ab 34.8 ± 2.79 abc 3.52 ± 0.63 d 21.79 5.90 1.24
11 34.14 ± 3.60 ab 35.97 ± 3.93 a 4.07 ± 0.69 ab 25.22 7.63 1.21
12 33.41 ± 1.85 ab 34.0 ± 2.14 abc 3.65 ± 0.50 cd 20.17 6.17 1.11
13 34.40 ± 2.94 ab 35.24 ± 2.95 ab 3.8 ± 0.56 abcd 22.85 7.30 1.22
14 34.18 ± 1.96 ab 34.6 ± 2.36 abc 3.8 ± 0.69 abcd 21.95 7.03 1.02
15 33.12 ± 2.98 ab 34.0 ± 3.41 abc 3.97 ± 0.52 abc 20.99 6.20 1.14

Data indicate mean ± SE (n = 30). Different letters in the same column indicate significant differences (p < 0.05).

The peel thickness in treatment Y5 was significantly higher than that of the control
group (p < 0.05), while the thickness in treatment Y10 was significantly lower than that of
the control (p < 0.05) and 16.39% lower than that of treatment Y5. However, there were
no significant differences in peel thickness between the other treatments and the control
(p > 0.05). Both treatments Y5 and Y10 contained a 0 dilution of zinc, suggesting that zinc
had no direct effect on peel thickness. Treatment Y10 (150 mg/L selenium, 4 mg/L boron,
and 0 dilution of zinc) had the best effect on reducing peel thickness.
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The single fruit weight of treatment 11 was the highest and 10.57% higher than in
the control group, and that of treatment 3 was the lowest and 17.23% lower than in the
control group. The single fruit weights of treatments 11, 7, 4, 8, and 13 were higher than in
the control group. When the dilution of zinc is 1000–1500 times and the concentration of
selenium is 100–200 mg/L, the growth of C. oleifera fruit is promoted.

Treatment Y11 yielded the most seeds per fruit, while treatment Y1 yielded the least
grains per fruit. The single seed weight for treatment Y1 was the heaviest, while that of
treatment Y14 was the lightest. Treatment Y11 had the highest fruit weight, 10.57% higher
than the control group, while treatment Y3 had the lowest fruit weight, at 17.23% lower
than the control group. The number of seeds per fruit in treatment 11, 14, 13, and 15 was
higher than in control group. The amount of selenium applied was between 150–200 mg/L,
suggesting that a high concentration of selenium can promote an increase in the number of
seeds per fruit.

3.2. The Effect of Trace Elements on Economic Indicators

As shown in Table 3, different micronutrient treatments had variable effects on the
oil yield of the fresh seeds. Treatment Y1 had the highest fresh seed ratio per fruit, 2.74%
higher than the control, while treatment Y8 had the lowest fresh seed ratio. Treatment Y3
had the highest ratio of dry seed to fresh seed, while treatment Y4 had the lowest ratio of
dry seed to fresh seed. Treatment Y2 had the highest ratio of kernels in the dried seeds,
while treatment Y3 had the lowest ratio of kernels. Treatment Y6 had the most ratio of dried
kernels to fresh kernels, while treatment Y9 had the least. Treatment Y2 had the highest
yield of oil from both kernel and fruit, while treatment Y6 had the lowest yield. The oil
content in fruit of treatments Y2 can be increased by up to 7.94% compared to the control
group. Overall, the best effect was achieved with a selenium concentration of 0 mg/L, a
boron concentration of 4 mg/L, and a zinc dilution of 1500, as demonstrated by the oil
content of the fruits.

Table 3. Effects of trace elements on economic indicators for Camellia oleifera.

Treatment
Number

Ratio of
Fresh Seed

Per Fruit
(%)

Ratio of
Dry Seed
to Fresh
Seed (%)

Ratio of
Kernels in
Dry Seed

(%)

Ratio of
Dry to
Fresh

Kernels
(%)

Oil
Content in

Dry
Kernels

(%)

Oil
Content in
Fruit (%)

Fruit Yield
Per Plant

(kg)

Oil Yield
Per Plant

(kg)

CK 34.76 52.86 69.61 98.79 54.83 6.93 11.81 0.82
1 37.50 56.44 67.09 98.03 53.41 7.44 13.46 1.00
2 33.54 57.94 70.07 98.97 55.47 7.48 13.22 0.99
3 34.17 61.46 58.16 98.54 51.39 6.19 10.00 0.62
4 33.38 49.19 65.12 98.52 51.41 5.42 14.27 0.77
5 34.23 49.79 64.46 98.47 51.93 5.62 17.05 0.96
6 33.17 49.99 58.50 99.10 48.64 4.68 13.23 0.62
7 33.37 54.93 66.63 98.66 51.48 6.20 9.93 0.62
8 32.44 52.58 67.54 98.24 52.58 5.95 10.75 0.64
9 34.15 54.76 67.66 97.51 51.72 6.38 12.12 0.77

10 33.53 58.45 62.85 99.77 49.50 6.08 11.92 0.72
11 35.53 49.86 62.45 99.36 48.94 5.38 13.03 0.70
12 33.91 51.14 67.03 98.26 51.43 5.87 10.99 0.65
13 34.27 49.74 64.80 98.75 50.15 5.47 15.65 0.86
14 32.82 52.15 65.93 98.63 51.24 5.70 15.90 0.91
15 33.55 55.02 67.81 98.95 51.86 6.42 12.29 0.79

Treatment Y5 had the highest fruit yield per plant at 17.05 kg, which was 44.41% higher
than the control, followed by treatment Y13, while treatment Y7 had the lowest average yield.
In combination with the oil content in fruit, the oil yield per plant for each treatment was ranked
as Y1 > Y2 > Y5 > Y14 > Y13 > CK > Y15 > Y4 = Y9 > Y10 > Y11 > Y12 > Y8 > Y3 = Y6 = Y7.
The oil yield per plant decreases to the minimum when the treatment is Y3, Y6, and Y7. The
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highest oil yield per plant for treatments Y1 (0 mg/L selenium, 2 mg/L boron, and 1000 dilution
of zinc) and Y2 (0 mg/L selenium, 4 mg/L boron, and 1500 dilution of zinc) were 1.00 and
0.99 kg, respectively. The oil yield per plant of treatments Y1 can be increased by up to 21.95%
compared to the control group. The results showed that a low concentration of selenium, a low
concentration of boron, and a low dilution of zinc could increase the oil yield per plant.

3.3. The Effects of Trace Elements on Functional and Active Components of Camellia Oil
3.3.1. Effects of Trace Elements on Total Sterol Content

As shown in Figure 1, applying foliar fertilizer could both significantly increase and
significantly decrease the total sterol content of Camellia oil. The total sterol content under
treatments Y11, Y6, Y15, Y9, and Y14 was significantly higher than that of the control group
(p < 0.05), by 28.81%, 12.96%, 10.52%, and 7.62%, respectively. However, the total sterol
content under treatment Y1 was significantly lower than that of the control group (p < 0.05).
The total sterol content under the other treatments showed no significant difference with
the control group (p > 0.05). The application rates of selenium were 150 mg/L, 100 mg/L,
and 0 mg/L in treatments Y11, Y6, and Y1, respectively, the application rates of boron were
6 mg/L, 4 mg/L, and 2 mg/L, respectively, and the dilutions of zinc were 1000, 2000, and
1000, respectively, indicating that the high concentrations of selenium and boron could
promote an increase in total sterol content, while zinc had no direct effect.
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Figure 1. The content of total sterols in Camellia oil under different treatments. Note: Data
indicate mean ± SE (n = 3). Different letters indicate significant differences (p < 0.05) between
different treatments.

3.3.2. Effects of Trace Elements on Squalene Content

As shown in Figure 2, applying foliar fertilizer could both significantly increase
and significantly decrease the squalene content in Camellia oil. The squalene content of
treatments Y12, Y13, Y14, Y11, Y15, Y2, Y6, Y8, Y9, and Y10 was significantly higher than
that of the control group (p < 0.05). Of these, the squalene content was highest under
Y12 and Y13, being 32.07% and 31.36% more, respectively, than in the control group. The
squalene content under Y7 and Y4 was lower than the control group, but not significantly
(p > 0.05), while the squalene content under Y1 and Y3 was significantly lower than in the
control group (p < 0.05), by 4.66% and 5.68%, respectively. For treatments Y12, Y13, Y1, and
Y3, the selenium dosage was 200 mg/L, 200 mg/L, 0 mg/L, and 0 mg/L, respectively, the
boron dosage was 0 mg/L, 2 mg/L, 2 mg/L, and 6 mg/L, respectively, and the dilution of
zinc was 2000, 1500, 1000, and 2000, respectively. This indicated that a high concentration
of selenium could promote the squalene content of Camellia oil, while boron and zinc had
no direct impact.
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Figure 2. The content of squalene in Camellia oil under different treatments. Note: Data indicate mean ± SE
(n = 3). Different letters indicate significant differences (p < 0.05) between different treatments.

3.3.3. Effects of Trace Elements on Total Flavonoid Content

As shown in Figure 3, applying foliar fertilizer could both significantly increase and
significantly decrease the total flavonoid content of Camellia oil. The total flavonoid content
under treatments Y2, Y4, Y7, Y12, Y13, Y14, and Y15 was significantly higher than that of
the control group (p < 0.05). Of these, Y4 had the highest total flavonoid content, being
188.04% higher than in the control group, followed by Y14 and Y13, which were 104.23%
and 110.2% higher, respectively. The total flavonoid content under treatments Y1, Y3, Y5,
Y6, Y8, Y9, and Y11 was significantly lower than in the control group (p < 0.05), with Y3
being 44.59% lower. The total flavonoid content under treatment Y10 was not significantly
different from that of the control group (p > 0.05). Treatment Y4 received 100 mg/L of
selenium, 0 mg/L of boron, and a 1000 dilution of zinc, indicating that this combination
of elements maximized the total flavonoid content of Camellia oil. For treatments Y12,
Y13, Y14, and Y15, the selenium application was 200 mg/L, indicating that 200 mg/L
selenium could significantly increase the total flavonoid content of Camellia oil. The boron
application was 0, 2, 4, and 6 mg/L, respectively, and the dilution of zinc 2000, 1500, 1000,
and 0, respectively, indicating that boron and zinc had no direct effect on the total flavonoid
content of Camellia oil.
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Figure 3. The content of total flavonoid in Camellia oil under different treatments. Note: Data
indicate mean ± SE (n = 3). Different letters indicate significant differences (p < 0.05) between
different treatments.

3.3.4. Effects of Trace Elements on Polyphenol Content

As shown in Figure 4, spraying foliar fertilizer could both significantly increase and
significantly decrease the polyphenol content of Camellia oil. The polyphenol content under
treatments Y2, Y13, Y14, Y12, Y15, and Y4 was significantly higher than that of the control
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group (p < 0.05), while the polyphenol content under treatments Y1, Y5, Y6, Y7, Y8, and Y11
was significantly lower (p < 0.05). There was no significant difference between treatments
Y3, Y9, and Y10 and the control group (p > 0.05). Treatment Y2 had the highest polyphenol
content, being 92.61% higher than in the control group, followed by treatments Y13 and
Y14, which were 66.5% and 51.07% higher. The polyphenol content of treatment Y1 was the
lowest, being 60.92% lower than in the control group, followed by Y6, which was 30.71%
lower. Under treatment Y2, the selenium application was 0 mg/L, boron 4 mg/L, and
the dilution of zinc 1500, indicating that this combination could maximize the polyphenol
content of Camellia oil. For treatments Y12, Y13, Y14, and Y15, the selenium application was
200 mg/L, indicating that 200 mg/L selenium could significantly increase the polyphenol
content of Camellia oil.
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Figure 4. The content of polyphenol in Camellia oil under different treatments. Note: Data
indicate mean ± SE (n = 3). Different letters indicate significant differences (p < 0.05) between
different treatments.

3.4. Correlation Analysis between Trace Elements and Components in Camellia Oil

As shown in Table 4, the total sterol content of Camellia oil had a very significant
positive correlation with selenium and boron at the level of 0.01. The squalene content of
Camellia oil had a very significant positive correlation with selenium at the level of 0.01,
and there was a significant positive correlation between total flavonoids and selenium at
the level of 0.05. There was no significant correlation between the polyphenol content of
Camellia oil and the trace elements.

Table 4. Correlation analysis between trace elements and components in Camellia oleifera.

Trace Element Total Sterol Content of
Camellia Oil

Squalene Content of
Camellia Oil

Total Flavonoid
Content of Camellia

Oil

Polyphenol Content
of Camellia Oil

Selenium 0.403 ** 0.713 ** 0.328 * 0.249
Boron 0.458 ** −0.072 −0.149 −0.072
Zinc −0.03 0.223 −0.05 0.122

* Significant at the 0.05 level. ** Significant at the 0.01 level.

As shown in Table 5, the variance analysis showed that selenium had a very significant
effect on the squalene content of Camellia oil (p < 0.01) but no significant effect on the total sterol
content. Boron and zinc had no significant effect on the squalene and total sterol content of
Camellia oil. The range (R value) analysis showed that the relative weighting for the effect of
the trace elements on the squalene content of Camellia oil was selenium > zinc > boron, and, for
the total sterol content, selenium > boron > zinc. Selenium, boron, and zinc had no significant
effect on the total flavonoid and polyphenol content of Camellia oil (p > 0.05), although selenium
had a greater effect than zinc. The relative weighting for the effect of the trace elements on the
polyphenol content of Camellia oil was selenium > boron > zinc.
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Table 5. Analysis of variance and extreme value analysis of trace elements and components in
Camellia oil.

Source of
Variation

Degrees of
Freedom

Total Sterol Content Squalene Content Total Flavonoid
Content Polyphenol Content

p Value R Value p Value R Value p Value R Value p Value R Value

Selenium 3 0.315 38.250 0.003 50.688 0.085 6.850 0.117 18.500
Boron 3 0.361 35.500 0.903 14.650 0.702 2.775 0.577 10.890
Zinc 3 0.937 27.375 0.842 16.188 0.806 2.868 0.612 10.860

p < 0.05 indicates a significant difference, <0.01 indicates an extremely significant difference; R represents extreme
differences, indicating the weight of influence of different factors.

4. Discussion

Camellia plants that are in a nutrient-poor environment for an extended period of
time will experience a significant reduction in yield, and the content of quality-related
metabolites will be affected [25]. Previous research has shown that there are complex
interactions between various elements in soil and C. oleifera, so the interaction between them
should be fully considered to achieve precise fertilization and further improve fertilizer
utilization [26]. In this study, 16 kinds of microelement combinations were designed to
fertilize the C. oleifera forest under the environment of nutrient deficiency. The results
showed that Y10 (150 mg/L selenium, 4 mg/L boron, and 0 diluted zinc) had the best effect
on reducing the thickness of fruit peels. A low concentration of selenium might promote
the increase in fruit transverse diameter. When the dilution of zinc was 1500, it had a
positive effect on the growth of fruit longitudinal diameter, while boron concentration had
little effect on fruit size. Xiang et al.’s research on tea plants aligns with the findings of this
study, indicating that an appropriate concentration of selenium can result in a substantial
increase in tea plant biomass and yield [27]. According to the research conducted by
Hajiboland et al., the growth of tea plants was not found to be inhibited by a lack of boron,
a critical micronutrient for many plants [28]. Recent studies, including one by Lu et al.,
have suggested that the application of a 0.05% zinc fertilizer concentration can significantly
enhance the growth of C. oleifera [29]. Jiang et al. have shown that different fertilization
methods, and the interaction of phosphorus and potassium fertilizers, have a significant
impact on peel thickness. Nitrogen fertilizer applied at 50 g/plant, phosphorus fertilizer
at 50 g/plant, and potassium fertilizer at 50 g/plant can all significantly reduce the peel
thickness of C. oleifera [30]. The increase in pericarp thickness ends with the completion
of lignin accumulation in the pericarp [31]. Cch NST1 and Cch BLH6 are lignin-regulated
nuclear genes in C. oleifera fruit [32]. The change in the size of C. oleifera fruit after foliar
spraying with selenium, boron and zinc may be due to the promotion or inhibition of
CchNST1 and CchBLH6 gene expression.

The application of selenium, boron, and zinc had no significant effect on the fresh
seed ratio or the number of seeds in C. oleifera fruit. The rate of seed inclusion during the
accumulation of seed lignin and the number of ovules remaining in the fruit at harvest
determine the fresh seed ratio and the number of seeds in C. oleifera fruit. C. oleifera seed
inclusions accumulate from July to September, and fertilization during this period could
increase the number of inclusions and improve the fresh seed ratio [33,34]. Therefore,
applying appropriate fertilizer during this period could be beneficial to the number of
seeds in C. oleifera fruit, but the physiological and molecular mechanisms that regulate
ovule development have not yet been studied. In light of the selenium-poor soil conditions
observed in the study area, the present research sheds new light on the crucial role that
this trace element plays in promoting plant reproduction. Notably, the study’s results
demonstrate that a concentration of selenium above a certain threshold can be a potent
factor in boosting the number of seeds produced per fruit.

Spraying with selenium, boron, and zinc can also increase the oil yield of C. oleifera.
The results showed that Y1 and Y2 treatments could increase the oil content of fresh fruits
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and the oil yield per plant. Genetic quality, seed maturity, fruiting quantity, and the soil
quality of C. oleifera forest land all affect the oil content of C. oleifera. For example, lime soil
and calcium-rich purple sand soil are beneficial to the seed oil content of C. oleifera [33].
Fertilizer spraying and the application of amino acids can increase the oil content of
C. oleifera [35]. Similarly, when selenium fertilizer is applied at 200–300 g/hm2, the oil
content of sunflower kernels can be significantly improved [36]. In another study the
application of 0.1% boron increased the oil content of C. oleifera to 8.25% more than that of
the control [37]. The beneficial impact of selenium, boron, and zinc on the quality of Camellia
oil could potentially be explained by their role in promoting the uptake and assimilation
of other essential mineral elements by the plant. By facilitating nutrient absorption, these
trace elements may improve the taste, aroma, and nutritional properties of the oil [8,12].
Lin et al. have discovered alleles of three enzymes that play important roles in enhancing
the yield and quality of seed oil during C. oleifera domestication [38].

The trace elements can also significantly increase the content of functionally active
components in Camellia oil. The study’s findings suggest that selenium and boron may have
a synergistic effect on the total sterol content of Camellia oil, while zinc has no direct impact.
Specifically, the application of selenium at a concentration of 150 mg/L, in conjunction with
6 mg/L of boron, can significantly enhance the total sterol content of Camellia oil. Song
et al. have shown that applying selenium can significantly increase the total sterol content
of Camellia oil [39]. Pinto et al. found that sterol-related enzymes were significantly altered
only in the presence of a selenium deficiency [40]. Under the treatment of boron deficiency,
the downregulation of two sterol methyltransferases decreased the sterol content [41]. This
study shows that high concentrations of selenium can promote the squalene and total
flavonoid content in Camellia oil, while boron and zinc have no direct impact. When the
selenium concentration was 200 mg/L, the squalene and total flavonoid content was at
its highest. Ma et al. have shown that the squalene content of Camellia oil is positively
correlated with the selenium content, in accordance with the current study [42]. Spraying
zinc fertilizer can significantly induce the expression of phenolic synthesis-related genes
such as VvLDOX and VvMYBF1 during fruit development, further promoting phenolic
synthesis [42]. The study’s results indicate that the application of selenium at a concentra-
tion of 200 mg/L can lead to a significant increase in the polyphenol content of Camellia oil,
However, the effect of zinc fertilizer is not significant. This finding suggests that selenium
may play a crucial role in the production of high-quality Camellia oil. The mechanism
behind the influence of selenium, therefore, warrants further exploration. The polyphenol
content of Camellia oil was significantly correlated with the total flavonoid and squalene
content, suggesting that these three substances have the same response mechanism to
selenium, boron, and zinc, and that they synergistically promote each other.

5. Conclusions

The present study is the first to apply zinc, boron, and selenium as foliar fertilizers to
C. oleifera cultivated in nutrient-poor soil. The results show that the effects of micronutrient
sprays on the phenotypic and economic traits of C. oleifera varied, with treatments Y4, 7, 8,
and 11 all increasing the transverse, longitudinal diameter and fruit weight of C. oleifera
fruit. Optimal concentrations of zinc and selenium are critical for promoting the growth
and development of C. oleifera fruit. The transverse diameter of the fruit, the single fruit
weight, the number of seeds per fruit, the single fresh seed weight, the oil content in the
fruit, and the oil yield per plant of other treatments can be increased by up to 3.07%, 10.57%,
23.66%, 30.23%, 7.94%, and 21.95%, respectively, at most, compared to the control group.
Diluting zinc from 1000 to 1500 times and maintaining a selenium concentration from 100
to 200 mg/L has been found to be beneficial for fruit growth. While low concentrations
of selenium may promote an increase in fruit transverse diameter, high concentrations
of selenium, along with high dilutions of zinc, can have the opposite effect, leading to
a reduction in fruit diameter. However, a high concentration of selenium can positively
impact the number of seeds per fruit. Treatments Y1 and Y2 were the most effective in
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increasing the oil yield of fresh fruits and the oil production per plant. The most effective
combination was found to be a selenium concentration of 0 mg/L, a boron concentration of
4 mg/L, and a zinc dilution of 1500. Interestingly, lower concentrations of selenium and
boron, as well as lower dilutions of zinc, were found to increase the oil yield per plant. This
suggests that a careful balance of trace elements is required to promote both fruit growth
and oil content.

This study’s findings suggest that high concentrations of selenium and boron can play
a crucial role in promoting the content of functional active compounds in Camellia oil. The
total sterol, squalene, total flavonoid, and polyphenol content of other treatments can be
increased by up to 28.81%, 32.07%, 188.04%, and 92.61%, respectively, at most, compared to
the control group. Specifically, the results reveal that treatments Y2, 6, 9, and 11 exhibited
better performance in terms of increasing the total sterol content of the oil, with selenium
and boron, showing a highly significant positive correlation with this compound. Moreover,
the application of high selenium concentrations was found to have a significant Impact
on the squalene and total flavonoid contents of Camellia oil, with treatments Y2, 11, 12,
and 13 showing better performance in increasing the squalene content of the oil, while
treatments Y2, 4, and 7 showed better performance in increasing the total flavonoid content.
Furthermore, the study shows that spraying selenium at a concentration of 200 mg/L can
lead to a significant increase in the polyphenol content of Camellia oil, with treatments Y2,
13, and 14 performing better in this regard.

Overall, the study provides a theoretical basis for improving the quality and yield of
the C. oleifera industry by selecting suitable fertilizer combinations to increase the fresh
kernel oil rate, the oil yield per plant, and the content of functional active components
such as total sterols, squalene, total flavonoids, and polyphenols in Camellia oil. These
findings emphasize the interrelationship between trace elements and the functional active
components of Camellia oil and offer guidance for enhancing the growth of C. oleifera forests
in nutrient-deficient soils.
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Abstract: Inappropriate fertilization management practices have led to low timber production in
intensive plantation systems in China. Thus, optimized conventional or advanced fertilization
management practices are needed. We aimed to quantify whether optimized furrow fertilization (FF)
is comparable to advanced drip fertigation (DF) and to make recommendations regarding fertilization
management strategies for poplar plantations. A completely randomized block design experiment
with two fertilization methods (DF and FF) and four N application amounts (F0: 0, F1: 68, F2: 113, and
F3: 158 kg N·ha−1·yr−1) was carried out on a Populus × euramericana cv. ‘Guariento’ plantation. Fine
root biomass density (FRBD), fine root length density (FRLD), specific root length (SRL), soil total
nitrogen (STN), soil inorganic nitrogen (SIN), soil ammonium (NH4

+-N) and nitrate nitrogen (NO3
−-

N) were measured. The productivity increment was calculated based on tree surveys. The results
showed that FRBD and FRLD decreased with the soil depth, and more than 86% was distributed
within the 40 cm soil depth. FRBD, FRLD, productivity increment and soil N increased with an
increasing amount of N application. DF treatments achieved 117%, 94% and 10% higher FRBD,
FRLD and productivity increments, respectively, than did FF treatments. The averages of STN, SIN,
NH4

+-N and NO3
−-N under FF were higher than those under DF, leading to higher concentrations of

residual NO3
−-N in deep soil. Beneficial management practices for fine root growth were evaluated

in the following order: water coupled with N > only N ≥ only water > control. FRBD was positively
correlated with the productivity increment. Therefore, fine root extension to increase soil resource
absorption yields greater productivity under DF treatments. Drip fertilization is recommended as a
better fertilization method to greatly promote the growth of fine roots, as well as productivity and
residual lower soil N for poplar plantations.

Keywords: drip fertigation; optimized furrow fertilization; soil nitrogen; fine root traits; poplar plantation

1. Introduction

Poplar is one of the most important species for timber use and is widely planted
in North America, Asia and Europe [1]. In China, there exist 8.54 million ha of poplar
plantations, constituting 18.14% of the national plantation area, the largest in the world [2,3].
Due to the higher nitrogen (N) requirements for high productivity in poplar than in
most other plantation species, N fertilization is widely used in poplar plantations [4,5].
However, the average productivity under existing silvicultural practices is approximately
15 m3·ha−1·yr−1, which is far lower than the highest international level of productivity
(53 m3·ha−1·yr−1), and outdated fertilization methods and inappropriate N application
rates are the main reasons for the low average productivity in China [6,7]. Therefore,
there is a need for optimized conventional or advanced fertilization methods, as well as
appropriate N application rates, to address this problem.
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Conventional fertilization methods, such as furrow, hole, annular and radiation fer-
tilization are currently the major approaches to fertilization management practices in
plantations or orchards [6]. To increase productivity or yield, overuse of N fertilization
is a common practice in China. In this mode of fertilization management, the N con-
centration in the root zone soil may be in excess of that required by plants for growth
during the first period of fertilization. After this period, the N concentration diminishes
gradually until deficit levels are reached, which inhibits plant growth [8]. Although opti-
mized conventional fertilization methods [6], such as adjusting fertilizer application rates
as well as the frequency, application distance and furrow depth, have been applied to
solve the aforementioned problems, there is currently a lack of information on whether
optimized conventional fertilization methods can efficiently achieve high productivity with
low environmental risk.

In recent years, many advanced fertilization methods have been studied regarding
their potential to improve yield production efficiently and without high environmental
risk, such as sprinkling fertilization, exponential fertilization, layered fertilization and
drip fertigation (DF) [9,10]. DF is an advanced fertilization technique, and its advantages
include supplying fertilizer directly to the root zone, increasing resource-use efficiency,
reducing N loss, reducing the need for fertilizer applications, improving soil fertility and
reducing labor costs [9,11–13]. To date, DF has been increasingly applied for the cultivation
of plantations worldwide [3,4,14], but few studies have investigated its intensive use in
timber-producing plantations.

The selection of the optimal fertilization method can be evaluated by collectively con-
sidering the availability and distribution of soil nutrients, plant root growth and yield [15].
Among these parameters, the morphological characteristics (such as root length, specific
root length, root diameter and root volume) and spatial configuration of fine roots can
significantly affect soil water content, nutrient transformation and plant nutrient-use effi-
ciency [16]. In addition, specific root length can be used as an indicator of environmental
changes [17]. Moreover, fine root growth can be affected by spatiotemporal variations in
water and nutrients [15]. To date, the effects of soil N availability on fine root biomass and
morphology have been extensively studied, but the results are inconsistent due to variation
in the diversity of tree species, the timing of sampling, specific soil properties and site
conditions among the studies. Some studies have shown that root length or biomass in-
crease with increased soil N availability [18–20], whereas other studies have shown no such
relationship [21] or even the opposite relationship [22]. Because fertilization management
practices can directly affect soil N availability, it is important to measure the N distribution
in the soil. Most tree roots mainly take up N from soil in inorganic forms (NH4

+-N and
NO3

−-N), and chemical N fertilizers are often used to supply sufficient inorganic N in
order to achieve high yields. Previous research has revealed that the overuse of N fertilizer
leads to excessive N concentrations in the soil profile and is associated with NO3

−-N
leaching and N2O emission to the environment. In addition, it causes underground water
pollution and atmospheric pollution [23]. Therefore, understanding the spatial distribution
of soil N and the characteristics of fine root traits, as well as their interactions to increase
nutrient availability in the rhizosphere, will be beneficial for both meeting the N demands
of plants and making decisions involving fertilization management strategies in poplar
plantations [24,25].

The species Populus × euramericana cv. ‘Guariento’ has received much attention in
northern China because of its high growth rate and timber output [3,10,26]. Previous
studies on the effects of N applications on this species have concentrated mainly on yield
responses [3,4], nutrient uptake [27], and aboveground biomass [28]. DF and optimized fur-
row fertilization (FF) may promote NO3

−-N leaching, necessitating the careful calculation
of fertilizer rates to minimize that risk. Hence, a two-year field experiment involving DF
and optimized FF was conducted on a Populus × euramericana cv. ‘Guariento’ plantation in
the North China Plain. This study was undertaken to achieve two objectives: (1) to quanti-
tatively evaluate the fine root traits, productivity increment and residual soil N responses to
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different fertilization methods and N application rates; and (2) to make recommendations
regarding fertilization management strategies for poplar plantations.

2. Materials and Methods
2.1. Study Site

A field experiment was carried out on former agricultural land in the district of
Shunyi, a northern suburb of Beijing, China (40◦05′48.7′′ N and 116◦49′35.6′′ W), in a flat,
low alluvial region of the Chaobai River. The elevation at the site was approximately 28 m
above sea level [3,10]. The region was classified as having a warm-temperate, semi-humid,
continental, monsoon climate (dry and windy in spring, hot and rainy in summer) and
has an average annual temperature of 11.5 ◦C. The highest monthly temperature reached
40.5 ◦C in July and August, and the lowest was −19.1 ◦C in January. The mean annual
precipitation is approximately 560 mm, of which 11% occurs between March and May, 70%
occurs between June and August and 16% occurs between September and November. There
are approximately 195 frost-free days per annum, and the monthly average underground
water ranges from 6 m to 13 m in depth. These meteorological data were based on 4 years
(2011–2014) of data from Shunyi District meteorological stations. Table 1 shows the basic
physical and chemical properties of the soil [10]. The soil texture at the study site is sandy
loam, according to the USDA classification system [3]. There are no stones larger than 2 mm
in the soil. The soil data represent the average values from five random soil profiles from
the experimental site in 2012, with each soil profile having three layers (0–20 cm, 20–40 cm
and 40–60 cm).

Table 1. Physical and chemical properties of the soil at the experimental site.

Depth
cm

Sand
%

Silt
%

Clay
%

Soil Texture
(USDA

Classifica-
tion)

Bulk
Density
g·cm−3

Organic
Matter
g·kg−1

Total
N

g·kg−1

NH4
+-N

mg·kg−1
NO3−-N
mg·kg−1

Available
P

mg·kg−1

0–20 69.96 ± 0.62 29.52 ± 0.64 0.52 ± 0.02 Sandy loam 1.68 ± 0.02 10.73 ± 0.20 0.58 ± 0.05 5.12 ± 0.05 3.88 ± 0.43 4.91 ± 0.97
20–40 67.19 ± 0.79 32.28 ± 0.77 0.53 ± 0.02 Sandy loam 1.64 ± 0.01 6.65 ± 0.29 0.49 ± 0.09 5.34 ± 0.44 2.56 ± 0.30 4.74 ± 0.69
40–60 63.52 ± 0.98 35.92 ± 0.96 0.56 ± 0.02 Sandy loam 1.62 ± 0.01 5.78 ± 0.23 0.44 ± 0.01 4.22 ± 0.39 6.63 ± 0.32 5.02 ± 0.68

Note: Soil texture is according to the USDA classification system; total N represents soil total nitrogen (SIN); NH4
+-

N and NO3
−-N represent soil ammonium and nitrate nitrogen; available P represents available phosphorous. The

data are the average values from five random soil profiles in the experimental site in 2012, with each soil profile
having three layers. Data are mean ± SE (n = 5).

2.2. Plant Material

A 4 ha experimental plantation was established with 3-year-old poplar clonal trees
of Populus × euramericana cv. ‘Guariento’ in the spring of 2011. Populus × euramericana cv.
‘Guariento’ is a hybrid between the American black poplar (Populus deltoides cl. ‘8/67’) and
the European black poplar (Populus nigra) [3]. In northern China, the growing season is
from March to October and leaf shedding occurs in November. The trees were planted with
an alternate narrow- (6 m) and wide-row (12 m) spacing scheme with a within-row spacing
of 4 m, resulting in a planting density of 300 trees·ha−1. The average stem height and base
diameter of the trees were 7.0 m and 5.0 cm, respectively. A surface drip irrigation tube
system was installed in the plantation in the spring of 2012. The system was established
such that one drip pipe was laid along each tree row. The emitter interval spacing was
1.0 m, and the flow rate was approximately 2 L·h−1. After 1 year, no significant differences
in tree diameter at breast height (DBH = 10.35 ± 0.35 cm, tree diameter at 1.3 m, p > 0.05) or
height (H = 10.22 ± 0.45 m, p > 0.05) were observed from the treatments at the beginning
of the experiment (March of 2013). The fertilization experiment was conducted from 2013
to 2014.

2.3. Experimental Design

The experiment was arranged in a completely randomized block design with 3 repli-
cate blocks. Each block had 8 plots (72 m × 18 m, 38 trees·plot−1). There was a buffer of
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at least a 16 m between adjacent plots. Therefore, 22 trees in each plot were included in
the experiment, and the buffer reduced the likelihood that N fertilizer applied to one plot
was transported to another plot. The experiment consisted of two fertilization methods
and four N application rates, eight treatments in total. The fertilization methods included
furrow fertilization (FF) and drip fertigation (DF). For the FF, a trench was dug underneath
the emitter, which was away from the tree (approximately 1.0 m), and the length, width and
depth of the trench were 0.8 m, 0.2 m and 0.15 m, respectively. The application frequency
was set to 6 times greater than that of conventional FF (1–2 applications in the spring and au-
tumn) [10,29]. The 4 N application rates were as follows: 0 (F0), 68 (F1), 113 (F2) and 158 (F3)
kg N·ha−1. N fertilizer was applied as a urea solution (46% N, approximately 95 g N·L−1)
which was injected directly into the main line of the drip system via a hydraulic-driven
injector (Mix Rite Model 2504, Tefen, Israel). Treatment of FF0 represents the conventional
management practice in the north of China, which involves no irrigation or fertilization dur-
ing the growing season. DF0 represents only drip irrigation, DF2 represents drip fertigation
with a moderate N application rate and FF2 represents furrow fertilization with a moderate
N application rate. Before the leaf expansion period, furrow irrigation (approximately
3800 m3·ha−1·yr−1) was applied to all the treatments to promote leaf expansion and tree
growth. Weeds were controlled during the experimental period using herbicides. The
specific applications of water and N fertilizer in each treatment are summarized in Table 2.

Table 2. Experimental design and implementation overview at the study site.

Treatment
Spring

Irrigation
(m3·ha−1·yr−1)

Irrigation
Amount

(m3·ha−1·yr−1)

Fertilizer Rate
(kg N·ha−1·yr−1)

Fertilization
Frequency

(times yr−1)

DF1 3800 1395 68 6
DF2 3800 1485 113 6
DF3 3800 1580 158 6
DF0 3800 1485 0 0
FF1 3800 0 68 6
FF2 3800 0 113 6
FF3 3800 0 158 6
FF0 3800 0 0 0

Note: The six N applications each year occurred on 28 April, 20 May, 13 June, 30 June, 26 July and 17 August for
2013, and 21 April, 12 May, 7 June, 7 July, 2 August and 28 August for 2014.

2.4. Sample Collection and Analysis

The diameter at breast height (DBH at 1.3 m, cm) and height (H, m) of each tree
in the field was measured at the beginning of the experiment (March) and at the end of
growing season (November). Standard trees (average trees) were marked in each plot.
Points for soil and root sampling were randomly selected under the standard trees in each
plot in November of 2013 and 2014. Each soil core was collected underneath the emitter at
approximately 1.0 m away from the nearest standard tree. The soil cores were extracted
using a cylindrical soil core (5 cm inner diameter and 20 cm length for soil sampling, 10 cm
inner diameter and 20 cm length for root sampling) at 3 depth intervals: 0–20 cm, 20–40 cm
and 40–60 cm (because most of the fine poplar roots were distributed above 40 cm [30],
soil sampling down to 60 cm was appropriate for the research purposes of this study to
examine the spatial distribution of soil N). A total of 72 soil samples and 72 root samples
were collected in each year.

After removing roots and plant residues, each soil sample was thoroughly mixed,
sieved (2 mm), placed in plastic bags and transported to the lab. The samples were later
partitioned to measure soil water content (via the drying method), and the concentra-
tions of NH4

+-N (via indophenol blue colorimetry) and NO3
−-N (via dual wave-length

colorimetry) [31,32] were measured using a continuous flow analysis instrument (AA3,
Bran and Luebbe, Norderstedt, Germany). The remaining soil samples were air-dried,
ground and sieved (0.15 mm) in preparation for STN using H2SO4-H2O2 digestion, and
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then they were measured using a Kjeldahl nitrogen meter (Hangzhou, Zhejiang, China) [32].
Inorganic N was calculated as the sum of ammonium and nitrate.

Each root sample was gently rinsed with fresh water to separate the roots from the
soil particles and organic materials. Two sieves (0.8 and 0.125 mm mesh) were used to
avoid losing fine roots. After washing, the roots were placed in fresh water, and all living
roots < 2 mm in diameter were manually collected from the residual soil particles and
organic materials using forceps and filters. Living roots were distinguished from dead roots
by their lighter color and greater resilience; yellow-brown or brown fine roots were living,
while black roots were dead [33]. All living fine roots in each layer were digitally scanned
using a flatbed scanner at 400 dpi, and the files were saved in tif format. The root images
were analyzed using image analysis software (WinRHIZO Pro 2008a, Regent Instruments
Inc., Canada) for root length. The roots were then placed into labeled envelopes and
oven-dried at 65–70 ◦C to a constant mass (for at least 48 h), and then weighed to estimate
the fine root biomass [29,34].

Tree growth data were used to calculate the productivity increment (m3 ha−1) using
the following formula:

P =
[

g1.3 × (Hend + 3)× f − g1.3 ×
(

Hbegin + 3
)
× f

]
× N (1)

where P is the productivity increment, g1.3 is the cross-sectional area at breast height, Hbegin
is tree height at the beginning of growing season, Hend is the tree height at the end of the
growing season, f is the experimental form factor and N is the tree density in the field
(300 tree ha−1). The factor f was determined by comparing several approaches to stem
volume calculation based on destructive sampling of average tree stems from 2012–2014,
and a form factor of 0.41 was obtained from the Newton approximation method as the
relatively accurate value for this plantation [3].

2.5. Data Analysis

The fine root trait variables which were calculated included fine root biomass density
(FRBD, g·m−3 soil) = fine root biomass/volume of soil block; fine root length density (FRLD,
m·m−3 soil) = fine root length/volume of soil block and specific root length (SRL, m·g−1) = fine
root length/fine root biomass. All data were expressed as the means± standard errors.

The Kolmogorov–Smirnov test and the Levene test were used to verify the assumptions
of normality and homogeneity of the variance of the data for each variable before further
analysis. The variables that did not conform to these assumptions were mathematically
transformed using logarithms or reciprocal functions. Multivariate-way ANOVAs were
carried out to determine the effects of the year of experiment (Y), fertilization methods
(M), fertilizer amount (A) and soil layer (S) on fine root traits and soil N (p < 0.05). One-
way ANOVA was used to test the differences between N addition treatments (Duncan’s
test, P = 0.05). An independent-sample test was used to test for differences between two
fertilization methods. Pearson correlations were used to measure the degree of association
between the fine root traits and soil N. Linear relationships were assessed to examine the
relationships between FRBD and productivity increments. All statistical analyses were
performed using SPSS, version 20.0 (SPSS Inc., Chicago, IL, USA). All figures and tables
were produced using Excel 2016.

3. Results
3.1. FRBD, FRLD and SRL

The significance levels were analyzed for the effects of the year of experiment, fertil-
ization method, fertilizer amount, soil layers and their interactions on FRBD, FRLD and
SRL (Table 3). The effects of the year of experiment (Y), fertilization method (M), fertilizer
amount (A), soil layers (S) and Y × S, M × S and Y ×M × S interactions on FRBD, FRLD
and SRL were all statistically significant (p < 0.001 or p < 0.05), but the effects of Y × A and
Y ×M × A interactions were not significant (p > 0.05). (Table 3).
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Table 3. p values of repeated measures ANOVA for the year of experiment (Y), fertilization method
(M), fertilizer amount (A), soil layers (S) and their interactions on fine root biomass density (FRBD),
fine root length density (FRLD) and specific root length (SRL) of fine roots in a poplar plantation.

Source of Variation df FRBD FRLD SRL

Year of experiment (Y) 1 <0.001 <0.001 <0.001
Fertilization method (M) 1 <0.001 <0.001 <0.001

Fertilizer amount (A) 4 <0.001 <0.001 0.013
Soil layers (S) 2 <0.001 <0.001 <0.001

Y ×M 1 0.435 0.064 <0.001
Y × A 1 0.135 0.545 0.719
Y × S 2 <0.001 <0.001 0.002
M × S 2 <0.001 <0.001 <0.001
A × S 8 <0.001 <0.001 0.472
M × A 3 <0.001 <0.001 0.707

Y ×M × S 2 0.012 <0.001 <0.001
Y ×M × A 1 0.298 0.130 0.370
M × S × A 6 <0.001 <0.001 0.946
Y × S × A 2 0.180 0.025 0.419

Y ×M × S × A 2 0.203 0.004 0.824

FRBD and FRLD decreased with increasing soil layer depth (Figure 1a–d), and SRL
tended to be greater at a depth of 40–60 cm under the FF method (Figure 1e,f). FRBD and
FRLD were increased with the amount of N applied (0–180 kg·ha−1) under treatments of
DF0–3 and FF0–3, but showed a tendency to increase initially and then decrease with the N
application amount under the FF method in 2014 (Figure 1a–d).

Most of the fine roots were concentrated at a depth of 0–40 cm, with FRBD and FRLD
at this depth accounting for 81%–89% and 86%–90%, respectively, of the total under each
treatment. In the first 20 cm depth, both FRBD and FRLD were significantly higher in
the DF- than the FF-treated plots for almost all the N treatments tested (Figure 1a–d). At
40–60 cm soil depth, the average FRBD and FRLD with DF were 117% and 94% higher than
with FF, respectively (Figure 1).

Comparing the two fertilization methods, the average FRBD and FRLD were higher
with the DF method than with the FF method. They were significantly enhanced, by
101%–86% and 50%–66%, compared to the FF method in 2013 and 2014, respectively.
Comparing the four N application levels, the average FRBD and FRLD with treatments of
DF0–3 were significantly higher than with treatments of FF0–3, from 0–180 kg ·ha−1, in the
years of 2013 and 2014. The values of SRL with the FF method were higher than with the
DF method in 2013 and 2014. SRL tended to be higher at a depth of 40–60 cm, especially for
the FF method in 2013. SRL was higher in 2013 than in 2014 (Figure 1e,f).

3.2. NH4
+-N, NO3

−-N, SIN and STN

The significance levels were analyzed for the effects of the year of experiment, fertil-
ization method, fertilizer amount, soil layers and their interactions on the soil NH4

+-N,
NO3

−-N, SIN and STN (Table 4). The effects of the fertilization method (M), fertilizer
amount (A), soil layers (S) and Y × M, Y × S, M × S, A × S, M × A, Y × M × A and
M × S × A interactions on the soil NH4

+-N, NO3
−-N, SIN and STN were all statistically

significant (p < 0.001 or p < 0.05), but the effects of Y, Y × A, Y × S × A and Y ×M × S × A
interactions on NO3

−-N were not significant (p > 0.05) (Table 4).
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 Figure 1. Values of fine root biomass density (FRBD, (a): 2103, (b): 2014), fine root length density
(FRLD, (c): 2013, (d): 2014) and specific root length (SRL, (e): 2013, (f): 2014) of each soil core at
different soil depths (0–20 cm, 20–40 cm and 40–60 cm, respectively) in a poplar plantation. The data
are the means ± SE (n = 3). Different lowercase letters within the same soil layer indicate significant
differences among eight N addition treatments.
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Table 4. p values of repeated measures ANOVA for the year of experiment (Y), fertilization method
(M), fertilizer amount (A), soil layers (S) and their interactions on the soil NH4

+-N, NO3
−-N, SIN

and STN in a poplar plantation.

Source of Variation df NH4
+-N NO3−-N SIN STN

Year of experiment (Y) 1 <0.001 0.105 <0.001 0.090
Fertilization method (M) 1 <0.001 <0.001 <0.001 <0.001

Fertilizer amount (A) 4 <0.001 <0.001 <0.001 <0.001
Soil layers (S) 2 <0.001 <0.001 <0.001 <0.001

Y ×M 1 <0.001 <0.001 <0.001 0.002
Y × A 1 <0.001 0.069 <0.001 0.289
Y × S 2 <0.001 <0.001 <0.001 <0.001
M × S 2 <0.001 <0.001 <0.001 <0.001
A × S 8 <0.001 <0.001 <0.001 <0.001
M × A 3 <0.001 <0.001 <0.001 <0.001

Y ×M × S 2 <0.001 <0.001 0.626 <0.001
Y ×M × A 1 <0.001 <0.001 <0.001 <0.001
M × S × A 6 <0.001 <0.001 <0.001 <0.001
Y × S × A 2 <0.001 0.202 <0.001 0.264

Y ×M × S × A 2 <0.001 0.465 0.011 0.002

STN decreased with increasing soil layer depth under both DF and FF (Figure 2a,b).
SIN, NH4

+-N and NO3
−-N decreased with increasing soil depth under the FF method,

whereas they accumulated within the deep soil under the DF method (Figures 2c,d and
3a–d). The average NO3

−-N in the 40–60 cm soil layer under the FF method was 53%
higher than that under DF (p < 0.05). Particularly, the concentrations of all N forms tested
were clearly higher with the FF than the DF treatments at lower depths (Figure 3c,d).

Treatments of DF1–3 and FF1–3 were significantly higher than the control treatments
(DF0 and FF0). The average values of STN, SIN, NH4

+-N and NO3
−-N concentration with

the FF method were significantly higher than with the DF method, which improved by
67%, 85%, 8% and 241% in 2013 and by 47%, 280%, 89% and 576% in 2014, respectively.
The average concentration of STN, SIN, NH4

+-N and NO3
−-N were increased with N

application amounts under the two fertilization methods.

3.3. Relationships between Fine Root Traits and Soil N

Table 5 shows that FRBD and FRLD, under both the DF and FF methods, were pos-
itively correlated with the STN. FRBD and FRLD were not correlated with soil NH4

+-N,
NO3

−-N or SIN under the DF method, but were negatively correlated with SRL. Mean-
while, FRBD and FRLD were positively correlated with soil NH4

+-N, NO3
−-N and SIN,

but negatively correlated with SRL, under the FF method (p < 0.05).

3.4. Relationships among N Application Amount, FRBD and Productivity Increment under Two
Fertilization Methods

Productivity increment and fine root biomass density increased with increasing N
application under DF (Figure 4a,b); 158 kg·ha−1 yielded the highest value. However, in
FF, these factors showed a trend of first increasing and then decreasing with increasing N
application (Figure 4a,b); 113 kg·ha−1 yielded the highest FRBD and productivity incre-
ment (Figure 4). DF treatments achieved significantly higher productivity increments (by
1%–20%) than did FF treatments (p < 0.05). Figure 4c,d show that FRBD was positively
correlated with the productivity increment. The linear regression relationship was more
significant with DF treatment than with FF treatment.
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Figure 2. Values of total soil nitrogen (STN, (a): 2013, (b): 2014) and total soil inorganic nitrogen (SIN,
(c): 2013, (d): 2014) at different soil depths (0–20 cm, 20–40 cm and 40–60 cm) in a poplar plantation.
The data are the means ± SE (n = 3). Different lowercase letters within the same soil layer indicate
significant differences among eight N addition treatments.
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Figure 3. Values of soil ammonium N (NH4

+-N, (a): 2013, (b): 2014) and nitrate N (NO3
−-N, (c): 2013,

(d): 2014) at different soil depths (0–20 cm, 20–40 cm and 40–60 cm) in a poplar plantation. The data
are the means ± SE (n = 3). Different lowercase letters within the same soil layer indicate significant
differences among eight N addition treatments.
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Table 5. Pearson correlation coefficients between fine root traits and soil N under the drip fertigation
(DF) and optimized furrow fertilization (FF) methods in a poplar plantation. Fine root traits are fine
root biomass density (FRBD), fine root length density (FRLD) and specific root length (SRL); soil N
variables are ammonium N (NH4

+-N), nitrate N (NO3
−-N), total soil inorganic nitrogen (SIN) and

total soil nitrogen (STN). p < 0.05 *, p < 0.01 **.

Methods Traits NH4
+-N NO3−-N SIN STN

FRBD 0.15 −0.09 0.06 0.86 **
DF FRLD 0.03 −0.19 −0.07 0.82 **

SRL −0.59 ** −0.55 ** −0.61 ** 0.06

FRBD 0.50 ** 0.66 ** 0.63 ** 0.88 **
FF FRLD 0.55 ** 0.74 ** 0.71 ** 0.93 **

SRL −0.37 * −0.24 −0.29 −0.47 **
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Figure 4. Relationships between productivity increment and N application amount (a), fine root 
biomass density and N application amount (b) and productivity increment and fine root biomass 
density ((c): 2013, (d): 2014) under DF and FF methods. Solid black circles represent DF; hollow 
circles represent FF. Different small letters labeling the bars indicate significant differences among 
N application rates at the 0.05 level, and * indicates a significant difference between the two 
fertilization methods at the 0.05 level. 
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Fine roots are vital organs that provide water and mineral nutrients to plants. They 
not only determine soil’s utilization effectiveness and potential, but also reflect the 
distribution pattern of water and mineral nutrients in soils [35,36]. In this study, fine root 
biomass density and fine root length density decreased with soil depth in all of the 
treatments, and more than 86% and 89% of the total FRBD and FRLD was distributed 
within the 40 cm soil depth. Similarly, the fine root distribution within the surface soil 
layer has been reported in plantations of other species under different site conditions [37–
40]. This phenomenon can be attributed to the role of the surface soil layer as the main 
provider of soil N and water for plant roots [41]. Soil N was mainly concentrated within 
40 cm of soil depth in all treatments, which may have favored the proliferation of fine 
roots. Nonetheless, fine root development should be affected by both nutrients and water 

Figure 4. Relationships between productivity increment and N application amount (a), fine root
biomass density and N application amount (b) and productivity increment and fine root biomass
density ((c): 2013, (d): 2014) under DF and FF methods. Solid black circles represent DF; hollow
circles represent FF. Different small letters labeling the bars indicate significant differences among N
application rates at the 0.05 level, and * indicates a significant difference between the two fertilization
methods at the 0.05 level.
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4. Discussion
4.1. Influence of Fertilization Methods and Application Rates on Fine Root Traits

Fine roots are vital organs that provide water and mineral nutrients to plants. They not
only determine soil’s utilization effectiveness and potential, but also reflect the distribution
pattern of water and mineral nutrients in soils [35,36]. In this study, fine root biomass
density and fine root length density decreased with soil depth in all of the treatments, and
more than 86% and 89% of the total FRBD and FRLD was distributed within the 40 cm soil
depth. Similarly, the fine root distribution within the surface soil layer has been reported
in plantations of other species under different site conditions [37–40]. This phenomenon
can be attributed to the role of the surface soil layer as the main provider of soil N and
water for plant roots [41]. Soil N was mainly concentrated within 40 cm of soil depth in
all treatments, which may have favored the proliferation of fine roots. Nonetheless, fine
root development should be affected by both nutrients and water along the soil profile.
It is certain that the soil’s water distribution along the profile would change according
to the irrigation method. The affecting mechanism should include water application and
absorption efficiency along different soil layers, and this may be investigated in our future
works. Furthermore, the average FRBD and FRLD in the 40–60 cm soil layer were 117%
and 94% higher with DF than with FF, implying that DF could promote extension of fine
roots to greater soil depths. We speculate that the fine root distribution pattern observed in
our study was the result of the integrated effects of both intrinsic tree characteristics and
fertilization methods [37,39,42].

In this study, FRBD and FRLD were increased with increasing N application more
significantly under DF than under FF (Figure 1). High-frequency DF is conducive to
maintaining a stable water and N status in the root zone, as water and urea liquid are
simultaneously applied in this method [42,43]. A potential reason for the greater average
FRBD and FRLD under the DF method than under the FF method is the greater proportion
of photosynthate allocation to fine roots [41]. In practice, FF methods usually require that
an artificial gully be dug that reaches the trees, resulting in damage of the fine roots to
some extent. This might disrupt root growth balance and decrease the amount of roots.
As the roots start to recover and regrow, the system becomes a sink of C and N [44].
Additionally, greater amounts of resource inputs are consumed during the recovery and
regrowth processes of fine roots. Accordingly, by consuming the same amount of resources,
DF achieved higher fine root biomass and fine root length than FF.

To date, the results regarding the effects of soil N availability on fine root production
are still inconclusive. Some studies have found that fertilizer application variably affects
soil N mineralization and increases plant uptake of soil N via plant-mediated mechanisms,
such as increases in fine root biomass and length [44]. In the present study, FRBD and FRLD
increased with N application rates under the DF method. Poplar fine roots are considered
highly plastic, and some studies have reported that poplar roots proliferate in the presence
of increased N [45]. Artacho and Bonomelli [20] proposed that higher N concentrations
in roots could increase the speed of fine root turnover or increase the N concentrations in
leaves, which could then increase the availability of photosynthates and promote greater
root growth. However, under the FF method, N application had a relatively small effect
on FRBD (Figure 1). Similarly, Price et al. [46] studied the fine root production dynamics
in an intensively managed sweetgum (Liquidambar styraciflua L.) coppice and reported no
differences between the two studied fertilizer treatments. Other studies have also reported
reductions in fine root growth with N application. Jia et al. [22] studied the responses
of belowground biological processes to soil N availability in Larix gmelinii and Fraxinus
mandshurica plantations and reported that, compared with the control treatment, the N
fertilization treatment induced 52% and 25% decreases in fine root biomass in larch and ash,
respectively. Rytter et al. [47] considered that, in absolute terms, a lower standing fine root
biomass develops where N availability is high due to the simultaneous increase in turnover
rate and decrease in standing fine root biomass. In summary of the abovementioned
results, the relationship between available soil N and fine root growth is complex, and
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multiple factors, such as tree species diversity and site conditions, as mentioned above,
should be considered when designing experiments. We found that, compared with the four
fertilization practices, the different management practices benefited fine root growth (FRBD)
in the following order: water coupled with N (DF2) > N application alone (FF2) ≥ water
application alone (DF0) > control (FF0) (Figure 1). This result confirmed that soil resource
availability affected fine root growth [15].

4.2. Influence of Fertilization Methods and Application Rates on Soil N

The spatial and temporal distribution of N in soil are heterogeneous. Thus, understand-
ing the distribution of soil N under different fertilization methods is helpful for developing
appropriate management strategies for poplar plantations. In this study, we found that soil
N decreased with soil depth under the FF method (Figures 2 and 3), which corroborates
the results of previous works [43,48]. However, the vertical distributions of SIN, NH4

+-N
and NO3

−-N under DF differed. These inorganic forms of N increasingly accumulated
within the deep soil layer with increasing N application (Figures 2 and 3). This result is
similar to Li’s findings concerning subsurface DF [49]. The results also showed that the
average STN, SIN, NH4

+-N and NO3
−-N values under FF were higher than those under DF

(Figures 2 and 3), which is consistent with Qi and Huang’s findings [43,50]. More time was
required for available N (NH4

+-N and NO3
−-N) to be hydrolyzed and transformed from

urea under the FF method than under the DF method; the former released more available N
into the soil in the short term than the latter [10]. As a result of the movement of available
N with water flow and its redistribution, available N accumulated in the deeper soil layers.

Irrigation and fertilization are linked, and inappropriate fertilization methods and
fertilization applications can greatly increase nutrient losses [51]. In the present study,
inappropriate fertilization methods significantly enhanced the concentration of NO3

−-N in
the soil (Figures 2–4). The average concentration of NO3

−-N in the 40–60 cm soil layer was
53% higher under the FF method than under the DF method. This result demonstrated that
the FF method led to higher concentrations of inorganic N in the soil and caused the deep
migration of large concentrations of NO3

−-N, which may increase the risk of N leaching.

4.3. Relationships among Soil N, Fine Root Traits and Productivity Increment

Fine root distribution is largely influenced by soil resource availability [52]. In this
study, under the DF method, both FRBD and FRLD were positively correlated with STN,
but not with SIN, NH4

+-N or NO3
−-N. In contrast, under the FF method, FRBD and

FRLD were positively correlated with STN, SIN, NH4
+-N and NO3

−-N (Table 5). These
differences between treatments may reflect the different fertilization methods that were
used. FRBD and FRLD, as well as STN, decreased with increasing soil depth under all
treatments, indicating a greater proportion of fine roots in the surface soil layer than in
deeper layers in response to ample moisture and nitrogen availability [41,52,53]. A larger
portion of the SIN was efficiently absorbed by fine roots under the DF method, which led to
lower available soil N, ultimately reflecting the observed weaker relationship between SIN
and fine root traits. However, negative relationships between FRBD and nutrient supplies
in beech (Fagus sylvatica L.) forests and tropical rainforests have been reported [54,55].

Our results show that productivity increments and FRBD increased with increasing
N application under DF (Figure 4a,b). This indicates that drip fertigation is an efficient
silvicultural practice to increase the fine root and tree growth on poplar plantations, which
is similar to the findings of previous studies. For example, Yan et al. reported a significant
cumulative effect of N fertigation on productivity in poplar plantation, with 180 kg·ha−1

N application achieving the highest increments [3]. However, through the results of the
DF method, we were unable to achieve the optimal N application rate for the poplar
plantation with the existing gradient, which indicated that a further improvement in
productivity could be achieved with increased fertilization. Xi et al. recommended an
optimal N application rate of 192 kg·ha−1 for a 3–5-year-old poplar plantation under drip
fertigation [28]. Thus, we speculated that drip fertigation positively promoted fine root
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growth and productivity, and that the highest level of 180 kg N·ha−1 yr−1 would be within
the range of an optimal N application rate. However, with FF, they showed trends of first
increasing and then decreasing with the increasing N application rate. This result implies
that fine root growth and productivity did not increase with the fertilization rate when it
was above 158 kg N ·ha−1 under FF, which has also been observed in other studies. For
example, Wang reported that the use of an N application rate above 115 kg N·ha−1 yr−1

did not result in growth nor N uptake benefits [4]. Hochmuth summarized the findings of
more than 15 fertilization trials under drip irrigation and concluded that tomato yield did
not increase with the fertilization rate when it was above 227 kg N·ha−1 yr−1 [56].

The positive correlation between fine root biomass density and productivity increment
were observed under the DF and FF methods (Figure 4c,d). The results were in accordance
with previous research [20,57] which has suggested that fine root extension to increase
soil resource absorption yields greater productivity. However, the opposite results were
obtained for pine seedlings; the effects of the plasticity of fine root growth on stem growth
resulted in increased allocation of biomass to foliage and decreased allocation to fine
roots [58]. In our study, ample availability of N and water contributed to higher FRBD and
productivity increments under the DF method.

5. Conclusions

In summary, drip fertilization achieved higher fine root biomass density, fine root
length density and productivity increments than optimized furrow fertilization, whereas
optimized furrow fertilization contributed to higher concentrations of STN, SIN, NH4

+-N
and NO3

−-N than drip fertigation. Therefore, drip fertigation is recommended as a superior
fertilization method, as it greatly promoted the growth of fine roots as well as productivity
and residual lower soil N on the poplar plantation. It is suggested that fine roots adjust
their growth and morphology in response to N availability, which varies along with the
soil profile and the fertilization method. It can be deduced that, in fields with similar soil
types to that of our experimental site, the practice of drip fertilization management can be
generalized as an effective management regime in fast-growing forest plantations.
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Abstract: We explored the composition and roles of the protein phosphatase 2C (PP2C) family
in Paulownia fortunei. The genome P. fortunei harbored 91 PfPP2C genes, encoding proteins with
120–1107 amino acids (molecular weight range, 13.51–124.81 kDa). The 91 PfPP2Cs were distributed
in 12 subfamilies, with 1–15 PfPP2Cs per subfamily. The number and types of conserved structure
domains differed among PP2Cs, but the distribution of conserved motifs within each subfamily was
similar, with the main motif structure being motifs 3, 16, 13, 10, 2, 6, 12, 4, 14, 1, 18, and 8. The
PfPP2C genes had 2 to 20 exons. There were ABA-response elements in the promoters of 42 PfPP2C
genes, response elements to phytohormones, and stress in the promoters of other PfPP2C genes. A
covariance analysis revealed that gene fragment duplication has played an important role in the
evolution of the PfPP2C family. There were significant differences in the transcript levels of some
PfPP2C genes in P. fortunei affected by witches’ broom (PaWB) and after treatment with rifampicin
and methyl methanesulfonate. PfPP2C02, PfPP2C12, PfPP2C19, and PfPP2C80 were strongly related
to PaWB. These findings provide a foundation for further studies on the roles of PP2Cs in PaWB.

Keywords: Paulownia fortunei; PP2C family; identification; hormone treatment; expression analysis

1. Introduction

Protein phosphorylation and dephosphorylation are important for the functional
expression of proteins and are essential regulatory mechanisms in living organisms [1]. Pro-
tein phosphatases catalyze the dephosphorylation of phosphorylated proteins, thereby play-
ing important roles in plants’ responses to abiotic stresses and hormones [2]. Protein phos-
phatases can be classified according to their substrates into protein tyrosine phosphatases
(PTPs), serine/threonine phosphatases (STPs), and dual-substrate PTPs (DSPTPs) [3–5].
The STPs can be further divided into phosphoprotein phosphatases (PPP) and protein phos-
phatase metal-dependent (PPM) proteins according to their crystal structure [6]. The protein
phosphatase 2C (PP2C) and phosphopyruvate dehydrogenase phosphatase (PDP) families
are the two main PPM families [6]. PP2Cs are Mg2+- or Mn2+-dependent monomeric en-
zymes that are widely found in Archaea, bacteria, fungi, animals, and plants [7]. Compared
with other organisms, plants tend to have more PP2C proteins [8]. Plant PP2C proteins have
a specific structural pattern; most have a conserved catalytic region at the C-terminus, while
the N-terminus is less conserved, with a variable-length extension region that contains
sequences related to intracellular signaling, such as transmembrane and kinase interaction
sequences [9]. PP2Cs are widely involved in physiological processes, such as abscisic acid
(ABA) signaling and trauma signaling, plant growth and development, and plant disease
resistance [10]. Arabidopsis thaliana has 80 PP2C gene family members in 12 subfamilies [11].
The PP2C proteins in subfamily A negatively regulate ABA signaling by binding to the
ABA receptor proteins PYR/PYL/RCAR, thereby causing physiological responses, such as
inhibition of germination and stomatal closure [12,13]. The AtPP2C proteins in subfamily
B play a regulatory role in the mitogen-activated protein kinase (MAPK) pathway [14].
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Members of subfamily C are involved in physiological processes such as plant flower organ
development [15]. Members of subfamily D in A. thaliana are involved in regulating seed
germination in the dark, seed growth, and the ABA signaling pathway by mediating the
activity of the plasma membrane H+-ATPase in cells [16,17]. Less is known about the other
subfamilies. However, various studies have shown that PP2Cs are also involved in bio-
logical responses under abiotic stresses; for example, AtPP2C31 and AtPP2CG1 negatively
regulate the response to high salt and low temperatures, respectively, in A. thaliana [18,19].

Previous studies have shown that members of the PP2C family play important reg-
ulatory roles in responses to abiotic stresses, such as low temperature, high temperature,
and drought, as well as in hormonal regulation. For example, gene microarray expres-
sion profiling and real-time fluorescence quantification analyses revealed that members
of the subclades C, E, and G of the PP2C family in Vitis vinifera were up-regulated under
stress conditions, while members of subclades A, D, F, H, and K were down-regulated [20].
In Broussonetia papyrifera, four members of the 18 BpPP2Cs tested were found to be up-
regulated under low temperature (4 ◦C) [21]. Furthermore, two proteins showed increased
phosphorylation levels at 6 h of the low-temperature treatment, demonstrating that PP2Cs
are involved in the cold stress response in plants [21]. In Brachypodium distachyum, almost
all BdPP2Cs were up-regulated under low-temperature stress (4 ◦C) [22]. In Oryza sativa,
OsPP2C09 mediated ABA desensitization, which contributed to root elongation, under
drought stress [23]. Under low-temperature, high-temperature, and drought conditions, 10,
8, and 9 PP2C genes respectively, were found to be continuously up-regulated in Poncirus
trifoliata [24]. Six Phyllostachys heterocycla PP2C genes, including PH02Gene33357.t1 and
PH02Gene38274.t1, were up-regulated under high-salt conditions (200 mmol·L−1 NaCl)
and by ABA (100 µmol·L−1) [25]. In Dendrobium catenatum treated with 20% PEG-6000, 200
mmol·L−1 NaCl, 100 µmol·L−1 ABA, and 200 µmol·L−1 salicylic acid, DcPP2C5, DcPP2C5,
DcPP2C5, and DcPP2C5 were up-regulated under drought and salt stress, and DcPP2C20,
DcPP2C38, and DcPP2C56 were up-regulated in the roots under ABA and SA treatment [26].
These findings indicated that D. catenatum PP2Cs are not only involved in responses to
abiotic stresses, but also in responses to hormones [26].

Paulownia fortunei is a deciduous tree in the genus Paulownia (family Scrophulariaceae) [27].
It is a source of timber and is planted for farmland protection in China [27]. It has fast growth,
produces high-quality wood, and shows strong adaptability and resistance [27]. It contributes
to alleviating timber shortages, improving the ecological environment, ensuring food
security, and improving people’s living standards [27]. However, there are some serious
problems in its production, such as the occurrence of witches’ broom disease (PaWB),
which increases tree mortality, slows tree growth, and seriously affects the development
of the Paulownia industry. Although the genome of P. fortunei has been sequenced [28],
the members of the PfPP2C gene family in this species have not yet been reported. In this
study, using the PP2C gene sequences from Arabidopsis thaliana as search queries, members
of the PfPP2C gene family in P. fortunei were screened and identified using homologous
alignment analyses. The genes and their encoded proteins were analyzed using a series of
bioinformatic tools. Differences in gene expression between diseased and healthy P. fortunei
seedlings were determined by analyses of RNA-Seq data. A preliminary investigation
of the expression patterns of PfPP2Cs in P. fortunei under various stress conditions and
in PaWB-affected plants reveal potential functions of the PfPP2C family, and provide a
theoretical basis for exploring their roles in the development of PaWB.

2. Materials and Methods
2.1. Identification, Physicochemical Properties, and Prediction of Subcellular Localization of PP2C
Family Members in P. fortunei

The sequences of Arabidopsis thaliana PP2C proteins were obtained from the TAIR
database (https://www.arabidopsis.org/) (accessed on 24 May 2022). The P. fortunei
genome database was searched for homologous protein sequences with high structural
similarity to the Arabidopsis thaliana PP2C family using BlastP. The hidden Markov model
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(PF00481) file of the PP2C protein structural domain was downloaded from the Pfam
database (http://pfam.xfam.org/) (accessed on 25 May 2022), and then used in Biolinux to
search the genome of P. fortunei using hmmersearch. Candidate protein sequences were
those with an e-value of ≤10−2. The candidate protein sequences of the PP2C family in
P. fortunei were those that were detected in both the BlastP and hmmer analyses. The
candidate protein sequences were verified by Pfam, and protein structural domains were
identified using SMART (http://smart.embl.de/smart/batch.pl) (accessed on 26 May
2022) and CDD (https://www.ncbi.nlm.nih.gov/cdd) (accessed on 26 May 2022). The
protein sequences without PP2C structural domains were removed to obtain the final set
of PP2C family members in P. fortunei. The number of amino acids, isoelectric point, and
molecular weight of putative PP2C proteins of P. fortunei were predicted using Expasy
(https://web.expasy.org/protparam/) (accessed on 22 June 2022). Subcellular localization
of the PP2C gene family members by using the Cell-PLoc 2.0 online tool (http://www.
csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) (accessed on 14 January 2023).

2.2. Chromosomal Localization and Phylogenetic Analysis of PP2C Genes in P. fortunei

The genome annotation files were downloaded from the P. fortunei genome database.
Information about chromosome length and the location of PP2C genes on chromosomes
was extracted from the P. fortunei genome annotation files using TBtools software. The
Map MG2C online tool (http://mg2c.iask.in/mg2c_v2.0/) (accessed on 10 July 2022) was
used to map the distribution of Paulownia PP2C genes on chromosomes. The PP2C protein
sequences were downloaded from the A. thaliana genome website and the Poncirus trifoliata
protein sequence file was downloaded from the citrus genome database (http://citrus.hzau.
edu.cn/) (accessed on 19 July 2022). The amino acid multiple sequence alignment analysis
of PP2C proteins from A. thaliana, P. trifoliata, and P. fortunei was performed using MEGA-X
software, and the phylogenetic tree was constructed using NJ in MEGA-X software, with
the bootstrap value set to 1000 and other parameters set to default values.

2.3. Conserved Structural Domains, Conserved Motifs, and Gene Structure Analysis of PP2C
Family Members in P. fortunei

The online tool Pfam search (http://pfam.xfam.org/search#tabview=tab1) (accessed
on 17 August 2022) was used to identify conserved structural domains in P. fortunei PP2C
proteins, and the results were visualized using TBtools software. The conserved motifs
of PP2C protein sequences were analyzed using the online tool MEME (https://meme-
suite.org/meme/tools/meme) (accessed on 7 August 2022), with the number of motifs
set to 20, and the results were visualized using TBtools software. The structure of each
member of the PP2C gene family, based on its coding sequence, was analyzed online by
GSDS (http://gsds.gaolab.org/) (accessed on 12 July 2022).

2.4. Analysis of Promoter Cis-Acting Elements and Covariance in Members of the PP2C Family in
P. fortunei

TBtools software was used to extract the 2000-bp upstream sequence of the start codon
of each PP2C gene as the promoter sequence. The cis-acting elements in the promoters
of PP2C genes were detected using PlantCARE online software (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) (accessed on 27 August 2022), and the results
were visualized using TBtools software [29]. Fasta Satas, File Merge For MCScanX, Text
Block Extract, and Filter tools in TBtools were used to obtain files with information about
chromosome length and associations between gene family members of P. fortunei. Table
Row Extract or the Filter tool was used to obtain gene ID display files. The Advanced
Circos tool was used to conduct the P. fortunei PP2C gene family covariance analysis.

2.5. Expression Analysis of PP2C Genes in P. fortunei

The materials used to generate RNA-Seq data were healthy P. fortunei (PF) and infected
P. fortunei (PFI) grown in the intelligent greenhouse of the Paulownia Institute of Henan
Agricultural University. At the age of 3 months, seedlings with the same growth status were
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selected and treated with rifampicin (Rif) at 30 mg/L or with methyl methanesulfonate
(MMS) at 20 mg/L. Leaves of five seedlings were randomly taken after 5, 10, 15, and
30 d of treatment, snap-frozen in liquid nitrogen, and stored at −80 ◦C. This experiment
was conducted with three biological replicates, using healthy seedlings in normal culture
and seedlings with PaWB as controls. Affymetrix GeneChip 16K gene IDs with identical
sequences were retrieved using the PP2C nucleic acid sequence of P. fortunei as a probe, and
then the RNASeq data for the PP2C genes of P. fortunei (PF and PFI) treated or not with Rif
or MMS were extracted, log2-transformed using Excel, and used to generate a heat-map
using TBtools software.

3. Results
3.1. Identification and Physicochemical Properties of the PP2C Family in P. fortunei

A total of 91 PP2C genes were identified in the P. fortunei genome. The protein
sequences were extracted using TBtools software. Redundant sequences were manually
deleted, and the remaining sequences were further validated using tools at the Pfam,
SMART, and CDD databases. The 91 PP2C genes of P. fortunei were finally identified and
named PfPP2C1 through PfPP2C91 (Table 1). The lengths of the putative proteins encoded
by the PfPP2C genes ranged from 120 aa (PfPP2C61) to 1107 aa, with an average length of
432.39 aa; the predicted molecular weight ranged from 13.51 kDa to 124.81 kDa (average,
47.62 kDa); and the theoretical isoelectric point ranged from 4.60 to 9.51. In total, 20 of the
PfPP2C proteins were predicted to be basic (including PfPP2C01 and PfPP2C90) and the
remaining 71 were predicted to be acidic (including PfPP2C03 and PfPP2C47). Among the
91 PfPP2C proteins, 32.97% were predicted to be stable proteins, but the majority (67.03%)
were predicted to be unstable. The theoretical instability index ranged from 42.32 to 94.39.
The GRAVY values were all less than 0, ranging from −0.586 to −0.101, indicating that all
91 PP2C proteins were hydrophilic.

Table 1. Physicochemical properties of PP2C family members in P. Fortunei.

Gene Name Gene ID Number of
Amino Acids

Molecular
Weight

Theoretical
PI

Instability
Index

Aliphatic
Index GRAVY Predicted Location(s)

PfPP2C01 Pfo01g001610.1 294 32,296.66 8.24 40.85 83.54 −0.408 Nucleus
PfPP2C02 Pfo01g002750.1 473 52,519.65 5.22 48.98 91.46 −0.268 Nucleus
PfPP2C03 Pfo01g006380.1 392 43,064.51 4.81 40.50 81.84 −0.283 Nucleus
PfPP2C04 Pfo01g009870.1 655 72,156.19 5.58 31.28 90.37 −0.137 Nucleus
PfPP2C05 Pfo02g010590.1 369 40,963.87 6.89 32.03 86.40 −0.213 Chloroplast/Nucleus
PfPP2C06 Pfo02g010660.1 426 46,080.74 5.87 37.47 93.31 −0.133 Chloroplast
PfPP2C07 Pfo02g014240.1 279 30,485.43 7.12 42.24 83.23 −0.368 Nucleus
PfPP2C08 Pfo02g016010.1 386 43,014.95 8.48 48.79 87.10 −0.317 Nucleus
PfPP2C09 Pfo02g019750.1 397 44,228.38 8.66 45.22 87.63 −0.258 Nucleus
PfPP2C10 Pfo03g000530.1 379 42,820.76 6.44 49.31 89.74 −0.339 Nucleus
PfPP2C11 Pfo03g006870.1 1081 119,853.48 5.03 39.87 89.16 −0.207 Cell membrane/Nucleus
PfPP2C12 Pfo03g008490.1 553 60,968.45 5.33 53.04 93.24 −0.203 Nucleus
PfPP2C13 Pfo03g009450.1 294 32,627.04 7.67 47.43 79.25 −0.473 Nucleus
PfPP2C14 Pfo03g013130.1 377 42,129.12 9.51 46.15 90.69 −0.359 Nucleus
PfPP2C15 Pfo03g013680.1 631 70,004.71 5.50 38.11 79.41 −0.380 Chloroplast/Nucleus
PfPP2C16 Pfo03g015100.1 433 48,321.81 5.24 37.09 82.66 −0.379 Chloroplast/Mitochondrion
PfPP2C17 Pfo04g000480.1 397 44,173.32 8.72 44.84 87.88 −0.247 Nucleus
PfPP2C18 Pfo04g003840.1 280 30,717.54 6.76 35.40 80.79 −0.444 Nucleus
PfPP2C19 Pfo04g006590.1 429 46,293.98 7.49 39.12 87.48 −0.190 Chloroplast
PfPP2C20 Pfo04g006660.1 372 41,415.26 6.42 33.56 85.43 −0.252 Nucleus
PfPP2C21 Pfo05g000400.1 349 38,472.54 4.73 54.69 91.35 −0.101 Nucleus
PfPP2C22 Pfo05g003700.1 397 43,555.96 5.25 44.41 83.73 −0.188 Nucleus
PfPP2C23 Pfo05g003720.1 1107 124,807.73 5.56 46.73 82.18 −0.366 Nucleus
PfPP2C24 Pfo05g010690.1 405 44,340.19 5.25 64.32 78.49 −0.347 Nucleus
PfPP2C25 Pfo05g011250.1 669 74,601.59 5.15 42.67 78.73 −0.456 Chloroplast/Nucleus
PfPP2C26 Pfo06g004460.1 270 30,030.46 6.76 51.43 89.59 −0.260 Nucleus
PfPP2C27 Pfo06g004710.1 196 22,216.76 8.92 53.29 94.39 −0.143 Nucleus
PfPP2C28 Pfo07g001190.1 449 48,913.54 7.16 45.84 76.88 −0.407 Nucleus
PfPP2C29 Pfo07g005140.1 422 45,245.83 8.34 28.48 88.06 −0.159 Nucleus
PfPP2C30 Pfo07g009030.1 801 88,560.94 5.27 46.37 74.59 −0.481 Chloroplast
PfPP2C31 Pfo07g014460.1 293 31,684.04 4.93 36.38 79.52 −0.355 Nucleus
PfPP2C32 Pfo07g014670.1 353 39,022.99 5.20 34.35 75.47 −0.392 Nucleus
PfPP2C33 Pfo07g015080.1 282 30,638.32 5.50 49.48 75.46 −0.321 Nucleus
PfPP2C34 Pfo08g002420.1 348 38,000.29 5.69 49.59 88.76 −0.228 Nucleus
PfPP2C35 Pfo08g010120.1 343 37,581.19 5.17 39.89 70.52 −0.551 Nucleus
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Table 1. Cont.

Gene Name Gene ID Number of
Amino Acids

Molecular
Weight

Theoretical
PI

Instability
Index

Aliphatic
Index GRAVY Predicted Location(s)

PfPP2C36 Pfo08g013880.1 555 60,319.53 4.97 40.94 91.98 −0.166 Nucleus
PfPP2C37 Pfo09g009830.1 526 57,753.16 5.26 41.75 79.94 −0.358 Nucleus
PfPP2C38 Pfo09g014660.1 284 31,332.79 6.84 40.26 90.63 −0.348 Nucleus
PfPP2C39 Pfo09g017020.1 283 31,287.57 6.14 32.44 88.55 −0.332 Chloroplast/Cytoplasm
PfPP2C40 Pfo10g007720.1 358 38,635.14 6.27 54.49 84.41 −0.159 Chloroplast/Nucleus
PfPP2C41 Pfo10g009060.1 425 46,090.32 6.83 59.09 72.68 −0.363 Nucleus
PfPP2C42 Pfo10g009070.1 425 46,090.32 6.83 59.09 72.68 −0.363 Nucleus
PfPP2C43 Pfo10g012720.1 394 44,063.26 6.55 43.71 91.75 −0.293 Nucleus
PfPP2C44 Pfo10g013980.1 491 54,041.38 5.23 41.96 72.06 −0.542 Chloroplast/Nucleus
PfPP2C45 Pfo11g000240.1 379 42,063.30 5.08 63.53 83.43 −0.275 Nucleus
PfPP2C46 Pfo11g001200.1 505 54,945.55 4.75 45.45 88.22 −0.202 Nucleus
PfPP2C47 Pfo11g001760.1 349 38,194.48 4.60 34.90 80.37 −0.296 Nucleus
PfPP2C48 Pfo11g002190.1 601 65,992.20 6.34 51.36 91.70 −0.155 Chloroplast
PfPP2C49 Pfo11g008040.1 388 42,005.64 5.32 56.68 83.69 −0.206 Chloroplast/Cytoplasm
PfPP2C50 Pfo11g011060.1 438 47,647.39 5.22 37.03 83.70 −0.217 Nucleus
PfPP2C51 Pfo11g013940.1 313 34,056.08 4.93 46.41 81.02 −0.337 Nucleus
PfPP2C52 Pfo11g015860.1 403 44,718.89 6.54 44.29 90.77 −0.345 Nucleus
PfPP2C53 Pfo12g008400.1 731 81,194.22 5.62 39.63 77.36 −0.479 Chloroplast/Nucleus
PfPP2C54 Pfo14g000920.1 557 60,286.22 4.86 39.82 89.57 −0.218 Nucleus
PfPP2C55 Pfo14g006170.1 265 28,851.94 8.59 34.98 93.89 −0.114 Nucleus
PfPP2C56 Pfo14g009710.1 348 37,801.87 5.31 51.37 89.60 −0.255 Chloroplast/Nucleus
PfPP2C57 Pfo15g011470.1 461 50,501.81 5.87 41.40 82.47 −0.206 Chloroplast/Nucleus
PfPP2C58 Pfo15g012450.1 390 42,239.89 5.11 53.71 82.54 −0.201 Chloroplast
PfPP2C59 Pfo16g002080.1 471 52,221.33 5.27 52.56 69.92 −0.493 Nucleus
PfPP2C60 Pfo16g008470.1 526 57,751.38 5.05 38.31 80.68 −0.319 Chloroplast/Nucleus
PfPP2C61 Pfo16g013780.1 120 13,508.30 4.68 36.38 89.33 −0.458 Chloroplast/Cytoplasm
PfPP2C62 Pfo17g001200.1 489 53,137.05 8.85 34.27 87.36 −0.150 Chloroplast
PfPP2C63 Pfo17g006640.1 439 47,981.43 6.65 44.24 76.79 −0.424 Chloroplast
PfPP2C64 Pfo18g001250.1 548 59,083.53 4.61 40.50 88.03 −0.126 Chloroplast
PfPP2C65 Pfo18g001790.1 346 37,658.61 6.55 40.99 85.69 −0.249 Nucleus
PfPP2C66 Pfo18g003260.1 387 42,305.59 5.10 61.40 82.17 −0.318 Nucleus
PfPP2C67 Pfo18g003900.1 360 39,673.58 5.00 35.39 73.44 −0.414 Nucleus
PfPP2C68 Pfo18g005750.1 461 49,990.82 8.62 57.48 74.49 −0.279 Chloroplast
PfPP2C69 Pfo18g006540.1 373 40,537.83 6.49 59.32 72.92 −0.463 Nucleus
PfPP2C70 Pfo19g000370.1 397 43,812.26 4.92 61.73 84.08 −0.222 Nucleus
PfPP2C71 Pfo19g001430.1 375 41,296.74 7.55 35.74 80.13 −0.324 Nucleus
PfPP2C72 Pfo19g002000.1 506 55,328.18 4.94 49.31 87.11 −0.198 Nucleus
PfPP2C73 Pfo19g002890.1 378 42,036.04 4.83 35.01 79.89 −0.337 Nucleus
PfPP2C74 Pfo19g003480.1 600 66,319.14 6.20 47.53 88.42 −0.215 Chloroplast
PfPP2C75 Pfo19g005950.1 233 26,049.77 7.05 52.31 72.79 −0.389 Nucleus
PfPP2C76 Pfo20g000210.1 538 59,481.42 6.99 45.87 78.79 −0.353 Chloroplast
PfPP2C77 Pfo20g001120.1 394 43,765.70 6.12 39.81 90.10 −0.275 Nucleus
PfPP2C78 Pfo20g004520.1 427 46,141.06 5.53 63.43 71.66 −0.367 Nucleus
PfPP2C79 Pfo20g005770.1 363 39,132.58 7.02 44.44 80.55 −0.199 Cell membrane/Nucleus
PfPP2C80 Pfo20g008850.1 387 42,878.69 5.11 45.02 67.05 −0.586 Nucleus
PfPP2C81 Pfo20g009100.1 389 42,573.53 7.55 44.69 92.06 −0.119 Nucleus
PfPP2C82 Pfoxxg008780.1 385 42,539.37 9.11 43.32 89.82 −0.331 Nucleus
PfPP2C83 Pfoxxg011050.1 432 48,285.76 5.78 38.35 77.64 −0.458 Nucleus
PfPP2C84 Pfoxxg015210.1 380 42,806.71 5.93 49.34 92.63 −0.236 Nucleus
PfPP2C85 Pfoxxg021750.1 631 69,947.47 5.56 40.22 79.10 −0.394 Nucleus
PfPP2C86 Pfoxxg021830.1 433 48,153.28 5.54 40.15 73.93 −0.310 Nucleus
PfPP2C87 Pfoxxg022160.1 293 31,764.12 4.87 36.59 78.19 −0.369 Nucleus
PfPP2C88 Pfoxxg025250.1 432 48,177.56 5.58 34.23 77.87 −0.419 Nucleus
PfPP2C89 Pfoxxg026240.1 632 70,046.61 5.63 39.96 79.13 −0.392 Nucleus
PfPP2C90 Pfoxxg026500.1 385 42,563.43 9.11 42.32 42.32 −0.318 Nucleus
PfPP2C91 Pfoxxg028980.1 380 42,792.68 5.93 49.56 92.37 −0.237 Nucleus

3.2. Prediction of the Subcellular Localization of PP2C Family Members of P. fortunei

Proteins are distributed throughout the cell to participate in physiological activities,
and subcellular localization prediction can clearly show the respective protein prediction
sites of PfPP2C gene family members (Table 1), thus inferring the functions of related genes.
The predicted subcellular cellular localization results showed that the predicted sites of
P. fortunei PP2C protein were in the nucleus, chloroplast, cytoplasm, mitochondria, and cell
membrane (Figure 1). The protein prediction sites had 83.5% (76) of their members in the
nucleus, followed by the chloroplasts (24) and the least number of members in the mito-
chondria (1). Members of the protein prediction site in the nucleus are distributed except
for the K subfamily, and the distribution of members in the C, D, I, J, and L subfamilies
reaches 100%. Members of protein prediction sites in chloroplasts are distributed in all but
the D, I, J, and L subfamilies, with the K subfamily having a 100% distribution. Based on
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the results of the study, it can be inferred that most of the action sites of the PP2C gene
family members of P. fortunei are in the nucleus and chloroplasts.
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3.3. Chromosomal Localization of PP2C Genes in P. fortunei

The location of PP2C genes was mapped onto the chromosomes of P. fortunei (Figure 2).
The PP2C genes were unevenly distributed on 19 chromosomes. Chromosome 11 had the
highest number of PP2C genes (8), followed by chromosome Chr03 (7), and then Chr7,
Chr18, Ch19, and Chr20 (6 on each). The lowest number of PP2C genes (1 gene) was on
Chr12. The distribution of PP2C genes within the same chromosome was also uneven,
with two or more genes forming gene clusters. The results of sequence and chromosomal
localization analyses revealed that PfPP2C41 and PfPP2C42 encoded the same amino acid
sequence but were located at different chromosomal positions. In general, there was no
positive correlation between the length of a chromosome and the number of PP2C genes it
contained. Most genes on the same chromosome did not belong to the same subclade in the
evolutionary tree. These results suggested that different genes on the same chromosome
may encode proteins with different functions.
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3.4. Phylogenetic Analysis of Members of the PP2C Family in P. fortunei

Sequence analyses showed that the PP2C family genes in P. fortunei were poorly
conserved at the N-terminal end, but strongly conserved at the C-terminal end, which
contained common structural subdomains that are presumed to be functionally similar. To
clarify the evolutionary relationships among PP2C family members in P. fortunei, 80 protein
sequences of the A. thaliana PP2C family, 53 protein sequences of the P. trifoliata PP2C family,
and 91 protein sequences of the P. fortunei PP2C family were used to construct a phylogenetic
evolutionary tree using the neighbor-joining method with MEGA-X software. In the tree
(Figure 3), the PP2C sequences from the three species were divided into 12 subfamilies,
with those of Paulownia distributed among the 12 subfamilies. Subfamily E had the highest
number of Paulownia PP2C genes (15 genes), followed by subfamily D (12 genes), while
subfamily L had the lowest number of Paulownia PP2C genes (1 gene). The number of
Paulownia PP2C genes in the other families ranged from 2 to 11. In general, all subfamilies
A–L contained PP2C genes from A. thaliana, P. trifoliata, and P. fortunei. All three species
showed similar distribution ratios of PP2C genes in the subfamilies, indicative of relatively
consistent evolutionary relationships among A. thaliana, P. trifoliata, and P. fortunei.
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3.5. Analysis of Conserved Structural Domains and Conserved Motifs of PP2C Family Members of
P. fortunei

Analysis of the conserved structural domains revealed that all 91 PP2C protein se-
quences of P. fortunei contained conserved PP2C structural domains (Figure 4b). Among
them, eight Paulownia PP2C proteins (PfPP2C16, PfPP2C45, PfPP2C52, PfPP2C69, PfPP2C74,
PfPP2C81, PfPP2C83, and PfPP2C88) contained PP2C-2 structural domains; PfPP2C11 con-
tained the most diverse conserved structural domains (PP2C, Pkinase, cNMP_binding,
and PK_Tyr_Ser-Thr domains); and PfPP2C04 contained three conserved structural do-
mains (PP2C, PK_Tyr_Ser-Thr, and Pkinase_fungal). The conserved structural domains of
Yop-YscD_cpl and FHA were only present in PfPP2C48 and PfPP2C74, respectively.
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Figure 4. Subfamily grouping (a), conserved structural domain analysis (b) and conserved motif
analysis (c) of PP2C gene family of P. fortunei.

We detected 20 conserved motifs in members of the PP2C family in P. fortune (Table 2),
but the distribution of motifs differed significantly among subfamilies (Figure 4c). Among
the 20 conserved motifs, motif 5 was only present in subfamilies C and D; motif 11 was only
present in subfamily E; motif 20 was only present in subfamily H; motifs 9 and 17 were
only present in subfamily D; and motif 19 was only present in subfamily C. This situation
may be indicative of different functions of proteins in the different subfamilies. While
each subfamily had unique motifs, subfamilies E, A, G, I, H, J, B, and F all contained the
following motif structure: motifs 3, 16, 13, 10, 2, 6, 12, 4, 14, 1, 18, and 8; and the common
motif structure in members of subfamilies C and D was motifs 3, 16, 7, 2, 6, 4, 14, 1, and 5.
These findings indicated that many PfPP2C proteins share a high degree of similarity in the
composition of their conserved motifs. PfPP2C27 and PfPP2C61 had a number of motifs
missing compared with other members of the same subfamily, which may have resulted
from sequence losses during tandem duplication of genes.
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Table 2. Conserved motif information of the PP2C gene family in P. fortunei.

Motif Length Amino Acid Sequence Information

motif 1 29 LTPEDEFLILASDGLWDVLSNZEAVDJVR
motif 2 16 DLYVANVGDSRAVLCR
motif 3 15 TFFGVFDGHGGPGAA
motif 4 15 GGLAVSRAIGDRYLK
motif 5 50 NPRGGPARRLVKAALFRAAKKREMRYSELKKIDQGVRRHYHDDITVIVIF
motif 6 15 AIQLTVDHKPNREDE
motif 7 41 DVJKKAFSATEEEFLSLVDRQWMIKPZJASVGSCCLVGVIC
motif 8 15 RGSKDBITVIVVDFK
motif 9 41 GRVDGLLWYKDLGHHVNGEFSMAVVQANNLLEDQSQLESGP
motif 10 11 SGTTAVTALVI
motif 11 41 TPGRVFLNGSSKYASLFTQQGKKGVNQDAMIVWENFGGQED
motif 12 11 RERIEAAGGRV
motif 13 15 KKAJKKAFLKTDKEL
motif 14 11 PYLIAEPEVTV
motif 15 18 GRRREMEDAVAAIPDLCG
motif 16 15 FVKDNLFENVLKELK
motif 17 21 RSLHPDDSQIVVLKHKVWRVK
motif 18 15 PDPEAAAKRLVEEAL
motif 19 29 SLGSQNLQWAQGKAGEDRVHVVVSEEHGW
motif 20 41 NEKIEKPTVK YGQAAQSKKGEDYFLIKTDCQRVPGBPSTSF

3.6. Structure of PP2C Genes in P. fortunei

To understand the structure of PfPP2C genes, their intron and exon composition
was determined (Figure 5b). All the PfPP2C genes contained introns and exons in their
sequences, with the number of exons ranging from 2 (in PfPP2C47, PfPP2C73, PfPP2C26,
PfPP2C45, and PfPP2C70) to 20 (in PfPP2C23) and the number of introns ranging from 1 to
19. There were 15 exons 14 introns in PfPP2C11. In total, 36 PfPP2C genes (39.5%) contained
four exons and 23 contained five exons. In total, 36 PfPP2C genes (39.5%) contained three
introns and 22 contained four introns. These results indicated that the gene structure of
PfPP2Cs is relatively well conserved. Apart from genes in subfamilies E and J, those in
the other subfamilies contained similar numbers of exons and introns, with a difference
of no more than three. For example, all twelve members of subfamily D had four exons
and three introns except for PfPP2C27, which had five exons and four introns, and all four
members of subfamily I had ten exons and nine introns. In addition, the exon distribution
and sequence lengths of PfPP2C genes belonging to the same subfamily in the phylogenetic
tree were not very different and somewhat conserved, suggesting that the genes within
these subfamilies have similar functions.

3.7. Analysis of Cis-Acting Elements in Promoters of PP2C Genes in P. fortunei

We identified 20 cis-acting elements in the promoter regions of PP2C genes in P. fortunei
(Figure 5c), including hormone-responsive elements, light-responsive elements, and stress-
responsive elements. Among all the PfPP2C genes, 62.6% (57), 48.4% (44), 47.3% (43), 35.2%
(32), and 33.0% (30) had methyl jasmonate (MeJA)-responsive, gibberellin (GA)-responsive,
abscisic acid (ABA)-responsive, indole acetic acid (IAA)-responsive, and salicylic acid
(SA)-responsive elements, respectively, in their promoter regions; moreover, 96.7% (88),
70.3% (64), 40.7% (37), and 56.0% (51) had response elements related to light regulation,
anaerobic induction, meristem expression and abiotic stress/defense, respectively, in their
promoter regions. A small number of PfPP2C gene promoters also contained specific
response elements related to circadian rhythm regulation, cell cycle regulation, endosperm
expression, wound response, zein metabolism, tissue growth, and development related to
palisade mesophyll cell differentiation. These results suggested that members of the PP2C
family of P. fortunei play important regulatory roles in responses to hormone induction,
light regulation, and stress under adverse conditions.
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3.8. Covariance Analysis of Members of the PP2C Family of P. fortunei

To explore the evolution of the PP2C family in P. fortunei, an intraspecific covari-
ance analysis was conducted (Figure 6a). The results showed that 67 of the 91 PP2Cs in
P. fortunei (74% of all PP2Cs in P. fortunei) were involved in 56 pairs of gene covariation
events, suggesting that gene fragment duplication has played an important role in the
evolution of the PP2C family in P. fortunei. The largest number of PFPP2C family members
involved in covariance events was on chromosome Chr11 (six genes), followed by Chr3
and Chr19 (five genes each). To further elucidate the evolutionary relationships of PP2C
genes between different species, a covariance analysis was performed on P. fortunei and
A. thaliana (Figure 6b). We detected 98 pairs of gene covariation events between the two
species, of which 54 AtPP2C genes (67.5% of all AtPP2Cs) and 67 PfPP2C genes (73.6% of
all PfPP2Cs) were involved in gene covariation events. These results indicate a high degree
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of homology and similar evolutionary relationships between the PP2C family members of
P. fortunei and A. thaliana, which have been highly conserved during evolution.
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3.9. Expression Analysis of PP2C Family Members in P. fortunei

Analyses of RNAseq data from P. fortune infected (PFI) or uninfected (PF) with the my-
coplasma that causes PaWB revealed that 80 of the 91 PfPP2C genes were expressed, and
11 were not (Figure 7a). The transcript levels of PP2C19, PfPP2C57, PfPP2C59, PfPP2C80, and
PfPP2C81 significantly increased after the development of PaWB. A total of 10 PfPP2C genes
showed decreased transcript levels after the development of PaWB in P. fortunei, among which
PfPP2C02, PfPP2C12, and PfPP2C24 showed the most obvious decreases. The transcript levels
of the remaining 66 PfPP2C genes, including PfPP2C38 and PfPP2C55, did not change signifi-
cantly. After Rif treatment, 80 PfPP2C genes were expressed, while 11 PfPP2C genes were not
(Figure 7b). As the Rif treatment time extended, the transcript levels of 5 PfPP2C genes, includ-
ing PfPP2C02, PfPP2C12, and PfPP2C20, significantly continued increase, while the transcript
levels of 19 PfPP2C genes, including PfPP2C19, PfPP2C52, PfPP2C69, and PfPP2C80, signifi-
cantly continued to decrease. The transcript levels of 23 PfPP2C genes, including PfPP2C57 and
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PfPP2C68, showed no significant monotonous trend, and the transcript levels of the remaining
19 and 15 genes increased and then decreased and decreased and then increased, respectively.
After MMS treatment, 78 PfPP2C genes had detectable transcript levels and 13 PfPP2C genes
had no detectable expression (Figure 7c). Among them, eight PfPP2C genes, including PfPP2C02,
PfPP2C12, and PfPP2C47, were up-regulated over time under MMS treatment. The transcript
levels of PfPP2C19, PfPP2C52, PfPP2C69, PfPP2C80, and 14 other genes showed an overall
decreasing trend, compared with their respective levels in the control. Another 10 genes showed
an increasing and then decreasing transcript levels, and 25 genes showed a decreasing and then
increasing transcript levels, while 21 genes did not show significant changes in transcript levels
under MMS treatment.
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Summarizing the above results, PfPP2C19 and PfPP2C80 were up-regulated in P. fortunei
affected by PaWB, but down-regulated by Rif and MMS treatments. PfPP2C02 and PfPP2C12
were down-regulated in in P. fortunei affected by PaWB and up-regulated by Rif and MMS
treatments. These findings indicated that these genes play an important regulatory role in the
development of PaWB. Further in-depth analyses of their roles will provide further insights
into the molecular mechanism of PaWB.

4. Discussion

In plants, PP2Cs are an important class of protein phosphatases that regulate plant
metabolism by catalyzing the dephosphorylation of phosphorylated proteins [30]. The
number of PP2C family members varies widely among different plant species. For example,
there are 80 PP2C genes in A. thaliana [11], 27 in V. vinifera [20], 86 in B. distachyum [22], 53 in
P. trifoliata [24], 125 in P. heterocycla [25], 67 in Dendrobium catenatum [26], 90 in O. sativa [31],
122 in Vigna radiata [32], and 81 in Fagopyrum tataricum [33]. This suggests that the number
of PP2C gene family members may be related to the genome size of the species, or may
have changed during the course of evolution. In this study, we identified 91 PP2C family
members in P. fortunei. The amino acid length, isoelectric point, and relative molecular
weight varied widely among the putative PfPP2C proteins, and such variations may be
related to their functional diversity. The chromosomal localization analyses revealed that
the PP2C genes in P. fortunei are unevenly distributed on 19 chromosomes, with one to
eight PP2C genes per chromosome. The distribution of PP2C genes was also uneven
within the same chromosome, with two or more genes arranged in gene clusters. These
patterns of chromosomal localization are similar to those of PP2C genes in P. trifoliata and
V. radiata [24,32].

In the phylogenetic evolutionary analysis of PP2C genes in A. thaliana, P. trifoliata,
and P. fortunei, the PP2C genes were divided into 12 subfamilies, each of which harbored
P. fortunei PP2C genes. Consistent with this, the PP2C genes of A. thaliana and P. heterocycla
are also distributed among 12 subfamilies [11,24]. Our results indicate that the PP2C genes
of A. thaliana, P. trifoliata, and P. fortunei are similarly distributed among the 12 subfamilies,
indicative of relatively consistent evolutionary relationships among these three species.
Thus, the PP2C gene family has been conserved during evolution. We detected clear
differences in the number and type of conserved structural domains among PfPP2C family
members. Our results show that the cNMP_binding and Pkinase_fungal domains are
conserved domains unique to PfPP2C11 and PfPP2C04, respectively. We also detected
some variability in the distribution of conserved motifs among different subfamilies, and
some similarities in the distribution of conserved motifs within each subfamily. Nearly
3/4 of PfPP2C proteins have the following motif structure: motifs 3, 16, 13, 10, 2, 6, 12,
4, 14, 1, 18, and 8. The distribution of conserved motifs in members of the A subclade of
PPfPP2C is similar to that in members of the A subclade in A. thaliana. This high degree
of affinity suggests that A subclade members in P. fortunei participate in the regulation of
ABA signaling, similar to their counterparts in A. thaliana.

In terms of gene structure, PfPP2C genes have between 2 and 20 exons, similar to the
members of the PP2C families in P. trifoliata and S. italica [24,34]. The type and number of
cis-acting elements in the promoter region affect differential gene expression [35]. One of
the most important roles of the PP2C gene family is in the regulation of ABA signaling [36].
In plants, subfamily A PP2Cs regulate early events in the ABA signaling pathway [37]. The
involvement of PP2C proteins in this pathway varies among species, and among different
organs and tissues of the same species [37]. For example, in A. thaliana, subfamily A PP2C
proteins negatively regulate the ABA pathway, while AtPP2C-G1 positively regulates the
ABA pathway and the response to high salt stress [38], and AtPP2C2 can significantly
increase the response to ABA when overexpressed [39]. In this study, we detected cis-acting
elements responsive to various phytohormones, such as MeJA, GA, ABA, IAA, and SA
in the promoter regions of PfPP2C genes. In total, 7 of the 11 members of subfamily A
contained ABA-responsive elements in their promoter regions, suggesting that subfamily
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A PfPP2Cs are involved in the regulation of the ABA signaling pathway. These results are
consistent with those reported in studies on Zea mays and B. papyrifera [21,40]. Overall, 42 of
the PfPP2C family members contain ABA-responsive elements in their promoter regions,
and half of the PfPP2C genes have stress-responsive elements in their promoters. Therefore,
we speculate that PfPP2Cs may regulate various physiological activities in plants via the
ABA signaling pathway.

Previous studies have demonstrated that PP2Cs also participate in the disease resis-
tance signaling pathway. When plants are attacked by fungi, bacteria, and viruses, various
signaling molecules such as SA and JA are produced, and they trigger the expression
of genes encoding components of the disease resistance response [30]. It has been sug-
gested that PP2Cs may play a role in plant resistance to biological stresses, such as rust
and powdery mildew [41]. In this study, we found that the expression of some PP2C
genes in P. fortunei were significantly affected by PaWB and treatment with Rif and MMS.
The expression of PfPP2C19 and PfPP2C80 increased during the formation of PaWB in
P. fortunei, but decreased under Rif and MMS treatments, while PfPP2C02 and PfPP2C12
were down-regulated during the formation of PaWB, but up-regulated in response to Rif
and MMS treatments. These findings suggest that these genes play an important regulatory
role in the development of PaWB, but may have a complex regulatory network. Further
research is needed to explore their roles in the development of PaWB.

5. Conclusions

At present, research on P. fortunei and its molecular biology lags behind that on
other plants, and much less is known about the function of its PP2C proteins than about
those of model plants, such as A. thaliana, O. sativa, and Glycine max. In this study, we
analyzed P. fortunei PP2C family members to determine the chromosomal distribution,
evolutionary relationships, and gene structure, and the conserved structural domains and
conserved motifs in their encoded proteins. We also determined their transcript profiles
before and after the development of PaWB, and identified four genes closely related to
PaWB development (PfPP2C02, PfPP2C12, PfPP2C19, and PfPP2C80) among the 91 PP2C
genes in P. fortunei. The results of this study provide a reference for future studies on the
structure, function, and regulatory roles of the PP2C gene family in Paulownia, and provide
clues about the PP2C proteins that may participate in the formation of PaWB.
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Abstract: Salt is a severe environmental stressor that affects growth and development in plants. It is
significant to enhance the salt tolerance in plants. In this study, a salt-responsive WRKY transcription
factor PtrWRKY51 was isolated from Populus trichocarpa (clone ‘Nisqually-1′). PtrWRKY51 was highly
expressed in mature leaves and root and induced by salt stress. The PtrWRKY51 was overexpressed
in Arabidopsis to investigate its biological functions. Compared with Col-0 lines, Overexpressed lines
had an increase in germination rate of seed, root length, higher photosynthetic rate, instantaneous
leaf WUE, chlorophyll content to improve salt tolerance under salt stress conditions. In contrast,
compared to overexpressed and Col-0 lines, the mutant wrky51 was more sensitive to salt stress
with lower photosynthetic rate and WUE. Additionally, it was found that the complementary lines
(wrky51/ PtrWRKY51) had almost the same salt response as Col-0. In conclusion, PtrWRKY51 is a
potential target in the enhancement of poplar tolerance by genetic engineering strategies.

Keywords: poplar; transcription factor; PtrWRKY51; salt tolerance; photosynthetic rate; water-
use efficiency

1. Introduction

As one of the most widely distributed and adaptable forest species around the world,
poplar is one of the most promising tree species for traditional afforestation and dealing
with wood shortages. With the gradual aggravation of soil salinization, salt stress has
become an essential factor restricting tree growth. Salt is one of the key environmental
stress factors, which affects plant growth and development [1]. It is reported that more
than 800 million hectares of land are affected by salinization in world, which across all con-
tinents including Africa, Asia, Australasia, Americas, and China, occupying an estimated
37.4 million hectares of salinized soil [2,3]. Moreover, soil salinization is becoming more
serious due to environmental degradation, improper irrigation, climate change, growing
population and industrial pollution [4,5]. Excessive salinity in plants will lead to excessive
accumulation of intracellular metal ions, destroy ion balance, damage plant cell mem-
brane structure, and thus affect the physiological and biochemical metabolic processes in
plants [6,7]. Many studies have shown that the water potential of the soil in the saline-alkali
soil was decreased, and the absorption of water by seed was inhibited, which seriously
affected the germination rate, vigor index and germination index of seeds, which have a re-
duction in seed emergence rate and strong seedling rate [8,9]. Photosynthesis is the sum of
a series of complex metabolic reactions which are essential in plant growth. Photosynthesis
provides material and energy to maintain normal growth and development in plants, and
chloroplasts in leaves are the place in which photosynthesis is carried out in higher plants.
Salt stress affects plant absorb water and inorganic ions, inhibit the normal synthesis of
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chlorophyll, and reduce the content of chlorophyll, which affect the normal function of
the pigment protein complexes, reduce the rate of plant convert light energy into chemical
energy, which eventually make plant to a serious shortage of energy supply, inhibit the
growth and development in plants [10,11]. At the same time, salt stress can also cause
damage to chloroplast structure, and then affect its photosynthetic performance. It has
been reported that under salt stress, the net photosynthetic rate, chlorophyll fluorescence
and stomatal conductance of leaves are greatly reduced in citrus, which inhibit growth [12].
Similarly, it has been confirmed that salt stress seriously inhibits the photosynthetic rate
and electron transport rate in photosynthesis, which affected plant growth in mustard [13].
Therefore, it is important to improve the salt tolerance in plants. During evolution, plants
have developed various strategies to adapt to salt stress [14]. Signal sensing and signal
transduction are key ways for plants to cope with challenges in environment, which in-
volve many regulatory genes and proteins. Among these, the transcription factors, such
as WRKY, NAC, bZIP, MYB, HSFs, AP2/EREBP have been identified as key regulators in
controlling intrinsic development processes and regulating stress resistance by stimulating
the expression of downstream targets in improving salt resistance in plants [15–19].

WRKY transcription factor is a key regulator in plants, and significant study has been
made in WRKY transcription factor over the past 20 years [20]. SPF1 is the first WRKY
gene, cloned from sweet potato [21]. Subsequently, WRKY genes were cloned and reported
in Arabidopsis thaliana, wild oats and parsley, which were found that the proteins were
encoded by WRKY genes that could specifically bind to DNA sequence element (T) (T)
TGAC (C/T) [22]. The specific DNA sequence element (T) (T) TGAC (C/T) is also known
as the W-box [22–24]. It is well known that WRKY transcription factor contain a highly
conserved WRKY domains with WRKYGQK sequence and a zinc-finger-like motif CX4–
7-CX23–28-HX1–2-(H/C) (C2H2 or C2HC) at N and C termini [25]. In general, WRKY
proteins can be categorized into three groups based on the number of WRKY domains and
the pattern of the zinc finger motif [25]. Group I WRKY transcription contains two WDs
and C2H2 zinc finger, and group II and III WRKY transcription factors contain one WD
and C2H2 zinc finger motif [25].

Many studies have found that WRKY transcription factors is a key role in plant
response to abiotic stresses such as drought and salt stress. Northern blot hybridization
showed that 10 WRKY genes in rice had different responses to salt, osmotic stress, cold
and heat treatments [26]. In wheat, eight of the 15 WRKY genes also showed response to
PEG, low temperature, high temperature and NaCl stress treatments [27]. In Arabidopsis,
overexpression of OSWRKY45 and AtWRKY46 can regulate stomatal movement in response
to drought and salt stresses [28,29]. Heterologous expression of GmWRKY54 in Arabidopsis
increased drought and salt tolerance [30]. In addition, WRKY genes such as TaWRKY2
and TaWRKY19, TaWRKY146, TaWRKY1 and TaWRKY33, VaWRKY14, ZmWRKY17 and
ZmWRKY40, and PeWRKY83 were overexpressed in Arabidopsis can improve plant tolerance
to drought and/or salt stresses, respectively [31–37]. Previous study has shown that
PtrWRKY51 responds to salt stress [38], but functional characterization of PtrWRKY51 in
salt stress response remains unclear.

In this study, PtrWRKY51 was cloned from the Populus trichocarpa to investigate its
function in salt stress in Arabidopsis. We analyzed its expression pattern in root, stem
and leaf tissues and in response to salt stress. Moreover, the functional characterization
of PtrWRKY51 in salt response was studied in Arabidopsis. Our results demonstrate that
overexpression of PtrWRKY51 enhanced salt tolerance in Arabidopsis.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The solid Lloyd and McCown’s Woody Plant Basal Salts (WPM) medium was used for
cultivation of the Populus trichocarpa in vitro [39]. After plantlet regeneration, they were indi-
vidually transplanted and grown in pots (20.5× 17× 14.5 cm; top diameter/height/bottom
diameter) containing a mixture of soil and vermiculite (2:1) and incubated in the green-
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house at 22 ◦C under a 16 h/8 h (light/dark) photoperiod (150 µmol m−2 s−1) and 70%
relative humidity.

Arabidopsis Col-0 was selected as the wild-type control, and the mutant wrky51 (stock
name SALK_022198.56.00.x) were obtained from Arabidopsis Biological Resource Center
(ABRC; https://abrc.osu.edu/). Arabidopsis seeds were washed two times with water,
then with 75% alcohol for 1 min followed by 1% NaClO within 10 min and five washes in
distilled water. Seeds were sown on 1/2MS medium plates containing 30 g/L sucrose and
6 g/L agar. The seeded plates were vernalized at 4 ◦C in the dark for 2 days and then moved
to 22 ◦C under 16/8 light/dark cycle. When Arabidopsis sprouted, it was transplanted at
a density of four plants per pot (7 × 7 × 6.5 cm; top diameter/height/bottom diameter)
with a mixture of soil and vermiculite (2:1) at 22 ◦C under 16/8 light/dark cycle and 70%
relative humidity.

2.2. PtrWRKY51 Cloning and Transformation

Total RNA was extracted from the young leaves of Populus trichocarpa by using the
RN38 EASYspin Plus Plant RNA Kit (Aidlab Biotech, Beijing, China). The first strand
cDNA synthesis was reverse-transcribed using the Tiangen FastQuant RT Kit (Tiangen)
according to the manufacturer’s instructions. The resultant cDNA was used as a template,
and the PtrWRKY51 (Accession number: Potri.005G085200) sequence was amplified by
PCR with gene-specific primers (Supplementary Table S1). The gene-specific primers were
designed by using Primer Premier 5 software.

For overexpression of PtrWRKY51 and complementation of the Arabidopsis wrky51
mutant with PtrWRKY51, the PtrWRKY51 cDNA was cloned into the pCAMBIA-1301
binary vector under the control of the Cauliflower mosaic virus (CaMV) 35S promoter, and
the plasmids were introduced into Agrobacterium tumefaciens strain GV3101 by heat shock.
Then, the 35S: PtrWRKY51: GFP plasmid transformed into the Arabidopsis Col-0 and wrky51
mutant lines respectively by the floral dip method [40]. The transgenic lines were identified
using half-strength MS plates containing 100 mg l−1 hygromycin. The third (T3) generation
of seeds were used in the experiments to make sure hereditary stability in transgenic lines.

2.3. Molecular Verification of Transgenic Plants

Genomic DNA of Col-0 and transgenic Arabidopsis lines was extracted from leaves
by using the CTAB method [41]. Transformants were identified by PCR amplification
using the gene-specific primers PtrWRKY51-F and GFP-R (Supplementary Table S1). The
transcript levels of PtrWRKY51 were quantified by Quantitative real-time PCR (RT-qPCR)
in transgenic lines.

2.4. Quantitative Real-Time PCR Analysis

The ABI StepOnePlus™ Real-Time PCR System (Applied Biosystems, Inc., Carlsbad,
CA, USA) is used to perform Quantitative real-time PCR (RT-qPCR) experiments according
to the manufacturer’s instructions. The 2−∆∆CT method [42] was used to calculate the
relative expression level of PtrWRKY51, with poplar Actin employed as the internal control
(Supplementary Table S1).

2.5. Physiological Experiments

To determine germination rates of overexpressed PtrWRKY51(oePtrWRKY51), Col-0,
wrky51 and wrky51/ PtrWRKY51 seeds, 100 seeds of different genotypes were seeded sepa-
rately on the same 1/2MS medium with or without 200 mM NaCl stress and germination
rates were recorded daily. When the seeds germinated, 10 plants of each genotype were
selected and placed vertically on the medium with or without 200 mM NaCl stress to grow
for 10 days, and the root length was recorded.

Net photosynthetic rate and transpiration rate were measured of oePtrWRKY51,
Col-0, wrky51 and wrky51/ PtrWRKY51 plants by using an infrared gas analysis system
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(LI-COR 6400, Lincoln, NE, USA) as previously described [43,44]. Instantaneous leaf WUE
was defined as the ratio of the rate of photosynthetic rate/transpiration rate [45].

Leaves of oePtrWRKY51, Col-0, wrky51 and wrky51/ PtrWRKY51 plants grown for
4 weeks were used for chlorophyll content determination with 80% acetone. A UV/visible
spectrophotometer (YHB-061; GE Healthcare, Little Chalfont, Buckinghamshire, UK) was
used to measure absorbance at 663 for chlorophyll a and 645 nm for chlorophyll b, and
then the chlorophyll contents were calculated according to Lichtenthaler’s method [46].

2.6. Salt Experiments

For the salt treatments of Populus trichocarpa, 4-week-old seedlings were removed
from the soil carefully and then placed in a salt solution containing 200 mM NaCl for
24 h. Subsequently, leaves were harvested at 0 h, 1 h, 3 h, 6 h, 8 h, 12 h and 24 h for
RT-qPCR analysis.

Arabidopsis seeds of oePtrWRKY51, Col-0, wrky51 and wrky51/ PtrWRKY51 were seeded
on 1/2MS medium and transplanted at a density of four plants per pot (7 × 7 × 6.5 cm;
top diameter/height/bottom diameter) with a mixture of soil and vermiculite (2:1) at
22 ◦C under 16/8 light/dark cycle and 70% relative humidity after two true leaves had
grown. It was cultured in the greenhouse with normal watered for two weeks, and then it
was watered with 200 mM NaCl solution every 3 days for 15 days to observe its pheno-
type. The photosynthetic rates and instantaneous leaf WUE were measured at each stage
as previously.

3. Results
3.1. The Analysis of Expression Pattern in PtrWRKY51

The tissue-specific expression of PtrWRKY51 transcripts in young leaf, mature leaf,
senescent leaf, stem and root of P. trichocarpa was detected by RT-qPCR. The result showed
that PtrWRKY51 transcript levels in mature leaves and root was higher than that in young
leaf, senescent leaf and stem (Figure 1A). To study the response of PtrWRKY51 to salt stress,
P. trichocarpa plants were subjected to salt stress and the PtrWRKY51 transcript levels were
quantified by RT-qPCR. The results showed that the PtrWRKY51 transcript level gradually
increased and peaked at 6 h of the NaCl treatments, and thereafter decreased (Figure 1B).
These results indicated that PtrWRKY51 was mainly expressed in mature leaves and roots
and up-regulated in response to salt stress.
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Figure 1. Expression patterns of PtrWRKY51. (A)Transcript level of PtrWRKY51 in various organs
including young leaf, mature leaf, senescent leaf, stem and root of P. trichocarpa. (B) RT-qPCR analysis
of PtrWRKY51 transcript levels under salt conditions. Data are shown as mean ± SE (n = 6).

3.2. Identification of PtrWRKY51-Overexpressing Transgenic Plant

To further explore the function of PtrWRKY51 in salt stress conditions, the 35S: Ptr-
WRKY51: GFP is transformed into Col-0 Arabidopsis. Eight transgenic lines (oePtrWRKY51
#1-7) were obtained and confirmed by PCR analyses using the combination of the gene-
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specific primers PtrWRKY51-F and GFP-R. The expected band was amplified in all trans-
genic plants but not in Col-0 plants (Figure 2A). In addition, RT-qPCR analysis of the above
transgenic plants showed that PtrWRKY51 was overexpressed in all selected transgenic
lines (Figure 2B). Then three of PtrWRKY51-overexpressing lines (oePtrWRKY51#1, #2,
and #3) with higher expression level than other lines were selected for further analysis in
salt tolerance.
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Figure 2. Analysis of overexpressing PtrWRKY51 in transgenic plants. (A) Eight putatively transgenic
plants of PtrWRKY51 were identified by PCR. (B) RT-qPCR was used to detect the transcription level
of PtrWRKY51 in different lines. The data are represented as means ± SE (n = 6). The asterisks (**)
represent a significant differences (** p < 0.01) compared to the control.

3.3. Plant Phenotype Analysis under Well-Watered Conditions

To explore the function of PtrWRKY51, the growth phenotype of oePtrWRKY51, Col-0,
wrky51 and wrky51/ PtrWRKY51 plants were observed under normal conditions. The result
showed that the primary root length of overexpressed plants was significantly longer than
that of Col-0 (1.17-fold) and wrky51 (1.61-fold) after 10 days of vertical growth on 1/2 MS
medium (Figure 3A,B). These results indicated that overexpression of PtrWRKY51 could
promote root growth.
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Figure 3. Root length analysis of overexpressing PtrWRKY51 in plants under normal conditions.
(A) Phenotypic analysis of the primary root length for 10 days on 1/2MS medium. Bars, 1 cm.
(B) Difference in the primary root length after 10 days of vertical growth on 1/2MS medium. The
data are represented as means ± SE (n = 12). The asterisks (*) represent significant differences
(* p < 0.05) compared to the control.

3.4. Overexpression of PtrWRKY51 Enhanced WUE in Arabidopsis

Photosynthetic physiological analysis that the net photosynthetic rates of oePtrWRKY51
lines was higher than that of Col-0 and wrky51 under normal conditions, and the net pho-
tosynthetic rate of wrky51/ PtrWRKY51 lines was equal to that of Col-0 (Figure 4A). In
addition, the transpiration rate of each genotype was found that the oePtrWRKY51 lines
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showed slower rates than the Col-0 and wrky51 mutant (Figure 4B). As a result, based
on the higher photosynthetic capability and lower transpiration level, the instantaneous
WUE values of the oePtrWRKY51 lines were observably higher than that of Col-0 and
wrky51 mutant (Figure 4C). In general, overexpression of PtrWRKY51 enhanced the WUE
in Arabidopsis.
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Figure 4. Gas exchange analysis of overexpressing PtrWRKY51 lines showing higher instantaneous
WUE in Arabidopsis. The Net photosynthesis rate (A), transpiration rate (B), instantaneous leaf WUE
(C) of 3-week-old seedlings. The data are represented as means ± SE (n = 12). The asterisks (*)
represent significant differences (* p < 0.05) compared to the control.

3.5. Overexpression of PtrWRKY51 Increases Salt Tolerance under Salt Stress Conditions

A series of experiments were conducted to explore the differences in salt tolerance of
oePtrWRKY51, Col-0, wrky51 and wrky51/ PtrWRKY51 plants. The seeds of oePtrWRKY51,
Col-0, wrky51 and wrky51/ PtrWRKY51 were sown on 1/2 MS culture containing 200 mM
NaCl to observe germination rates. After 4 days, the oePtrWRKY51 plants had a higher
germination rate (73.4%) than the Col-0 (42.8%) and mutant (20.2%) plants (Figure 5A).
In addition, the primary root length of the seedlings was also different after 10 days of
vertical growth under salt stress conditions. The primary root length of oePtrWRKY51
plants was significantly longer (1.48- and 1.85- fold, respectively) than that of Col-0 and
mutant (Figure 5B,C). After the seedlings were transplanted to soil, the salt stress was
imposed for 15 days. As expected, the Col-0 and wrky51 mutant plants showed more severe
wilting than over-expressing plants, especially the wrky51 mutants, whereas those of the
oePtrWRKY51 lines continued to show development and growth (Figure 5D).

The net photosynthesis rate and WUE of oePtrWRKY51, Col-0, wrky51 and wrky51/
PtrWRKY51 plants were measured and calculated under the salt treatments conditions
(Figure 6A,B). The result showed that compared with the Col-0 and wrky51 mutant plants,
the oePtrWRKY51 lines could maintain a higher photosynthetic rate and have a higher
instantaneous leaf WUE under salt stress conditions.

To further assess the potential biological functions of PtrWRKY51 in regulation of salt
tolerance, the chlorophyll a, chlorophyll b, and total chlorophyll contents of oePtrWRKY51,
Col-0, wrky51 and wrky51/ PtrWRKY51 plants were also measured under normal and salt
stress conditions. The result showed that there was no significant difference in chloro-
phyll content between the oePtrWRKY51 and the Col-0 plants, but there was a difference
between them and the wrky51 mutant under normal conditions. However, under salt
stress conditions, the chlorophyll content of oePtrWRKY51 plants was markedly higher
than that of Col-0 and wrky51 mutant (Figure 7), indicating that the oePtrWRKY51 plants
showed a better ability to absorb light energy compared with Col-0 and wrky51 mutant,
thus the oePtrWRKY51 plants maintained a higher photosynthetic rate under salt stress con-
ditions. Therefore, the expression of PtrWRKY51 was beneficial for plant growth under salt
stress conditions.
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Figure 5. Overexpression of PtWRKY51 confers salt tolerance in Arabidopsis. (A) Difference in
germination ratio among oePtWRKY51, Col-0, wrky51, and wrky51/ PtWRKY51 plants grown on
1/2 MS medium with 200 mM NaCl. (B) Morphological comparisons of the primary root length for
10 d under 1/2 MS medium with 200 mM NaCl conditions. (C) Difference in the primary root length
after 10 days of vertical growth on 1/2 MS medium with 200 mM NaCl conditions. (D) Morphological
differences in salt treatments experiments. The data are represented as means ± SE (n = 12). The
asterisks (*) represent significant differences (* p < 0.05) compared to the control.
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Figure 6. Physiological analysis of over-expressing PtWRKY51 lines under salt stress conditions.
Difference in net photosynthetic rate (A) and instantaneous leaf WUE (B) among oePtWRKY51, Col-0,
wrky51, and wrky51/ PtWRKY51 plants under salt stress conditions. The data are represented as
means ± SE (n = 12). The asterisks (*) represent significant differences (* p < 0.05) compared to
the control.
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Figure 7. The chlorophyll content analysis of over-expressing PtWRKY51 plants under salt treatment
conditions. Determine of the content of chlorophyll a (A), chlorophyll b (B) and chlorophyll a + b (C)
among oePtWRKY51, Col-0, wrky51, and wrky51/ PtWRKY51 plants under salt stress conditions. The
data are represented as means ± SE (n = 12). The asterisks (* and **) represent significant differences
(* p < 0.05 and ** p < 0.01) compared to the control.

4. Discussion

Salt stress has seriously affected and inhibited plant growth and development. Stress-
induced transcription factors (TFs) are important pivotal regulators in response to stress.
They can bind membrane protein acting elements and promote related genes expression
in response to stress to reduce damage of the stress. WRKY is a plant-specific zinc finger
type transcription factor. It is involved in a wide variety of biotic and abiotic stress
responses [20,38,47–51]. Studies have shown that OsWRKY51 and OsWRKY71 regulate
GA and ABA signal transduction in seed germination [52]. In addition, AtWRKY51 was
involved in JA-induced defense response [53]. Nevertheless, little was known about the
function of WRKY51 in abiotic, especially in salt stress. Previous studies have shown
that PtrWRKY51 responds to salt [38]. However, the function of PtrWRKY51 in salt stress
remains unclear. In the study, PtrWRKY51 was cloned from poplar and genetically modified
in Arabidopsis to determine its potential role resistance to salt stress.

To explore the role of genes in response to biological or abiotic stress, tissue-specific gene
expression patterns play a crucial role in evaluating the potential function of genes [54–56].
Therefore, a novel idea was provided to investigate the potential functions of PtrWRKY51
by studying the tissue-specific expression. Analysis of transcription patterns showed
that PtrWRKY51 was predominantly expressed in mature leaves and root (Figure 1A).
In addition, the result showed that the primary root length of oePtrWRKY51 plants was
significantly longer than that of Col-0 and wrky51 on 1/2 MS medium (Figure 3A,B).
Moreover, PtrWRKY51 were up-regulated by salt stress (Figure 1B), and oePtrWRKY51
plants have a prominently longer root that of Col-0 and wrky51 on 1/2 MS medium with
200 mM NaCl (Figure 5B,C). These findings suggested that PtrWRKY51 plays a key role in
the regulation of growth and salt tolerance in plants.

In generally, the growth status and external morphology of a plant can reflect the
stress degree in the plant. Seed germination is a critically and extremely sensitive period
in plant growth, and most plants in salt environment have a negative impact on their
growth rate. In the germination stage, dry seed germination is promoted through water
expansion, soil water potential is decreased in salt soil, and the absorption of water by seeds
is inhibited, which seriously affects the germination rate, vigor index and germination
index of seeds, which leading to the reduction of seed emergence rate [8,9]. The result
showed that the oePtrWRKY51 plants had a higher germination rate than the Col-0 and
mutant plants under salt treatments (Figure 5A). Therefore, overexpression of PtrWRKY51
is beneficial to plant in growth under salt stress conditions. Salt stress not only inhibited
seed germination, but also significantly inhibited the growth of seedlings. Under salt stress
conditions, the root structure of the plant was significantly damaged, and the root length
was dramatically reduced, which affected the transport of water and nutrients from the
root system to the aboveground part, which led to the obstruction of organic synthesis,
and ultimately affected the growth and development of plants [57]. In this study, the
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primary root length of oePtrWRKY51 lines was significantly longer than that of Col-0 and
wrky51 mutant under salt stress conditions, which was conducive to plant growth and
development (Figure 5B, C). In summary, these results further supported the conclusion
that overexpression of PtrWRKY51 enhances salt tolerance in salt stress conditions.

Photosynthesis is one of the most sensitive physiological processes in plant response to
stress [58]. Under normal growth conditions, the photosynthesizing organic matter of plants
is enough to supply their needs, but under some special stress, the photosynthesis of plants
will be affected, and they cannot synthesize enough organic matter to ensure the growth and
breeding in plants. These stresses include cold, drought, high temperature, salt and so on.
Among them, the damage area of salt stress is wider, and the damage degree of salt stress is
deeper. The net photosynthetic rate analysis showed that photosynthesis was higher in the
oePtrWRKY51 lines compared to Col-0 and wrky51 mutant under normal conditions, while
the transpiration rate was lower than that of Col-0 and wrky51 (Figure 4A,B). Therefore,
the instantaneous WUE of the oePtrWRKY51 lines were significantly higher than those of
Col-0 and wrky51 mutant lines (Figure 4C). WUE has been considered as one of the key
factors which affect plant growth, and high WUE can promote plant growth [36]. WUE is
also an important physiological index to assess plant stress resistance [59,60]. Under salt
stress, the net photosynthetic rate and WUE of plants decreased, but oePtrWRKY51 lines
still had a higher net photosynthetic rate and WUE (Figure 6). Therefore, overexpression of
PtrWRKY51 improve plant growth and salt tolerance.

The chlorophyll content of leaves is closely related to photosynthesis in plants [61].
Salt stress can damage the ultrastructure of chloroplasts and affect the normal function
of cells, which affecting the growth and development of plants [62]. We observed that
under normal growth conditions, there was no significant difference in chlorophyll content
between oePtrWRKY51 and Col-0 plants, but both were higher than that of wrky51 mutant
plants. Under salt stress, chlorophyll content of oePtrWRKY51 plants was significantly
higher than that of Col-0 and wrky51 mutant, which suggested oePtrWRKY51 lines have
a growth advantage under salt stress conditions. Taken together, these data indicate that
PtrWRKY51 is a promising gene target in increasing the tolerance of plants under salt
stress conditions.

5. Conclusions

In this study, we illustrate the functional characterization of the poplar WRKY tran-
scription factor PtrWRKY51 in the salt response. A PtrWRKY51 was isolated from
Populus trichocarpa. RT-qPCR analysis revealed that PtrWRKY51 was mainly expressed in
mature leaves and root. In addition, PtrWRKY51 is induced by salt stress. Overexpression
of PtrWRKY51 in Arabidopsis improved salt tolerance. Consistently, overexpression of
PtrWRKY51 exhibit an increase in seed germination rate, root length, photosynthetic rate,
instantaneous leaf WUE, chlorophyll content under salt stress conditions. Taken together,
our data indicate that PtrWRKY51 is a potential candidate gene in the improvement of salt
tolerance in poplar by biotechnological strategies.
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//www.mdpi.com/article/10.3390/f14020191/s1, Table S1: Primer sequences used for cloning of
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Abstract: Root growth regulation plays a crucial role in the acclimatization of plants to their sur-
roundings, but the molecular mechanisms underlying this process remain largely uncertain. Teosinte
branched1/cycloidea/proliferating cell factor (TCP) transcription factors are crucial elements linking
together plant growth and development, phytohormone signaling, and stress response. In this
study, 15 TCP transcription factors were identified in the mulberry (Morus alba) genome. Gene
structure, conserved motif, and phylogenetic analyses revealed the conservation and divergence of
these MaTCPs, thus providing insights into their functions. A promoter analysis uncovered distinct
numbers and compositions of cis-elements in MaTCP gene promoter regions that may be connected
to reproductive growth and phytohormone and stress responses. An expression pattern analysis of
the 15 MaTCP genes in mulberry roots indicated that transcriptional levels of MaTCP2, MaTCP4-1,
MaTCP8, MaTCP9-1, and MaTCP20-2 are correlated with root development. As revealed by changes
in their expressions after drought treatment, these five MaTCP genes are involved in root growth and
may increase mulberry tolerance to drought. Our findings lay the foundation for future functional
studies of these genes.

Keywords: mulberry; MaTCP transcription factor; drought tolerance; root development

1. Introduction

Given their sessile nature, plants are constantly subjected to a range of adverse envi-
ronmental conditions, including drought, heat, cold, and light. Future climate change will
most likely intensify these environmental pressures. For example, many climate models
anticipate that drought will increasingly threaten crop growth and productivity [1], and a
deeper comprehension of the factors influencing drought tolerance is thus required. Plants
have evolved a series of complex mechanisms to perceive and respond to environmental
stimuli and can withstand drought using a variety of physiological, morphological, and
biochemical processes [2,3]. Reduced transpiration, the development of a deep and robust
root system, increased water intake, and maintenance of tissue water potential are the key
methods used by plants to resist drought [4]. Nevertheless, the underlying physiological
and molecular mechanisms are not fully understood.

Recent studies in diverse plant species have shown that teosinte branched1/cycloidea/
proliferating cell factor (TCP) transcription factors are crucial for the development of plant
roots [5–7]. Investigation into TCP in plant stress resistance has gained a lot of attention
since it links together plant development, stress response, and hormone signaling [8–10].
TCP transcription factors constitute a plant-specific protein family with a conserved TCP
domain containing a 59-amino-acid non-canonical basic helix–loop–helix (bHLH) structure
that enables DNA binding and protein–protein interactions [11–14]. TCP proteins are
categorized into two classes according to the characteristics of their TCP domains: class I
(PCF or TCP-P class) and class II (TCP-C class) [12]. Class II TCP members are subdivided in
turn into CIN and CYC/TB1 subclasses [15]. Genes encoding TCPs have been identified and
analyzed in many plant species, and accumulating evidence indicates that the TCP family
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plays important regulatory roles in plant growth and development, hormone signaling,
and stress response [8,9,13,16]. AtTCP14 and AtTCP15 have been proposed to regulate
cell proliferation and organ growth and promote gibberellin-induced seed germination
in Arabidopsis [17,18]. In Arabidopsis embryonic root apical meristem, growth-repressor
DELLA proteins bind and inhibit AtTCP14 and AtTCP15 activities during cell proliferation
in the presence of low levels of gibberellic acid [7]. Moreover, GbTCP, the cotton homolog of
AtTCP15, positively regulates jasmonic acid (JA) biosynthesis and response as well as other
pathways. Silencing of GbTCP results in plants with lower JA levels and reduced cotton
fiber elongation. When overexpressed in Arabidopsis, GbTCP also promotes the initiation
and extension of root hair development [19]. In rice, OsTCP19 synthesis is triggered by
exposure to water deficit and salt stress conditions. OsTCP19 induces the expression
of ABI4, which encodes a transcription factor involved in ABA signal transduction, and
directly interacts with the ABI4 protein to positively regulate its activity. Increased stress
resistance in OsTCP19-overexpressing Arabidopsis is accompanied by decreased water loss,
decreased production of reactive oxygen species, and lipid droplet hyperaccumulation [20].
In addition, TCP genes in Arabidopsis and tomato have been revealed to be targets of
the microRNA319 (miR319) family [21,22], which is involved in plant stress response.
Transgenic creeping bentgrass (Agrostis stolonifera) overexpressing Osa-miR319a exhibits
improved drought and salt tolerance along with higher leaf wax content and increased
water retention [23]. Taken together, these results demonstrate that the TCP family is
essential for plant development and stress response.

Mulberry (Morus L.), an ecologically and economically important deciduous tree [24,25],
has been used for thousands of years, both as a food source for domesticated silkworms and
as a raw material for the production of juice, jam, wine, and traditional Chinese medicines.
Because of its widespread distribution, rapid maturation cycle, well-developed root system,
and capacity to resist a variety of environmental stresses, mulberry can be grown under
many conditions that are unsuitable for other cash crops [26]. Mulberry is even a prospective
species for the ecological rehabilitation of the drawdown zone of the Three Gorges Reservoir
in China [27]. An understanding of the ability of mulberry to tolerate harsh settings is thus
crucial for the selective breeding and cultivation of this species. Such knowledge would
benefit the advancement of sericulture and the pharmaceutical industry and help preserve the
ecological environment.

In the present study, we systematically identified and analyzed mulberry TCP tran-
scription factors. We performed analyses of gene structures, expression patterns, subcellular
localizations, and responses to drought stress, thereby generating new data for elucidating
the roles of mulberry TCP transcription factors in future functional studies. This would aid
in the selection and breeding of mulberry cultivars that are drought-tolerance.

2. Materials and Methods
2.1. Plant Materials and Culture Conditions

Seeds of mulberry (Morus atropurpurea ‘Guisangyou12’, abbreviated as GY12) were
soaked in aseptic water for 48 h at 4 ◦C and then transferred to a 25 ◦C climate cham-
ber under a 16-h light/8-h dark cycle. After germination, the mulberry seedlings were
transplanted and raised on sterile soil under well-watered conditions. In subsequent ex-
periments, 21- to 49-day-old mulberry seedlings were used to study root growth; the root
lengths of 10 seedlings at each development stage were measured with a ruler with stamped
millimeter graduation, while 1-month-old seedlings were used for drought treatment.

2.2. Phylogenetic and Comparative Sequence Analyses of the TCP Family

Annotated sequences of Arabidopsis thaliana and Populus euphratica [28] TCP transcrip-
tion factors and CDS regions were downloaded from the PlantTFDB (http://planttfdb.gao-
lab.org/, accessed on 12 July 2022) and NCBI (https://www.ncbi.nlm.nih.gov/, accessed
on 12 July 2022) databases (Table S1). After performing tblastn searches (E-value < 10−10)
to identify candidate TCP members in the M. alba genome [29], we applied Interpro
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(https://www.ebi.ac.uk/interpro/, accessed on 25 July 2022) to confirm the presence of
the conserved TCP domain in each candidate [30]. A phylogenetic tree based on full-length
amino acid sequences from A. thaliana, P. euphratica, and M. alba was then constructed in
MEGA11 by the neighbor-joining method with 1000 bootstrap repetitions, with all other
parameters kept at default settings [31]. Multiple alignments of the MaTCP proteins were
performed by using CLUSTALW (https://www.genome.jp/tools-bin/clustalw, accessed
on 6 August 2022). Conserved motifs of MaTCP proteins were determined using MEME
(https://meme-suite.org/meme/, accessed on 5 August 2022).

2.3. Promoter Element Analyses

The PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/
html/, accessed on 10 November 2022) was used to determine the number and composition
of stress- and development-related elements in the 2-kb promoter of MaTCP genes. The
data analysis and mapping were carried out with TBtools [32].

2.4. RNA Extraction, Gene Cloning, and Quantitative Real-Time PCR (RT-qPCR) Analysis

RNA was extracted from GY12 roots using an RNAprep Pure Plant Plus kit (Tiangen,
Beijing, China). Next, 1 µg of RNA extracted from GY12 was synthesized into cDNA by
using a PrimeScript RT Reagent kit with gDNA Eraser (Takara, Beijing, China). We used
the NCBI Primer-BLAST online tool to design RT-qPCR primer pairs specific to the MaTCP
genes shown in Table S2. RPL15 was used as an internal reference gene [33]. RT-qPCR
amplifications were conducted using SuperReal PreMix Plus (Tiangen, Beijing, China) on
Applied Biosystems StepOne and StepOnePlus Real-Time PCR systems (Thermo Fisher
Scientific, Waltham, MA, USA). Each experiment was performed with three technical
replicates.

2.5. Subcellular Localization

The subcellular location of each MaTCP protein was predicted using Cell-PLoc 2.0
(http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/, accessed on 14 August 2022). For the
subcellular localization experiment, the ORFs of MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1,
and MaTCP20-2 were inserted into a pZYGC plant expression vector containing a GFP
reporter gene to generate 35S:MaTCP:GFP fusion expression vectors. Transient transforma-
tion of onion epidermal cells was performed by the Agrobacterium-mediated method. Firstly,
1 cm2 of the onions’ inner epidermis was soaked in Agrobacterium solution for 20 min,
then transferred to MS solid medium and incubated at 25 ◦C in dark for 8 h, followed
by another 24 h under a photoperiod of 16 h light/8 h dark. The transformed cells were
placed on a glass slide, stained with DAPI, and observed under an Olympus IX73 inverted
fluorescent microscope (Olympus, Tokyo, Japan).

2.6. Stress Treatment

For the stress treatment, 1-month-old GY12 seedlings were treated with 10% PEG6000
solution for 0, 1, 3, 5, and 7 days. The initial day was determined to be day 0 of treatment.
The 0-day plants were the control. The roots of the control and the treated plants were then
sampled, frozen in liquid nitrogen, and stored at −80 ◦C for RNA extraction.

2.7. Data Processing and Statistical Analysis

Relative levels of MaTCP transcripts were determined by the 2−∆∆CT method [34]. A
time series analysis was performed online using BioLadder (https://www.bioladder.cn/
web/, accessed on 8 October 2022). Correlation coefficients between GY12 root lengths
and MaTCP gene expressions were calculated using Office 2010. Statistical comparisons
of samples were performed by Student’s t test for one-way ANOVA followed by the
Student–Newman–Keuls (SNK) post-hoc test for multiple comparisons (p-values < 0.05).
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3. Results
3.1. Characteristics of MaTCP Transcription Factors in Mulberry

A total of 15 MaTCPs were identified in the mulberry genome. As shown in Dataset S1
and Table 1, the highly conserved TCP domain (Interpro accession number PF03634) was
present in each MaTCP protein. Eight and seven of the identified mulberry TCPs belonged
to classes I and II, respectively. Seven class II MaTCPs were further subdivided into one
CYC/TB1 MaTCP12 and six CIN-type MaTCPs.

Table 1. Information on MaTCP proteins identified in this study.

TFID Common
Name Type Conserved

Domain (aa) Chromosome Location
CDS

Length
(bp)

Protein
Length

(aa)

Predicted
Protein

Localization

M.alba_G0010963 MaTCP2 CIN 78–236 Chr04: 10504440..10506373 1491 496 Nucleus
M.alba_G0019145 MaTCP4-1 CIN 55–170 Chr09: 2738157..2740500 1332 443 Nucleus
M.alba_G0002273 MaTCP4-2 CIN 24–117 Chr10: 10539871..10541516 1077 358 Nucleus
M.alba_G0018610 MaTCP5 CIN 54–147 Chr08: 11690488..11691912 1083 360 Nucleus
M.alba_G0008688 MaTCP7 PCF 51–128 Chr02: 11919887..11922133 831 276 Nucleus
M.alba_G0015857 MaTCP8 PCF 172–336 Chr06: 21186236..21188526 1665 554 Nucleus
M.alba_G0005407 MaTCP9-1 PCF 113–190 Chr12: 15460670..15462253 1215 404 Nucleus
M.alba_G0015368 MaTCP9-2 PCF 17–144 Chr06: 17004501..17004995 495 164 Nucleus
M.alba_G0010736 MaTCP10 CIN 135–219 Chr04: 6280140..6281898 1083 360 Nucleus
M.alba_G0007510 MaTCP12 CYC/TB1 126–257 Chr14: 7692279..7693628 1350 449 Nucleus
M.alba_G0001832 MaTCP13 CIN 61–207 Chr10: 4961787..4963406 1125 374 Nucleus
M.alba_G0018434 MaTCP14 PCF 107–282 Chr08: 7338007..7339840 1308 435 Nucleus
M.alba_G0003268 MaTCP19 PCF 91–157 Chr11: 3914056..3915332 1102 366 Nucleus
M.alba_G0006782 MaTCP20-1 PCF 37–125 Chr14: 728387..729849 810 269 Nucleus
M.alba_G0001316 MaTCP20-2 PCF 69–156 Chr10: 593920..595287 1005 334 Nucleus

To investigate the relationships of MaTCPs to other TCPs and to obtain insights into
their potential functions, we constructed a phylogenetic tree based on full-length amino
acid sequences of TCPs from M. alba, A. thaliana, and P. euphratica. As shown in Figure 1A,
all of the sequences were classified into two clades. Clade I was named the PCF clade and
contained 39 TCP proteins. Clade II was subdivided into 10 TCPs with CYC/TB1 and
23 TCPs with CIN. MaTCPs were more closely related to the TCPs in Populus than to those
in Arabidopsis.
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To further examine the sequence features of MaTCP proteins, we looked for conserved
motifs in the aligned set of TCP amino acid sequences (Figure S1). Seven conserved motifs
were identified among MaTCP proteins. The N-terminal conserved core region (marked
as motif 1) was present in all 15 MaTCP proteins. Within a given MaTCP subclass, the
composition of motifs was similar, whereas compositions differed greatly between the
groups. For instance, the majority of MaTCP proteins in the TCP-P class contained motif 2,
whereas most TCP-C class MaTCP proteins possessed motifs 3 and 6 (Figure 1B).

3.2. The Promoter Analyses of MaTCP Genes

Cis-acting elements in the 2-kb upstream region of the MaTCP gene translational
start site were also analyzed and classified into three functional categories: hormone
responsiveness, abiotic stress responsiveness, and tissue-specific expression (Figure 2).
Moreover, the MaTCP2 gene promoter region contained three abiotic stress elements related
to low-temperature responsiveness and drought inducibility and seven hormone elements
involved in GA, MeJA, and SA responsiveness. MaTCP4-1 possessed an abiotic stress
element associated with defense and stress responsiveness and nine hormone elements
related to ABA, GA, MeJA, and SA responsiveness. MaTCP8 included two abiotic stress
elements concerned with drought inducibility and defense and stress responsiveness and
six hormone elements involved in ABA and MeJA responsiveness. MaTCP9-1 harbored two
abiotic stress elements associated with drought inducibility and 15 hormone elements with
a function in ABA, GA, and MeJA responsiveness. MaTCP20-2 contained a tissue-specific
expression element related to meristem expression and six hormone elements involved in
ABA, GA, SA, and MeJA responsiveness.
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MaTCP20-

1 
0.7055 0.5086 0.4407 0.8764 −0.5261 0.3010 0.5691 0.5223 −0.2542 0.8447 −0.7812 0.0261 0.8811 0.7290 1.0000  

Figure 2. The promoter analyses of MaTCP genes. The number in parentheses indicated the number
of cis-acting elements.

3.3. Expression Patterns of MaTCP Genes during Mulberry Seedling Growth

To analyze MaTCP expression patterns during mulberry seedling growth, transcript
levels of 15 MaTCP genes were measured in GY12 seedlings at five developmental stages.
Meanwhile, the roots of ten individuals for each stage were collected and their lengths
were measured (Figure 3A,B). As shown in Figure 3C,D, the 15 MaTCP genes were grouped
according to their expression profiles into three clusters. Clusters 1 and 2 contained four
and five MaTCP genes, respectively, whereas six MaTCP genes were grouped into cluster 3.
The expressions of MaTCP genes in cluster 3 gradually increased over time, with the highest
transcript levels observed in 49-day-old GY seedlings (Figure 3C); this trend was the same as
the increases in root length detailed in Table S3. A correlation analysis was also performed
between the expressions of the 15 MaTCP genes and root lengths at five developmental
stages. As shown in Table 2, the expressions of MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1,
MaTCP14, MaTCP19, and MaTCP20-2 were significantly correlated with root length, with
all of them having correlation coefficients higher than 0.8.

3.4. Association of Five MaTCP Genes with Root Development

The expression trend of genes in cluster 3 was similar to that of root growth (Figure 3),
and the relative expressions of MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1, and MaTCP20-2
genes in cluster 3 were significantly correlated with root length (Table 2). These five genes
were considered to be highly associated with root development and were thus subjected to
further analysis (Figure 4).

3.5. Subcellular Localization Analyses of Five MaTCP Proteins

To confirm the predicted nuclear locations of the five abovementioned MaTCP pro-
teins, we carried out a subcellular localization analysis. As shown in Figure 5, green
fluorescence was only detected in the nuclei of the onion epidermal cells transformed with
35S:MaTCP:GFP, compared with those transformed with 35S:GFP. MaTCP2, MaTCP4-1,
MaTCP8, MaTCP9-1, and MaTCP20-2 proteins were thus localized to the nucleus.
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black triangle represents a GY12 seedling. (C) RT-qPCR-based time series analysis of the expressions 
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were measured. (D) Clustering of MaTCP genes based on the results of the time series analysis. 
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These five genes were considered to be highly associated with root development and were 
thus subjected to further analysis (Figure 4). 
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were measured. (D) Clustering of MaTCP genes based on the results of the time series analysis.
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Figure 5. Subcellular localization of MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1, and MaTCP20-2
transcription factors. 35S:GFP is an empty vector control, and DAPI was used for nucleic acid staining.
Scale bars, 50 µm.

3.6. Expression of Five MaTCP Genes under Drought Treatment

To investigate whether the five MaTCP genes are involved in plant responses to
drought stress, we examined the expression levels of these genes in GY12 seedlings treated
with a 10% PEG6000 solution. RT-qPCR analysis revealed a rapid decrease in MaTCP2,
MaTCP4-1, MaTCP8, and MaTCP9-1 transcripts following 1 day of drought stress. Tran-
script levels of MaTCP2, MaTCP8, and MaTCP9-1 gradually recovered as the treatment time
was extended, and MaTCP20-2 expression significantly increased after 7 days of treatment
(Figure 6).
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4. Discussion

As the only food source for cultivated silkworms, mulberry trees are a crucial compo-
nent of sericulture. In light of global warming and increasing water scarcity, the cultivation
of mulberry species adapted to various agroclimatic conditions is vital for sustainable
sericulture. Consequently, a top research objective for sericulture is the expansion and
exploitation of the natural capacity of mulberry to withstand stress and adversity. Mulberry
trees are characterized by their extensive root systems, fast growth, and high biomass,
and are quite tolerant to their surroundings [35]. According to a previous study, mulberry
seedlings can retain high root activities under long-term drought stress by increasing their
root absorptive area and improving their capacity for water retention [36]. Moreover,
drought tolerance can be improved by drought hardening during the seedling stage [37].

Although attention has focused on mulberry as a plant suitable for ecological restora-
tion, little is known about the molecular mechanisms underlying its tolerance to drought.
In particular, studies on the root system and drought tolerance of mulberry seedlings are
lacking. Sequencing of the mulberry genome has recently been completed [24,29], and
transcriptional data have been obtained from the roots of several mulberry species [38]. A
foundation has thus been laid for the investigation of the mulberry root system.

In the present study, we identified 15 MaTCP transcription factors. A protein multiple
sequence analysis revealed that MaTCP proteins of the same subclass share a similar
motif makeup, but considerable differences exist between subclasses. For instance, the
majority of TCP-P MaTCP-class proteins contain motif 2, whereas most TCP-C MaTCP-
class proteins possess motifs 3 and 6 (Figure 1B). The TCP family is important for plant
growth and development, hormone signaling, and stress response. Prolonged moderate
drought also promotes root growth, which boosts a plant’s drought resilience. We therefore
hypothesized that increased expression of a previously undiscovered MaTCP gene cluster
enhances root development in mulberry and thereby improves plant drought tolerance. In
a time series analysis, MaTCP2, MaTCP4-1, MaTCP7, MaTCP8, MaTCP9-1, and MaTCP20-2
gene expression patterns mirrored those of GY12 root development (Figure 3). In addition,
the correlation analysis indicated that MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1, MaTCP14,
MaTCP19, and MaTCP20-2 expressions were significantly correlated with root length
(Table 2). Taking into account the results of the two experiments, we thus identified
MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1, and MaTCP20-2 as the key candidate genes
involved in GY12 root development. A promoter analysis revealed that cis-acting elements
involved in MeJA, ABA, SA, GA, and abiotic stress responsiveness are abundant in the
promoter regions of the five MaTCP genes. Finally, a gene expression analysis indicated
that the five MaTCP genes are involved in the response of mulberry to drought stress.

All of these results suggest that MaTCPs play an essential role linking together mul-
berry growth, drought response, and phytohormone signaling. Further research on mul-
berry to elucidate the detailed functions and regulatory mechanisms of MaTCP genes
would thus be valuable. The resulting findings should contribute to the selection and
cultivation of mulberry varieties resistant to harsh settings, the advancement of sericulture,
and the preservation of the ecological environment.

5. Conclusions

In conclusion, MaTCP2, MaTCP4-1, MaTCP8, MaTCP9-1, and MaTCP20-2 act as
transcription factors and localize to the nucleus. The promoter regions of these five MaTCP
genes contain a large number of cis-acting elements involved in MeJA, ABA, SA, GA, and
abiotic stress responsiveness. Their transcriptional levels are highly correlated with root
development and may increase mulberry tolerance to drought. Our results have increased
the understanding of the function of the mulberry TCP protein and have provided candidate
genes for the selective breeding and cultivation of mulberry.
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Abstract: Rootstocks are well known to have important effects on scion growth performance. How-
ever, the involved mechanisms remain unclear. Recent studies provided some clues on the potential
involvement of DNA methylation in grafting, which open up new horizons for exploring how root-
stocks induce the growth changes. To better understand the involvement of DNA methylation in
rootstock-induced growth alterations, whole-genome bisulfite sequencing (WGBS) was used to evalu-
ate the methylation profiles of two sets of pecan grafts with different growth performances on different
sizes of rootstocks. The results showed that methylated cytosines accounted for 24.52%–25.60% of
all cytosines in pecan. Methylation levels in CG were the highest, with the lowest levels being in
CHH (C= cytosine; G= guanine; H = adenine, thymine, or cytosine). Rootstocks induced exten-
sive methylation alterations in scions with 934, 2864, and 15,789 differentially methylated regions
(DMRs) determined in CG, CHG, and CHH contexts, respectively. DMR-related genes (DMGs) were
found to participate in various processes associated with plant growth, among which 17 DMGs were
found, most likely related to hormone response, that may play particularly important roles in graft
growth regulation. This study revealed DNA methylomes throughout the pecan genome for the first
time, and obtained abundant genes with methylation alterations that were potentially involved in
rootstock-induced growth changes in pecan scions, which lays a good basis for further epigenetic
studies on pecan and deeper understanding of grafting mechanisms in pecan grafts.

Keywords: pecan; scion growth; regulation; epigenetics; whole-genome bisulfite sequencing (WGBS)

1. Introduction

Grafting is the process of connecting two plant parts with the root piece known as
“rootstock” and the shoot part called “scion” [1]. Plants with desirable characteristics can
be produced by combining the favorable traits of these two graft segments. As an ancient,
clonal propagation technique, grafting is widely used for reproducing horticultural crops,
such as fruit trees, vegetables, and flowers. For crops harvested from aboveground parts,
attention is usually paid to the effects of rootstocks on their scions. Various studies have
revealed that rootstocks can regulate scion growth vigor, tree architecture, mineral element
composition, fruit quality and yield, and stress tolerance [2–4].

Although grafting has been applied for a long time, the mechanisms on how rootstocks
influence the growth vigor of scions remain elusive. Previous studies on the effects of
dwarfing rootstocks have put forth various hypotheses from physiological aspects to ex-
plain rootstock-conferred differences in vigor. In summary, the rootstocks can regulate scion
growth, through their effects on anatomy of graft union, water and solutes supply to the
scion, and synthesis and transportation of hormones [5,6]. Compared with much attention
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on the physiological mechanisms involved in rootstocks-induced growth differences, there
are few studies to reveal the molecular mechanisms.

Previous studies have revealed the movement of mRNA, microRNA and siRNAs
(small interfering RNAs) in grafts [7]. As a type of non-coding RNAs, siRNAs are known to
direct transcriptional gene silencing (TGS) by RNA-directed DNA methylation (RdDM) [8].
Recent studies in A. thaliana and tobacco (Nicotiana tabacum L.) suggested the small inter-
fering RNAs (siRNAs), a type of non-coding RNAs, can move from across the graft union
and direct DNA methylation in the genome of scion recipient cells [9,10]. On the basis
that DNA methylation is an important epigenetic modification and plays critical roles in
regulation of plant development [11], it is possible that DNA methylation may be involved
in the regulatory roles of rootstocks in scions. Several studies using methylation-sensitive
amplified polymorphism (MSAP) technique suggested that rootstocks can induce different
extent of DNA methylation changes in amplified sites of scions [12–14], and the sites with
different methylation patterns were sequenced to analyze their potential functions [12,14].
By grafting eggplant (Solanum melongena L.) on Solanum torvum Swartz rootstock or tomato
F1 commercial hybrid Emperador RZ rootstock, Cerruti et al. investigated the epige-
netic bases of the grafting-induced vigor and found that CHH (C= cytosine; H = adenine,
thymine, or cytosine) methylation levels decreased significantly in eggplant scions on the
two rootstocks compared to that of self-grafted plants, which was associated with enhanced
vigor in hetero-grafted eggplant scions [15]. Although these studies provided some clues
on the involvement of DNA methylation in grafting process [12–15], the mechanisms on
mediation of DNA methylation in rootstock-induced vigor changes in scions remain largely
unknown, and systematic studies are urgently needed regarding this issue.

Pecan [Carya illinoinensis (Wangenh.) K. Koch] is an important nut tree native to North
America [16]. Besides delicious and nutritious nuts, it can also produce fine timber or can
be planted for afforestation. With significant economic, social, and ecological benefits, it
has been planted widely throughout the world. As the main clonal propagation method
of pecan, grafting plays important roles in the maintenance of excellent characteristics of
cultivars, early flowering and fruit-bearing, and improvement of stress resistance. With the
development of pecan industry, the directional cultivation of fine pecan grafts is required
to suit multiple purposes. For example, in addition to the requirement of dwarfing trees
for fruits in areas where land resources are scarce, there is also an increasing demand
for the timber forests with fast vegetative growth. As an important part of the graft,
rootstocks are known to have important effects on performance of scions. Thus, studies on
the cultivation of rootstock resources and rootstocks-conferred effects on scions are critical
to the directional cultivation of fine pecan grafts. In production, no clonal rootstock of
pecan is available, and the rootstocks for grafting are mainly originated from the open-
pollinated seeds of pecan trees. The limited breeding works on pecan rootstock mainly
focus on the selection of the seedling rootstocks of different pecan cultivars, and their
resistances to pests and diseases are regarded as important characteristics to test [17,18].
Currently, there is a still lack of rootstock resources to meet the requirements of pecan graft
production, and little is known on the effects of rootstocks on scion performance and the
involved mechanisms in pecan. In our previous study, we observed that rootstocks with
small height can significantly reduce growth vigor in pecan scions. Using deep sequencing
technology, we identified 24 significantly differentially expressed miRNAs between the
two groups of pecan grafts with different growth vigor and further revealed their potential
roles in growth regulation [19]. However, nothing is currently known regarding how DNA
methylation changes in response to grafting with different rootstocks in this fruit tree, nor
its involvement in regulation of pecan graft. Studies on the DNA methylation in grafts will
help us fully understand the roles of epigenetic factors in grafting process.

Different methods have been developed for detecting DNA methylation, such as
high-performance liquid chromatography (HPLC), MSAP method, immunoprecipitation
technology, and whole-genome bisulfite sequencing (WGBS). Among these, MSAP has
been more widely used because of its low cost and lack of need for genomic information.
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We previously used the MSAP method to successfully detect methylation in different pecan
cultivars and tissues at different stages [20,21]. However, unlike MSAP technology, which
covers preselected CCGG sites using a limited number of primer pairs (G= guanine), WGBS
allows DNA methylation to be detected on a genome-wide scale with single-base resolution
and is considered the “gold standard” [22]. Recently, the pecan genome was revealed [23],
and it is now feasible for the first time to reveal DNA methylomes throughout the pecan
genome using WGBS, which can provide comprehensive methylation information for
epigenetic studies in pecan. In the current study, WGBS was performed to detect the DNA
methylation profiles in pecan grafts with different growth vigor on tall and short rootstocks.
Differentially methylated regions (DMRs) and DMR-related genes (DMGs) in the two sets
of grafts were then identified. Finally, the DMGs were subjected to Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses to reveal gene functions.

2. Materials and Methods
2.1. Plant Materials

At the end of 2015, 180 tall and 180 short 1-year-old pecan seedlings were selected from
Nanjing Green Universe Pecan Science and Technology Co., Nanjing, China. In January of
2016, they were transferred and cultivated in the test site of Nanjing Forestry University,
Zhenjiang, Jiangsu Province (height data collected after seedling transplantation: mean
height of 68.3 cm for tall seedlings, 16.7 cm for short seedlings). In September of 2016,
the seedlings were reselected, and short seedlings of 30.0 cm height and tall seedlings of
94.6 cm height were obtained. Then, Pawnee and Shaoxing scions from the same trees of
respective cultivars were grafted on the two types of seedling rootstocks (tall rootstocks:
TR; short rootstocks: SR) using patch budding. After observation and selection of the
grafts in 2017 and 2018, three grafts with significantly strong growth vigor (SV) on TR
and three grafts with poor growth vigor (PV) on SR were obtained for each cultivar. The
graft height and stem diameter of SV grafts were significantly higher than those of PV
grafts, respectively (p < 0.05; the growth indexes of ‘Pawnee’ grafts are shown in Figure S1).
Phloem samples from selected ‘Pawnee’ grafts were subjected to WGBS. The experimental
plants were arranged in three blocks in a split-plot design with rootstock types set as main
plots and cultivars as secondary plots. The detailed experimental design and selection
method of the rootstocks and experimental grafts were previously described [19].

2.2. WGBS Library Construction and Sequencing

Genomic DNA was extracted from each pecan sample using the cetyltrimethylammo-
nium bromide (CTAB) method and the DNA quality was measured using 1% agarose gel
electrophoresis, a K5500 micro-spectrophotometer (Beijing Kaiao Technology Development
Co., Ltd., Beijing, China), and a Qubit fluorometer 2.0 (Invitrogen, Carlsbad, CA, USA). The
qualified DNA was segmented firstly by ultrasound, and the DNA fragments were purified,
end-repaired, adenylated at the 3′ end, and ligated with methylated adapters. The targeted
fragments were obtained from 2% agarose gel electrophoresis, treated with bisulfite, and
amplified by PCR to generate the WGBS library. The prepared library was sequenced on an
Illumina HiSeq PE125/PE150 platform (Biomarker Technologies, Beijing, China).

2.3. Sequence Data Processing and Analysis

Raw image files were produced by high-throughput sequencing and converted into
sequenced reads, known as raw reads. Clean reads were obtained from the raw reads for
subsequent analysis by removing the reads with adapters and excluding reads with more
than 10% N content or more than 50% low quality bases (quality value < 10). Clean reads
need to be aligned with a reference genome to conduct the analysis of DNA methylation. We
used Bismark software to blast align the clean reads with the pecan genome to determine the
uniquely mapped reads and calculate mapping efficiency (the number of uniquely mapped
reads per number of total clean reads). Under bisulfite treatment and PCR amplification
of the treated fragments, unmethylated cytosines were converted into thymine (T), while
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methylated cytosines (mC) remained unchanged. Therefore, the blast information on cyto-
sine throughout the genome was extracted according to the alignment of clean reads with
the pecan genome, and the reads supporting methylated and unmethylated cytosines were
counted. Detailed steps of alignment analysis using Bismark are shown on the following
website: https://github.com/FelixKrueger/Bismark/blob/master/Docs/README.md
(accessed on 15 December 2022). To determine if each individual cytosine site (C site) was
methylated, a binomial distribution test was conducted. With a coverage depth ≥ 4× and
false discovery rate (FDR) < 0.05, methylation status of the C sites was confirmed.

In the current study, methylation level of a single C site was calculated using the
following formula:

Methylation level of C site = Ci/(Ci + Ti) (1)

The methylation level in regions was counted as follows:

Weighted methylation level = ∑ n
i=1 Ci/ ∑ n

i=1(Ci + Ti) (2)

where C represented the number of reads supporting methylated cytosine, T represented
the number of reads supporting unmethylated cytosine, i was the position of cytosine, and
n was the summation of cytosine positions [24].

Model-based analysis of bisulfite sequencing data (MOABS) [25] was used to deter-
mine DMRs in SV and PV grafts in which the coverage depth was no less than 10×. There
were at least three different methylation sites, the minimum difference in methylation levels
was 0.2 (0.3 for CG type), and p-value from Fisher’s exact test was less than 0.05. Annotation
of the DMGs was obtained through the comparison of DMGs with functional databases of
GO and KEGG using BLAST to analyze gene functions. Fisher’s exact test with p < 0.05
was used to determine the significantly enriched GO annotations and KEGG pathways.

3. Results
3.1. Pecan DNA Methylomes

Using WGBS, a total of 66,502,614 to 84,008,102 clean reads and 19,950,784,200 to
25,202,430,600 clean bases were generated from the pecan grafts, including the grafts with
strong growth vigor on TR (SV1, SV2, and SV3) and grafts with poor growth vigor on SR
(PV1, PV2, and PV3). Guanine and cytosine accounted for 21.53%–22.42% of all the bases.
Through mapping analysis, 75.50%–77.95% of the clean reads could be uniquely mapped
to the pecan genome for subsequent analysis, and all of the bisulfite conversion rates for
the six samples were over 99% (Table 1).

Table 1. Whole-genome bisulfite sequencing data in two sets of pecan grafts with different growth
performances. SV: grafts with strong growth vigor on tall rootstocks; PV: grafts with poor growth
vigor on short rootstocks.

Sample Clean Bases GC (%) Clean Reads Unique Reads Mapped (%) Conversion Rate (%)

SV1 25,202,430,600 22.42 84,008,102 65,482,398 77.95 99.32
SV2 19,950,784,200 21.94 66,502,614 51,044,261 76.76 99.27
SV3 22,336,860,600 21.57 74,456,202 56,215,238 75.50 99.21
PV1 22,141,198,200 21.53 73,803,994 56,631,166 76.73 99.29
PV2 21,764,759,400 21.79 72,549,198 55,861,160 77.00 99.18
PV3 21,762,984,300 21.78 72,543,281 54,898,021 75.68 99.24

Note: GC (%): The number of guanines (G) and cytosines (C)/the number of all bases. Mapped (%): The number
of unique reads/number of total clean reads. Conversion rate (%): Bisulfite conversion rate, the number of clean
reads mapped to lambda DNA that support methylated cytosines/the number of total clean reads mapped to
lambda DNA.

Methylation in pecan was shown to occur in all cytosine sequence contexts, CG, CHG,
and CHH. Based on the methylation status of each individual C site and statistics of mC,
total methylated cytosines (mCG + mCHG + mCHH) accounted for 24.52%–25.60% of all
cytosines (total methylation levels) in the six pecan samples (Table S1). The methylation
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levels were highest in CG (66.77%–67.85%), with methylation levels of 54.16%–55.31% in
CHG and 14.21%–15.37% in CHH (Methylation level in C context was determined based the
number of mC of each context/the number of all C sites of the same C context) (Figure 1a).
Among the methylated cytosine sites, mCHH contexts accounted for 44.85%–46.41% (rela-
tive methylation levels), which was the highest percentages, followed by 27.98%–28.70%
mCHG contexts and 25.61%–26.45% mCG context (Figure 1b). Through student’s t-tests,
there were no significant differences in the methylation levels (including total methylation
levels, methylation levels in different C contexts, and relative methylation levels) between
VG and PG grafts (p > 0.05).
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Figure 1. The methylation levels in pecan grafts. SV1, SV2, SV3: grafts with strong growth vigor;
PV1, PV2, PV3: grafts with poor growth vigor. (a) Methylation level was determined based the
number of methylated cytosines (mC) of each context/the number of all C sites of the same C context;
(b) Relative methylation level represented the percentage of methylated CG, CHG or CHH among all
methylated cytosines (H = A, T, or C).

Violin graphs demonstrate the distribution of methylation levels at single C sites
(Figure 2). Overall, mCG and mCHG, with methylation levels more than 75%, had higher
density in pecan, while mCHH with levels lower than 25% possessed higher density.
Analysis was then conducted on the characteristics of 9-base pair (bp) sequences in which
mC was in the fifth position. Based on the results of all pecan samples, the frequencies of
adenine (A) and T were higher than those of C in the sixth position of the CHG sequences.
In addition, A and T were also found to occur at higher frequencies than C in the sixth and
seventh positions of the CHH sequences (Figures 3 and S2).

Chromosome methylation maps were plotted to visually demonstrate the distribu-
tion of mC throughout pecan chromosomes (Figures 4a and S3). The maps showed that
methylation levels were highest in CG in the whole, with the lowest methylation levels
detected in the CHH context. We also analyzed methylation in different gene regions of
pecan genome, including the upstream regions [2 kilobase (kb)], first intron, inner intron,
first exon, inner exon, last exon, and downstream regions (2 kb). Methylation levels in
the three contexts, especially CG, exhibited an obvious drop between the gene bodies
and flanking regions near the transcription start site (TSS) and transcription termination
site (TTS). In the CG context, highest methylation levels were found in the inner introns
compared to those in other regions, while methylation levels were highest in the upstream
and downstream regions for the CHG and CHH contexts (Figures 4b and S4). In the gene
bodies, methylation levels in the introns appeared higher than those in the exons. We also
investigated methylation levels in different regions of repeats and found that methylation
levels in repeats were higher than those in gene regions, and repeat bodies had higher
methylation levels than those in the upstream (1.5 kb) and downstream (1.5 kb) regions of
repeats (Figures 4c and S5).
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Figure 2. Distribution of methylation levels at single cytosine (C) sites of CG (a), CHG (b) and CHH
(c) contexts in pecan grafts (H = A, T, or C). SV1, SV2, SV3: grafts with strong growth vigor; PV1, PV2,
PV3: grafts with poor growth vigor. The ordinate represents the methylation level of C sites, and the
width of each violin graph represents the density of C sites at that methylation level.
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Figure 3. Characteristics of 9-base pair sequences with methylated CG, CHG and CHH (H = A, T,
or C) in pecan. (a–c) represent the sequence characteristics in the Watson strand, and (d–f) represent
that in Crick strand. The abscissa refers to the position of bases at the methylation sites and the height
of base signal at each position refers to the relative frequency of the bases at that position. The graphs
were obtained based on the methylation data of SV1 pecan graft (One of the three pecan grafts with
strong growth vigor).
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Figure 4. DNA methylation distribution in pecan genome. (a) Circle plot of methylation distribution
in pecan chromosomes. The outermost circle refers to the chromosomes of the pecan. Light blue, blue
and green bars represent the methylation levels in CG, CHG, and CHH contexts, respectively (H = A,
T, or C). The innermost circle with color of gray represent the number of genes, and the darker the
color is, the more genes there are. (b) Methylation levels in different gene regions (d: upstream; e:
first exon; f: first intron; g: inner exon, h: inner intron; i: last exon; j: downstream). (c) Methylation
levels in different repeat regions (k: upstream; l: repeat body; m: downstream). TSS: Transcription
start site; TTS: Transcription termination site. The graphs were plotted based on the methylation data
of SV1 pecan graft (one of the three pecan grafts with strong growth vigor).

Hypermethylation CG island (CGI) regions were defined as CGI regions with methy-
lation levels greater than 70%. We also excluded those in which the rates of C sites with
coverage depth > 5× were less than 0.1, and annotated the remaining hypermethylation
CGI regions. The results showed that distal intergenic regions had the highest proportions
of hypermethylation CGI regions, ranging from 81.35% to 84.26% in the six pecan samples.
Hypermethylation CGI regions in ≤ 1 kb promoter, 1–2 kb promoter and 2–3 kb promoter
accounted for 3.03%–4.52%, 5.74%–6.61% and 3.65%–4.45%, respectively. The lowest per-
centages of hypermethylation CGI were found in untranslated regions (UTRs) and exons
(≤ 0.3%; Figure 5).

3.2. Analysis of DMRs in Pecan Grafts with Different Growth Performances

DMRs were detected in the SV and PV grafts and the results showed that a total of 934
DMRs were identified in CG contexts (CG-DMRs), 2864 in CHG contexts (CHG-DMRs),
and 15,789 in CHH contexts (CHH-DMRs) in the two types of grafts. Compared with the
methylation status in SV grafts, 452 CG-DMRs, 1303 CHG-DMRs, and 7758 CHH-DMRs
were hypermethylated in PV grafts, with 482 CG-DMRs, 1561 CHG-DMRs, and 8031 CHH-
DMRs showing hypomethylation. The identified DMRs were annotated according to their
position in the genome and the annotation information of the genome. Most DMRs were
located in the distal intergenic regions with fewer DMRs in promoters, introns, and exons
and very few DMRs in the 3′UTR and 5′UTR. In the distal intergenic regions and promoters,
the number of hypomethylated DMRs for each C context was uniformly found to be more
than that of hypermethylated DMRs. In addition, the number of hypermethylated or
hypomethylated DMRs in the CHH context was the highest, followed by those of CHG-
DMRs and CG-DMRs in the distal intergenic regions, promoters, and introns (Figure 6;
Table S2).
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Figure 6. Statistics of differentially methylated regions (DMRs) in SV and PV grafts (SV: grafts with
strong growth vigor; PV: grafts with poor growth vigor). (a) The number of DMRs in CG, CHG and
CHH contexts. The number of DMRs in different gene regions in the CG (b), CHG (c) and CHH
(d) contexts (H = A, T, or C). Hypermethylation and hypomethylation in DMRs represent the methy-
lation changes in PV grafts relative to the methylation status in SV grafts. UTR: untranslated region.
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3.3. GO and KEGG Analysis of DMGs

In the pecan grafts, a total of 849, 2114, and 6333 DMGs were detected for the CG,
CHG, and CHH contexts, respectively (Table S2). GO and KEGG analyses were performed
to analyze the gene functions of these DMGs. The GO annotation results were consis-
tently found based on the analysis of CG-DMGs, CHG-DMGs, and CHH-DMGs contexts
(Figures 7 and S6). In terms of biological processes, the largest number of DMGs were
annotated with terms of metabolic process, cellular process, and single-organism process.
In addition, the DMGs were involved in regulation activities with most genes enriched at
three cellular components, cell, cell part, and membrane. In terms of molecular function,
catalytic activity and binding enriched the most DMGs. Based on enrichment analysis
using Fisher’s exact test, DMRs were significantly enriched in the biological processes
that potentially affect graft growth (p < 0.05; Table S3). For example, the CG-DMGs were
enriched in regulation of the ethylene-activated signaling pathway (GO:0010104) and
jasmonic acid biosynthetic process (GO:0009695), the CHG-DMGs were enriched in de-
fense response to virus (GO:0051607), and the CHH-DMGs were enriched in response to
auxin (GO:0009733), abscisic acid (GO:0009737), cell wall macromolecule catabolic process
(GO:0016998), cell differentiation (GO:0030154), asymmetric cell division (GO:0008356),
and defense response (GO:0006952).
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Figure 7. Gene Ontology (GO) annotation of differentially methylated region (DMR)-related genes
(DMGs) in CHH type (H =A, T, or C) in SV and PV grafts (SV: grafts with strong growth vigor; PV:
grafts with poor growth vigor).

According to enrichment analysis of KEGG pathways, the CG-DMGs were significantly
involved in phenylpropanoid biosynthesis, steroid biosynthesis, arginine biosynthesis, and
alanine, aspartate and glutamate metabolism (p < 0.05). The CHG-DMGs were found to
significantly correlate with the regulation of valine, leucine, and isoleucine biosynthesis,
other glycan degradation, and glycosaminoglycan degradation (p < 0.05). For the CHH-
DMGs, most (91 genes) were significantly assigned to plant hormone signal transduction
(p < 0.05; Figures 8 and Figure S7).
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Figure 8. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially methylated
region (DMR)-related genes (DMGs) in CHH type (H = A, T, or C) in SV and PV grafts (SV: grafts
with strong growth vigor; PV: grafts with poor growth vigor). The circle size represents the gene
number. The coloring of circles represents p-value, indicating the enrichment significance of DMGs in
KEGG pathways.

Based on analysis of GO and KEGG, a total of 17 genes were identified that were signif-
icantly enriched in the GO terms of response to hormones (15 for GO terms of response to
auxin and 2 for the terms of response to abscisic acid) and the KEGG pathway of plant hor-
mone signal transduction. The DMGs contained 31 DMRs, including 14 hypermethylated
DMRs and 17 hypomethylated DMRs, all of which were located in the promoter and distal
intergenic regions. Additional information regarding the selected genes is provided in
Table S4.

4. Discussion

As an important research topic in horticultural crops, the mechanisms driving rootstock-
induced changes in scion vigor remains poorly understood. DNA methylation is an im-
portant regulator of gene expression and plant developmental processes. Recent studies
suggested that DNA methylation may be involved in the grafting process, but little is known
about the involved mechanisms. As a reliable technology to detect DNA methylation on
a genome-wide scale at single-base resolution, WGBS has been applied to some plants,
such as A. thaliana, rice (Oryza sativa L.), soybean (Glycine max L. Merrill Cv. Jack), poplar
(Populus trichocarpa Torr. and Gray), and white birch (Betula platyphylla Suk.) [26–30]. To
date, there have been no reports on methylation sequencing in pecan. In this study, WGBS
was conducted to detect DNA methylation in two sets of pecan grafts with different growth
vigor (SV and PV) on tall and short rootstocks, revealing the DNA methylomes in pecan
for the first time. Based on analysis of the methylation profiles, DMRs and DMGs were
identified between SV and PV grafts. Furthermore, the DMGs were subjected to functional
analysis to explore the potential involvement of DNA methylation in rootstock-induced
growth alterations.

4.1. Pecan Methylation Patterns

Currently, we have obtained more knowledge on the genetic characteristics of pecan
based on previous studies, such as the application of molecular markers [31,32] and recent
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revelation of pecan genome [23]. However, little is known on pecan epigenome. In present
study, WGBS was applied for the first time to reveal methylome of pecan on a genome-wide
scale, which is of great significant to full understanding of pecan epigenome and further
epigenetic research on pecan.

According to detection of methylation status in the cytosines, methylated cytosines
accounted for 24.52%–25.60% of all cytosines in the six pecan samples, which were similar
to the cytosine percentage in rice (24.3%) [28], but were about four times higher than that in
wild-type A. thaliana [26]. It was found that the methylation levels were highest in the CG
context (66.77%–67.85%), followed by those in the CHG (54.16%–55.31%) and CHH (14.21%–
15.37%) contexts, which was a common trend consistent with other plants [27,29]. However,
obvious differences in methylation levels can be observed. For instance, methylation
levels in poplar were reported to be 41.9%, 20.9%, and 3.25% in CG, CHG, and CHH,
respectively [27], which were lower than those we observed in pecan. In all methylated
cytosines in pecan, the percentages of mCG were found to be the lowest, while the largest
percentages were found to be of mCHH. The opposite results were reported for rice and
wild-type A. thaliana with the highest ratios being for mCG and the lowest ratios for
mCHH [26,28]. In addition, a methylation study on soybean seed development suggested
that methylation distribution levels can also change in the same species during different
developmental stages, with the largest percentages being observed for mCHH during the
middle and late seed maturation stages, but with the largest percentages for mCG being
during early seed maturation stages [30]. It is known that the establishment, maintenance,
and removal of methylation in CG, CHG, and CHH contexts are catalyzed by various
enzymes, which results in a specific methylation state [33]. Therefore, in response to
the different intrinsic environments of different species or developmental processes, the
regulation activities of the enzymes related to methylation may be affected, which may
induce alterations in methylation. In addition, a previous study suggested the higher
methylation ratios for each context in Brassica rapa L. compared with those in A. thaliana may
result from higher levels of repeat sequences [34]. Thus, the distinct genome composition
in a species may also affect the methylation levels.

Genes contain different functional elements, and the distribution of methylation in
different gene regions always attracts our attention for investigation. In this study, it was
found that methylation levels in CG context tend to show a peak in the gene bodies and
presented an obvious drop between the gene bodies and flanking regions. The similar
characteristics in methylation distribution was also found in other plants, such as A. thaliana,
soybean, and white birch [27,29,30], which may be attributed to their common evolutionary
origin. To further explore gene body methylation, the methylation levels across introns and
exons were compared. It was obtained herein that methylation levels in the introns were
higher than those in the exons, which was consistent with the results from white birch [29].
However, as Feng et al. reported, the eight diverse plant and animals commonly showed
the reverse trend, with the lower CG methylation levels in the introns relative to those in the
exons [27]. It has been shown that nucleosome positioning affected the targeting of DNA
methyltransferases in different DNA regions [35]. Therefore, there may be differences in
nucleosome enrichment across exons and introns among diverse species, due to the distinct
evolutional degrees where they are, which possibly influences the DNA methylation levels
in exons and introns. Certainly, the reasons for the different distribution characteristics of
methylation across exons and introns in diverse species are complicated, and need to be
further explored. In addition, this study suggested that methylation levels in the repeats
were higher than those in the gene regions, and the repeat bodies had higher methylation
levels than those in the upstream and downstream of repeats. This was in agreement with
the results from A. thaliana, rice, poplar and white birch [27,29]. Notably, methylation levels
in CHG were found higher in the repeats of poplar and pecan than those of A. thaliana and
rice. From this, it can be seen that there were certain methylation differences in the repeats
between herbaceous and woody plants.
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4.2. Methylation Alterations Induced by Grating with Different Rootstocks

The finding that siRNAs can move through grafts to direct DNA methylation in
scions [9,10] prompted us to start being concerned about the involvement of methylation
changes in grafting process. One hetero-grafting study demonstrated that cucumber
(Cucumis sativus L.) and melon (Cucumis melo L.) scions grafted on pumpkin [Cucurbita
moschata (Lam.) Poir.] presented significantly increased methylation levels compared to
that of their respective seed-plant control [13]. The study on rubber [Hevea brasiliensis
(Willd. ex A, Juss.) Muell. Arg.] trees obtained methylation levels ranging from 16.42% to
19.80% in the scions on different rootstocks [14]. Hetero-grafting experiments on eggplant
also revealed that CHH methylation levels significantly decreased by 3.37% and 2.58% in
eggplant scions grafted on S. torvum and ‘Emperador RZ’ rootstocks, respectively, compared
to those of the self-grafted plants [15]. The detailed data provided in these studies reflected
the overall methylation changes induced by rootstocks. Wu et al. found that the methylation
levels were largely not affected by rootstocks, and mainly focused on the methylation
changes in the amplified sites [12]. They revealed that more than 10% of the detected sites
exhibited methylation changes in tomato scions grafted on eggplant, and eggplant scions on
tomato, compared with their respective seed-plants. In the present study, by analysis of the
methylation profiles in a genome-wide scale, no significant differences were found in the
methylation levels between SV and PV grafts, while a total of 934, 2864, and 15,789 DMRs
were identified in the CG, CHG, and CHH contexts, respectively. In the cytosine sites
of SV and PV grafts, the reverse variation direction of methylation patterns may be one
of the reasons for no significant differences in methylation levels. Furthermore, at the
genome-wide level, the methylation variation in part of the sites may not significantly affect
the overall methylation levels. The DMRs reflect more specifically the methylation changes,
and the identification of so many DMRs in the three C contexts fully explained the extensive
methylation alterations in pecan scions induced by different rootstocks. However, the exact
mechanism is unknown on driving the methylation differences, even though it has been
reported that the mobile siRNAs can direct DNA methylation [9,10]. Rootstocks are known
to be able to change the physiological environments in scions, such as water potentials,
concentrations of mineral elements, and hormones [36–38]. In view of the fact that DNA
methylation can be alterated in response to various environment stresses [39–41], we
speculate that the methylation alterations in scions may be responsive to the environmental
changes induced by different rootstocks, in addition to being possibly directed by the
siRNA transported from rootstocks.

According to the obtained results in the present study, although the methylation levels
in CG were highest throughout genome, the methylation changes in CHG and CHH were
more frequent. The similar results were also reported previously [15,30,42]. Apart from the
significant decrease in CHH methylation found in grafted eggplants [15], CHH methylation
was reported to change significantly and the CHH-DMRs account for most of the DMRs
during the developmental processes of soybean seeds [30]. Domb et al. also found that
specific elimination of CG methylation did not dysregulate genes or transposons, and,
in contrast, exclusive removal of non-CG methylation massively up-regulated genes and
transposons [42]. In the light of these results, it is speculated that CHH or CHG methylation
may be more sensitive to plant growth signal and more closely related to growth regulation.
This study mainly revealed the methylation alterations in pecan grafts induced by different
rootstocks, and, on this basis, further research on their transcriptional roles could help
elucidate the grafting mechanisms.

In this study, we also localized the identified DMRs and found that most DMRs were
in the distal intergenic regions and promoters, with very few DMRs in the 3′UTR or 5′UTR.
According to the existing reports, methylation of the promoter in the upstream region
of a gene generally repressed gene expression, while different effects of methylation in
the gene body have been revealed in previous studies [28,43]. However, little is known
regarding the regulatory roles of methylation in distal intergenic regions. As is well known,
the intergenic regions account for a large proportion of the genome in plants. These
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regions were previously thought to lack biological functions and were considered as “junk
DNA”; however, their biological functions have started to be revealed in recent years. For
example, a recent study on maize (Zea mays L.) demonstrated that KERNELROW NUMBER4
(KRN4), an intergenic quantitative trait locus (QTL) for kernel row number, can regulate
the expression of UNBRANCHED3 (UB3) as a distal enhancer and mediate inflorescence
development [44]. Therefore, it is necessary to further study the effects of methylation on
the regulatory roles of intergenic regions based on the substantial methylation differences
in distal intergenic regions.

4.3. Involvement of Methylation in Graft Growth Regulation

Given the many methylation alterations between SV and PV grafts and the important
roles of methylation in biological processes, it was reasonable to believe that methylation
changes may produce functional consequences. Functional analysis of the DMGs could
enable us to understand the potential involvement of methylation in graft growth. In the
current study, 849 CG-DMGs, 2114 CHG-DMGs, and 6333 CHH-DMGs were detected.
According to GO enrichment analysis of the genes, the DMGs were found to be involved in
various biological processes that potentially affect plant growth, such as cell activities, plant
hormone synthesis and signal regulation, and defense response. It can be presumed that
methylation may have regulated theses growth-related genes to influence growth vigor of
the pecan grafts. There have been previous studies revealing gene expression changes in
scions with different growth vigor induced by rootstocks [45–47]. However, little is known
regarding the genes that are potentially regulated by methylation alterations induced
by grafting. Through WGBS, this study provided abundant information on methylation
variation and the related genes for a deep revelation regarding the molecular regulatory
mechanisms of grafting-induced growth vigor.

Notably, this study identified 17 DMGs that were significantly enriched in both GO
terms (15 genes enriched in response to auxin and two genes enriched in response to abscisic
acid) and a KEGG pathway (plant hormone signal transduction). This implies that these
genes may be closely associated with response to auxin and abscisic acid (ABA), which
are generally regarded as plant growth promoter and inhibitor, respectively [48,49]. It has
been known that hormone-responsive genes are activated or repressed under control of
hormones, and play important roles in physiological effects through mediation of hormone
signal transduction [50–52]. Therefore, we speculate that under the stimulus of hormones
in grafts, the methylation alterations may be the important factor controlling the gene
expression to influence the growth of pecan grafts.

This study located genes with methylation changes in SV and PV grafts that had
different growth vigor, which lays a good foundation for revealing the molecular mech-
anisms driving grafting-induced growth alterations. To better understand the molecular
mechanisms associated with grafting, the effects of methylation on gene expression need
to be explored in the future, even though it seems difficult to reveal potential joint regula-
tory roles of methylation in the distinct C contexts of different gene regions and possible
interference of other regulation factors, such as miRNAs. Further studies are also needed
to validate the roles of DMGs in graft growth regulation.

5. Conclusions

In the current study, we used WGBS to develop a DNA methylation study on two
sets of pecan grafts with different growth vigor (SV and PV) on tall and short rootstocks.
The DNA methylomes throughout the pecan genome were revealed for the first time.
Based on pecan methylation profiles, large amount of DMRs were identified in SV and PV
grafts, reflecting extensive differences in methylation induced by different rootstocks. The
functional analysis of DMGs showed that they were involved in the biological processes
that likely affect graft growth, such as cell activities, plant hormone synthesis and signal
regulation, and defense response. In particular, we identified 17 DMGs that were most
likely related to response to auxin and ABA, which may have especially important roles in
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the regulation of graft growth. This study demonstrated the potential involvement of DNA
methylation in rootstocks-induced growth changes in pecan scions.
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Abstract: Soil water status and fine-root characteristics are the foundation for implementing forest
water-management strategies in semiarid forest plantations, where rainwater is always the sole
source of water for plant growth. Rainwater management and utilization are effective strategies to
alleviate water scarcity in semiarid areas as ground water is always inaccessible there. Through the
implementation of an in situ rainwater collection and infiltration system (IRCIS), we investigated
the effects of IRCIS on soil water and fine-root distributions in the 0–5 m soil profile in a wet (2015,
815 mm) and a dry year (2016, 468 mm) in rainfed Robinia pseudoacacia forests in the Loess Plateau
region of China. The results showed drought significantly decreased plant water availability and
hydraulic conductivity of roots and branches, but strongly increased soil moisture deficits and fine-
root (<2 mm diameter) biomass. With the implementation of IRCIS, soil profile available water and
plant hydraulic conductivity can be significantly increased, but soil moisture deficits and fine-root
(<2 mm diameter) biomass can be significantly decreased. Drought also significantly influenced the
root distribution of Robinia pseudoacacia. The maximum depth of Robinia pseudoacacia roots in the dry
year was significantly greater than in the wet year. Therefore, Robinia pseudoacacia can absorb shallow
(0–1.5 m) soil water in wet years, while utilizing deep (>1.5 m) soil water in dry years to maintain
normal growth and resist drought stress. The results of this study will contribute to the formulation
of appropriate strategies for planning and managing rainwater resources in forest plantations.

Keywords: fine-root distribution; plant-available water; hydraulic characteristics; Robinia pseudoacacia;
Loess Plateau

1. Introduction

In drylands, large-scale afforestation and reforestation activities have been imple-
mented to combat desertification, biodiversity loss and poverty, as forests are vital to
preventing desertification and providing local residents with wood [1,2]. For instance, ap-
proximately 49 billion hectares of dryland were reforested between 2000 and 2010, resulting
in a 0.8% increase in forest cover worldwide [3,4]. As forest plantation area increases, the
amount of water consumed by these planted trees will also increase [5]. Then there may
also be an increase in soil moisture deficits and a decrease in soil availability for plants.
A severe soil moisture deficit will inhibit plants from growing normally (e.g., fine roots,
hydraulic conductivity, etc.), and even result in the death of plants and the degradation
of forest plantations [6]. Therefore, the development of these large-scale afforestation and
reforestation projects will only be sustainable if adequate water resources are available. In
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these water-limited arid and semiarid regions, however, discrete rainfall is always the only
source of soil water replenishment; therefore, regulating and utilizing rainwater rationally
may be the only effective way to combat drought and alleviate forest degradation [6].

When it rains, some rainwater enters the shallow soil and is absorbed subsequently
by the roots of the plants, while another part of the rainwater infiltrates into the deep soil
and is stored and finally utilized by the deep roots, particularly during dry conditions in
semiarid regions. Plant roots, especially fine roots, are important organs for absorbing
water and nutrients from the soil [7]. Therefore, understanding the distribution of fine
roots is fundamental to understanding the soil water-use pattern [8]. As a water deficiency
detection sensor, fine roots are influenced by a variety of external factors, among which
drought stress is the most significant. Recently, the response of fine roots of trees to drought
stress has received much attention [9–13], but research on rainfed forest trees in semiarid
regions is still lacking [8]. A better understanding of the distribution characteristics of
rainfed plant roots, as well as their response to drought stress, is essential to understanding
the water-use patterns of plants and is also important to address a number of fundamental
problems in forest ecosystems, particularly in areas affected by severe droughts.

Water transfer in the roots and branches is one of the most critical aspects for ensuring
plant survival. Studies have indicated that water transport within the roots and branches of
plants is affected by a variety of factors, with drought stress being one of the most significant
ones. When plants are subjected to drought, hydraulic failure can occur, which negatively
impacts the growth and photosynthesis of plants and may lead to plant mortality as the
drought persists [14,15]. In the past few decades, many studies have been conducted to
determine the mechanisms causing drought-related tree mortality, and several mechanisms
have been proposed [14,16], among which hydraulic failure of plants has been widely
acknowledged. The hydraulic failure hypothesis states that high xylem tension induced
by drought can cause air bubbles to enter the xylem and block the transport of water
through the it, resulting in the plant’s inability to move water and eventual desiccation [16].
Studies have been conducted to test the hydraulic failure hypothesis, and a comprehensive
understanding of the water-transport characteristics of plants from the roots to the leaves
has been formalized, but the roots are lagging behind compared to the branches. A
better understanding of how plants adjust their water-transfer characteristics through their
root systems, especially under drought conditions, will be helpful for us to adequately
understand the hydraulic characteristics of plants, as well as to formulate reasonable
management strategies.

In recent years, in situ rainwater collection and infiltration systems (IRCIS) have
been developed and applied by farmers to harvest rainwater for sustainable plant growth,
especially for orchards, in the semiarid Loess Plateau region of China [6,8]. These systems
are designed to increase soil water quantity during the dry season by reducing surface
runoff as well as improving rainwater-harvesting efficiency. In many studies, the effects of
IRCIS have been discussed in relation to orchards [8,17]; however, very few studies have
examined the effects of IRCIS on soil water content and root distribution for commonly
planted trees on the Loess Plateau. However, understanding the effects of in situ rainwater
collection and infiltration systems on soil moisture and vegetation growth (such as root
distribution characteristics, plant hydraulic conductivity, etc.) of forest plantations under
drought stress is of significant importance to develop reasonable plantation management
measures and promote the healthy and sustainable development of these plantations.

The objectives of this study were (i) to determine the effects of drought on the dis-
tribution of soil moisture and fine roots (0–5 m) as well as plant hydraulic conductivity
of a commonly planted tree species in the semiarid region of the Loess Plateau and (ii) to
explore the effects of IRCIS on soil moisture, fine root distribution and plant hydraulic
conductivity of a commonly planted tree species under drought. In order to investigate
the effects of drought on soil moisture and plant growth (fine roots and plant hydraulic
conductivity), a wet year with higher-than-average rainfall (2015) and a dry year with
lower-than-average rainfall (2016) were chosen. The tree species Robinia pseudoacacia, which
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has been widely planted on the Loess Plateau to control soil and water erosion, prevent
desertification and produce timber and fuel wood, was selected for this study.

2. Materials and Methods
2.1. Site Description

The study was conducted at Yeheshan Forestry Station (YFS; 34◦33′ N, 107◦54′ E,
1090 m a.s.l) in the National Natural Reserve of Fufeng County in Shaanxi Province, China.
The area has a semiarid continental monsoon climate that is characterized by hot, humid
summers (June–August) and cold, dry winters (December–February). According to the
Fufeng meteorological station (which is located <10 km from the study area), average annual
precipitation and air temperature are 580 mm and 12.7 ◦C, respectively. The precipitation
mainly falls from May–October (~80% of annual precipitation). The main soil type in the
region is silt loam, with a homogeneous texture along the 0–500 cm soil profile and mean
sand, silt and clay contents of 5.8%, 73.4% and 20.9%, respectively [18]. The mean soil bulk
density (BD), field capacity (FC) and permanent wilting point (PWP) of the silt loam are
1.30 g cm−3, 0.304 cm3 cm−3 and 0.072 cm3 cm−3, respectively [19].

YFS is a hilly-gully region with an elevation range of 449–1662 m a.s.l and area of
110 km2. Forest cover in the region is ~90% and is dominated by Robinia pseudoacacia
planted since the 1980s to control soil erosion. Robinia pseudoacacia plantation covers an area
of 86.7 km2 and has a dense understory that is a mix of Stipa bungeana, Humulus scandens
and A. codonocephala.

2.2. Experimental Plot

Six Robinia pseudoacacia experimental plots (20 × 20 m2) with an age of 13 years and
density of 2000 trees/ha were selected and established on hills with slopes of 5–10◦ (middle
slope facing south) where rainfed crops (such as maize and winter wheat) were previously
cultivated. Three experimental plots (treated plots) were randomly chosen to install the in
situ rainwater collection and infiltration systems (IRCIS), and another three experimental
plots were used as the control plots (without IRCIS). Each plot was constructed with an
aluminum composite panel ridge of 30 cm above the ground around the borders and an
H-flume applied to measure surface runoff. Previous cropland (predominantly maize
and winter wheat) that had been abandoned for 13 years was used as a control site for
monitoring soil moisture changes.

In the treated experimental plots, IRCIS was constructed upslope of individual trees
and consisted of a semi-circular ridge of radius 1.0 m and height 0.2 m. During the
construction of the ridge, soil was excavated and moved in such a manner that the tree
trunk formed the apex of the semicircular ridge and the soil surface within the semicircle
area was relatively level. From above, the ridges formed an upslope pattern resembling a
fish scale along each row in the Robinia pseudoacacia forest plots. Within the semicircular
ridge, an 80 cm × 80 cm × 80 cm soil pit was dug. In this pit, the down-slope wall was
100 cm away from the tree trunk. This storage pit was lined with permeable geotextiles
and filled with soil, weeds, branches and forest debris. The surface of this storage pit was
then covered with black plastic film and a 3 cm diameter hole was drilled in the center of
the plastic film. Rainwater collected from the fish-scale ridge would infiltrate into the filled
material through the hole in the plastic film. Rainwater collected in the pit could then be
directed laterally and downward into the surrounding soil. The design slows the flow of
runoff, resulting in a reduction in sedimentation and loss of soil-pit storage capacity.

The experimental plots treated with IRCIS in 2015 and 2016 were designated, respec-
tively, as RC2015 and RC2016. The control plots without IRCIS in 2015 and 2016 were
designated as WT2015 and DT2016, respectively.

2.3. Fine-Root Measurement

The vertical distribution of fine roots in the controlled and treated Robinia pseudoacacia
stands was investigated using the soil auger method [20]. In each plot, soil core samples
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were collected using a cylindrical metal corer (9 cm wide and 10 cm long) with one sharp
edge. A total of 8 sample points was selected in each forest stand. Samples were taken
between 10 and 20 May, 10 and 20 July, and 10 and 20 September at the beginning, middle
and end of the growing season. Soil cores were collected at 20 cm intervals to a depth of
100 cm and then at 40 cm intervals to a depth of 500 cm where fine roots were not observed,
and the width of the tree canopy. The collected soil samples were stored in polythene
plastic bags at 4 ◦C for later analyses. In the laboratory, the root samples were separated
from the soil by a two-stage process. In the first stage, soil samples were washed carefully
over a sieve (5 mm). Then grass roots and other organic debris were discarded and tree
roots were placed with tweezers into petri dishes containing water. In the second stage,
the tree roots were separated by physiological status and diameter classes (d > 2 mm and
d ≤ 2 mm). Then separation was performed using a microscope (10–40 ×magnification).
The Robinia pseudoacacia tree roots were identified based on color and morphology. The
root samples were then digitally scanned using an Epson Perfection v700 photo scanner at
600 dpi (Seiko Epson Corporation, Naga-no-ken, Japan). Root lengths were measured using
the WinRhizo image analysis software (pro 2009c, Regent Instruments Inc., Quebec City,
QC, Canada). The fine-root (<2 mm) length density (FRLD, cm dm−3) was calculated as:

FRLD =
L

Vs
(1)

where L is fine-root length and Vs is soil volume. We also calculated the cumulative
fine-root length density (CFRLD, % of total) for each experiment plot in each soil layer.

2.4. Soil Water Content and Rainfall Measurement

Volumetric soil water content was automatically measured using soil water probes.
At each forest stand, 10 Hydra-Probes (Stevensons Water Monitoring Systems, Portland,
OR, USA) were installed at soil depths of 5, 15, 30, 50, 80, 120, 180, 250, 350 and 500 cm
below the ground surface. Soil water content was sampled every 10 min and recorded by a
CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA). Before the study, all soil
water probes were calibrated.

Plant-available water storage (PAMS) is the amount of water storage that can be
released into the root zone at any point in time. It is defined as the difference between in
situ field water content and permanent wilting point (PWP) and is calculated as:

PAMSi,j = (SWCi,j − PWP)× BDi,j × ∆Zi,j (2)

where SWCi,j is soil water content of the jth soil layer under the ith treatment (stand age);
PWP is permanent wilting point; BDi,j is soil bulk density at depth j and sampling site i;
and ∆Zi,j is soil depth increment.

Soil moisture storage deficit (SMSD), relative to the values of the abandoned cropland,
was used to assess the feasibility of ecological restoration [8]:

SMSDt,i =
SWSt,i − SMSc,i

SMSc,i
(3)

where SMSt,i and SMSc,i are soil moisture storage in the ith soil layer in the treated experi-
mental plot and the abandoned cropland, respectively. SMSD≥ 0 indicates no soil moisture
storage deficit, while SMSD < 0 represents soil moisture storage deficit in the specified soil
layers, where the magnitude of the value is indicative of the severity of the deficit.

Rainfall was measured using both automatic and manual rain gauges. Three manual
funnel-type rain gauges (30 cm orifice diameter) were installed near (<30 m away) each
forest stand at a sufficiently open place. Due to financial limitations, only one T-200B
weighing bucket rain gauge (Geonor, Eiksmarka, Norway) was used in this study. The
automatic rain gauge was connected to a CR1000 data logger (Campbell Scientific Inc.,
Logan, UT, USA) and installed in a sufficiently exposed nearby place (<30 m) in the middle
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of the watershed. The manual rain gauges were read immediately after each rainfall
event. Using the long-term yearly rainfall data (1958–2016), we constructed a rainfall
frequency curve. Each year was categorized as either a wet year, a normal year or a dry
year, depending on the frequency of gross rainfall (<25% are wet years; >75% are dry years;
remainder are normal years) [21].

To exclude the effect of rainfall on soil water movement, seven successive days without
rainfall (rain-free period) were set in this study as the investigation period. Moreover, leaves
were completely unfolded and canopies remained stable during summer and therefore
6 rain-free periods (8–14 June, 25–31 July and 25–31 August in 2015 and 16–22 June, 2–8 July
and 10–16 August in 2016) were ultimately used for investigation (Figure 1).
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2.5. The Percent Loss of Hydraulic Conductivity (PLC)

In this study, one-year-old branches at the middle-upper canopy on the sunny side
(the south side) of the plant, as well as roots from shallow soil layers (0–100 cm), were
used to determine the percent loss of hydraulic conductivity (PLC). To measure the PLC, a
low-pressure flow meter was used following the approach proposed by Sperry et al. [22].
During the dawn or noon period of the fine-root collection, approximately 30–40 cm long
samples of branches with a basal diameter of approximately 1.0 cm and roots in soil depths
of 50 cm were collected. To avoid embolisms induced by cutting, all plant samples were
cut under water. Afterwards, all the samples were wrapped in plastic bags and taken back
to the lab for PLC analysis. The PLC was determined by averaging three segments (4 cm
long) across three biological replicates. To determine the flow rate through the segment,
the solution was collected and weighed using a balance. By measuring the flow rate of
the KCl solution at a pressure differential of 4 kPa, the initial hydraulic conductivity (Ki)
was determined gravimetrically. The stem segment was flushed for a period of 10 min at a
pressure of 0.175 MPa in order to remove any air embolisms. Afterwards, the hydraulic
conductivity of the fluid was determined again at a pressure differential of 4 kPa and
was set as the maximum hydraulic conductivity (Kmax). The PLC was then calculated as
PLC (%) = (1 − Ki/Kmax).

2.6. Statistical Analysis

The data were analyzed using a one-way analysis of variance (ANOVA) using SPSS
Version 25.0 (Chicago, IL, USA) after verifying the assumptions of normality and homo-
geneity. Ducan’s multiple range tests were performed at p < 0.05 and p < 0.01 for significant
differences between the treatments for PAMS, SMSD, FRLD and PLC between treated
and control forest plots: WT2015, RC2015, DT2016 and RC2016. Origin software 2022
(OriginLab Corporation, Hampton, MA, USA) and Excel 2022 (Microsoft Corporation,
Redmond, WA, USA) were used to fit curves and plot graphs.
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3. Results
3.1. Plant-Available Moisture Storage (PAMS)

Plant-available moisture storage (PAMS) in Robinia pseudoacacia forest stands was
significantly affected by the in situ rainwater collection and infiltration system (IRCIS) in
both wet and dry years (Figure 2). In general, the average PAMS profile decreased with
increasing soil profile, but the decrease under the treatment of IRCIS was relatively gradual,
whereas it was relatively rapid under the control treatment (Figure 2A). Furthermore, IRCIS
increased the average PAMS in soil profiles (0–5 m) of Robinia pseudoacacia forest stands
in both study years, but the increase was greater in the dry year 2016 than in the wet year
2015. IRCIS increased average PAMS in soil profiles by 4.6% in the wet year 2015 and 10.0%
in the dry year 2016 (Figure 2B).
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Figure 2. Vertical distribution (0–5 m, A) and the content (B) of plant-available moisture storage
(PAMS) in a wet year of higher-than-average rainfall (2015) and a dry year of lower-than-average
rainfall (2016) in Robinia pseudoacacia forest stands of different treatments. WT2015 is wet year of 2015
without in situ rainwater collection and infiltration system; RC2015 is wet year of 2015 with in situ
rainwater collection and infiltration system; DT2016 is dry year of 2016 without in situ rainwater
collection and infiltration system and RC2016 is wet year of 2016 with in situ rainwater collection and
infiltration system. Different letters indicate a statistically significant difference at p < 0.05 between
treatments. Error bars represent ±1 SD.

3.2. Soil Moisture Storage Deficit (SMSD)

The soil profile SMSD is shown in Figure 3. Overall, shallow soil profiles (0–1.5 m) suf-
fered greater soil moisture deficits during the dry year of 2016, but little or no deficit during
the wet year of 2015 relative to abandoned cropland (Figure 3A,B). In deep soils (>1.5 m),
almost all forest treatments displayed soil moisture deficits. The vertical distribution of
the profile soil moisture deficits was significantly affected by IRCIS treatment (Figure 3C).
On the whole, IRCIS treatment alleviated the soil profile deficit, but the alleviation in
the shallow soil (0–1.5 m) was much greater than that in the deep soil profile (>1.5 m)
(Figure 3A,B). In the two study years, the amount of alleviation was similar, but slightly
higher in the dry year of 2016 (decreased by 0.06) than in the wet year of 2015 (decreased
by 0.05).
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Figure 3. Vertical distribution (0–5 m, A,B) and content (C) of soil moisture storage deficit (SMSD) in
a wet year of higher-than-average rainfall (2015, A) and a dry year of lower-than-average rainfall
(2016, B) in Robinia pseudoacacia forest stands of different treatments. Negative and positive values
represent, respectively, a negative and positive soil moisture deficit relative to the control (abandoned
cropland). Different letters indicate a statistically significant difference at p < 0.05 between treatments.
Error bars represent ±1 SD. WT2015 is wet year of 2015 without in situ rainwater collection and
infiltration system; RC2015 is wet year of 2015 with in situ rainwater collection and infiltration system;
DT2016 is dry year of 2016 without in situ rainwater collection and infiltration system and RC2016 is
wet year of 2016 with in situ rainwater collection and infiltration system.

3.3. Fine-Root Distribution (FRLD)

The vertical distribution of fine-root length density (FRLD) is shown in Figure 4. In
general, the FRLD decreases with increasing soil depth, primarily in the 0–1.5 m soil profile
(Figure 4A). Fine roots were mainly concentrated in the top 0–1.5 m soil: WT2015 and
RC2015 had 82.9% and 93.9% of total FRLD, respectively, in the wet year of 2015; DT2016
and RC2016 had 67.4% and 75.3% of total FRLD, respectively, in the dry year of 2016.
Drought strongly increased the amount of FRLD: DT2016 and RC2016 had 31.1% and 23.8%
higher total FRLD, respectively, than WT2015 and RC2015 (Figure 4B). IRCIS significantly
reduced the FRLD: RC2015 and RC2016 had 7.4% and 12.7% lower total FRLD, respectively,
than WT2015 and DT2016 (Figure 4B).

Over both study years, the cumulative FRLD (CFRLD) was higher in the shallow soil
layer than in the deeper soil layer (Figure 5). IRCIS treatment significantly affected the
distribution of cumulative fine-root length density in Robinia pseudoacacia forests. IRCIS
tended to decrease CFRLD profiles gradually, but control treatment caused them to decline
profoundly (Figure 5), especially in the 0–1.5 m soil layer. IRCIS-treated forest stands
tended to have shallower D95 (the depth above which 95% of the root mass is present) than
the control forest stands, with respective values of 1.2 m for RC2015, 1.8 m for WT2015,
2.8 m for RC2016 and 3.3 m for DT2016.
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Figure 4. Vertical distribution (0–5 m, A) and content (B) of fine-root length density (FRLD, cm/dm3)
in a wet year of higher-than-average rainfall (2015) and a dry year of lower-than-average rainfall (2016)
in Robinia pseudoacacia forest stands of different treatments. Different letters indicate a statistically
significant difference at p < 0.05 between treatments. Error bars represent ±1 SD. WT2015 is wet year
of 2015 without in situ rainwater collection and infiltration system; RC2015 is wet year of 2015 with in
situ rainwater collection and infiltration system; DT2016 is dry year of 2016 without in situ rainwater
collection and infiltration system and RC2016 is wet year of 2016 with in situ rainwater collection and
infiltration system.
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Figure 5. Comparison of cumulative fine-root length density in Robinia pseudoacacia forest stands
of different treatments in a wet year of higher-than-average rainfall (2015) and a dry year of lower-
than-average rainfall (2016). Data points represent average fine-root length densities in the indicated
soil layers. The intersection of horizontal lines (with different colors) and vertical lines D95 indi-
cates soil depth above which 95% of fine-root length density occur. WT2015 is wet year of 2015
without in situ rainwater collection and infiltration system; RC2015 is wet year of 2015 with in situ
rainwater collection and infiltration system; DT2016 is dry year of 2016 without in situ rainwater
collection and infiltration system and RC2016 is wet year of 2016 with in situ rainwater collection and
infiltration system.
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3.4. The Percentage Loss of Hydraulic Conductivity (PLC)

IRCIS strongly affected the percentage loss of hydraulic conductivity (PLC) in branches
and roots of Robinia pseudoacacia forest (Figure 6). Over the two study years, IRCIS reduced
the PLC for all forest stands. In branches, RC2015 and RC2016, were, respectively, 35.6%
and 24.3% lower than WT2015 and DT2016 (Figure 6A). In roots, RC2015 and RC2016,
were, respectively, 35.6% and 24.3% lower than WT2015 and DT2016 (Figure 6B). In general,
IRCIS had a greater impact on the root PLC than on the branch PLC (Figure 6A,B). This
shows that roots have a higher sensitivity to external factors, such as drought and IRCIS,
than branches when it comes to hydraulic conductivity.
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Figure 6. The percentage loss of hydraulic conductivity (PLC) in branches (A) and roots (B) of Robinia
pseudoacacia under different treatments. Different letters indicate a statistically significant difference
at p < 0.05 between stand age treatments. Error bars represent ±1 SD. WT2015 is wet year of 2015
without in situ rainwater collection and infiltration system; RC2015 is wet year of 2015 with in situ
rainwater collection and infiltration system; DT2016 is dry year of 2016 without in situ rainwater
collection and infiltration system and RC2016 is wet year of 2016 with in situ rainwater collection and
infiltration system.

4. Discussion
4.1. Soil Moisture Profile

Over the last few decades, large-scale afforestation efforts have increased forest cover
by 7.6% from 2001 to 2016 in the semiarid Loess Plateau region of China [23]. Due to the
large amount of soil water required by forest vegetation, plant-available soil water is likely
to decline dramatically, and the soil water deficit will be exacerbated, especially in drought
years (Figures 2 and 3). As a result, this will negatively impact the health and stability of the
forest vegetation ecosystem in the semiarid Loess Plateau region, resulting in a reduction
in the normal growth of forest vegetation and even death of forest vegetation [19,24]. As
the climatic and environmental conditions experienced by the forest plots are similar in our
study, rainfall in different years and forest management measures (with or without IRCIS
treatment) are the primary factors determining soil water balance and how soil water is
distributed in the soil profile of Robinia pseudoacacia forests.

This study highlights the importance of IRCIS for rainfall harvesting in afforestation
planting and management because it can significantly increase the availability of soil water
to the plants and decrease soil water deficits (relative to the abandoned cropland). In line
with our findings, Song et al. (2020) also found that IRCIS treatment can significantly
increase the soil profile water content of orchard plants [8]. It has been shown that shallow
(0–1.5 m) soil moisture is primarily affected by rainfall and vegetation utilization [17,25];
thus, shallow soil (0–1.5 m) has significantly wider variations in soil water content than
deep soil, particularly during dry seasons or years (Figure 2). Our study also found that
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the effect of IRCIS on shallow soil moisture content (0–1.5 m) was greater than it was on
deep soil moisture (>1.5 m), which could be attributed to the fact that the soil moisture
increased by IRCIS was mainly retained and consumed by the shallow (0–1.5 m) root
system of Robinia pseudoacacia (Figures 4 and 5), but could not be substantially replenished
in the deep soils (>1.5 m). As a consequence, the shallow soil moisture content (0–1.5 m) is
highly variable with the implementation of IRCIS, whereas the deep (>1.5 m) soil moisture
content is relatively stable. Additionally, this suggests that deep soil profiles may serve as
an important water source for forest vegetation during extremely dry years [8,26,27].

4.2. Root Distribution Pattern

Fine roots are essential to the growth and development of plants as they extract the
majority of the water and nutrients from the soil. In this study, it was found that Robinia
pseudoacacia increased its biomass of fine roots as well as its distribution depth during dry
years, demonstrating that Robinia pseudoacacia is able to absorb and utilize large amounts of
deep soil water during dry periods. These findings are similar to those of Brunner et al.
2015 [26] and Song et al., 2020 [8]. When Robinia pseudoacacia was treated with IRCIS, its
fine-root biomass and fine-root depth decreased significantly in comparison to the control
group. This may be because IRCIS can increase the water content of the shallow soil in
both dry and wet years (Figure 2), making it easier for Robinia pseudoacacia to absorb water
from the shallow soil instead of allocating more carbon for growing deeper roots to absorb
deep soil water to support its growth and development. Similar results were also found by
Li et al. (2022) [28] and Song et al. (2020) [8].

Additionally, this study demonstrated that the FRLD content in the surface (0–1.5 m)
soil of Robinia pseudoacacia forests was the highest in both dry and wet years, accounting for
more than 80.0% of the total fine-root biomass, among which WT2015, RC2015, DT2016
and CR2016 each had a content of 82.9%, 93.9%, 67.4% and 75.3%, respectively. The results
demonstrated that this structure facilitates the efficient uptake of water from shallow soil
layers, where soil water is greatly affected by rainfall and replenished rapidly [8,17,29].
Although the FRLD content in deep soil (>1.5 m) is relatively low, this part of the fine
roots is critical to the growth of plants. Particularly in drought years, this part of the fine
roots can absorb deep soil moisture in order to aid plants in resisting drought conditions.
There is also evidence from Song et al. (2020) [8] that apple trees in semiarid regions will
increase their water consumption from deep soil in drought years in order to resist drought
stress [8].

A deep root system is one of the most important adaptations for plants in arid and
semiarid environments. Generally, rooting depth determines how much water can be
accessed by plants through transpiration from the soil [30]. In this study, it was found
that, in comparison with the wet year of 2015, the growth of Robinia pseudoacacia fine roots
(maximum depth and D95) was deeper in the dry year of 2016, which may enable them
to switch between shallow and deep water sources, depending on soil water availability.
These findings agree well with reports by [8,25,31]. In addition, this study found that
IRCIS treatment increased plant water availability and reduced soil water deficit, reducing
the risk of plants suffering from drought stress. Similar results were also reported by
Song et al. (2020) [8].

4.3. PLC

Xylem water transport is essential for maintaining canopy gas exchange and cell
expansion and, therefore, for plant growth and survival. Studies have shown that xylem
conduits with larger diameters always have greater water transport ability, but are also
more vulnerable to hydraulic failure [16]. This is due to the structural characteristics of
the xylem network: plants are faced with the challenge of transporting as much water as
possible while minimizing the risk of drought-induced embolisms during dry periods [32].
This was also evident in the present study, where the loss of hydraulic conductivity during
drought years was larger in roots (with a larger xylem diameter) than it was in branches
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(with a small xylem diameter). The loss of hydraulic conductivity will affect the growth
processes of plants, such as photosynthesis and transpiration, resulting in slow growth
and possibly even death [32]. In addition, our study found that after the application
of IRCIS treatment, the PLC of the branches and roots decreased in both wet and dry
years. This may indicate that IRCIS treatment plays a significant role in improving plant
resistance to drought and preventing the loss of hydraulic conductivity, especially during
drought conditions.

4.4. Implications for Afforest Management

In this study, we provided evidence that PAMS in shallow soil layers (0–1.5 m) was low
during the rainy season of the dry year 2016, and soil water deficits were observed in most
deep soil layers (>1.5 m) in both 2015 and 2016. This was mainly due to the lower rainfall
and higher water consumption of Robinia pseudoacacia trees in dry years, which eventually
reduced soil water content, increasing soil moisture deficits [19]. Severe soil moisture
deficits in turn resulted in lower hydraulic conductivity, hindered Robinia pseudoacacia
growth and even caused branch dieback and tree mortality [32]. Therefore, for the healthy
development of artificial forests and sustainable ecological construction, effective water-
saving management with the potential to control soil erosion without endangering further
soil water availability should be implemented in the semiarid Loess Plateau region.

A rational collection, management and utilization of rainfall, the only water resource
available for the growth of vegetation in this region, can result in an increase in soil water
content (Figure 2), a reduction in soil water deficit (Figure 3) and an improvement in
artificial forests’ growth (fine roots and plant hydraulic conductivity, Figures 4–6). Diverse
afforestation management strategies for the effective utilization of rainwater to increase
sustainable forest development in the Loess Plateau region are well documented [6,8]. All
these strategies, including engineering measures (e.g., creation of fish-scale pits and mini-
catchments), level furrowing and agronomic measures (e.g., mulching with straw or stone,
application of water-retaining chemicals), have all been tested and are well implemented [6].
In situ rainwater collection and infiltration systems (IRCIS) that divert rainwater and runoff
to deeper soils have been introduced into orchards to optimize rainwater utilization on the
Loess Plateau [8,17,33]. The results of our study also indicate that IRCIS can be used for the
sustainable development of artificial forests to increase the availability of soil moisture for
plants and decrease soil moisture deficits.

5. Conclusions

Afforestation is an effective measure to control soil and water erosion for sustainable
ecological construction in the Loess Plateau of China. However, due to huge water re-
quirements, forest land, such as Robinia pseudoacacia forests in our study, had significantly
lower plant-available water than abandoned cropland, resulting in higher soil moisture
deficits, especially in low rainfall years. The presence of a significant water deficit in soil
will reduce the hydraulic conductivity of the roots and branches of plants, inhibiting the
normal growth of plants and even resulting in their death. Our results indicated that IRCIS
can increase soil water content, decrease soil moisture deficits and increase the hydraulic
conductivity of plants. Moreover, our results revealed that drought significantly influenced
the root distribution of Robinia pseudoacacia. The biomass and maximum depth of Robinia
pseudoacacia roots in dry years were significantly greater than those in wet years, suggesting
that Robinia pseudoacacia can absorb shallow soil water in wet years, while absorbing deep
soil water in dry years to maintain normal growth and resist drought stress. The results
of this study will contribute to the formulation of appropriate strategies for planning and
managing rainwater resources. The use of all these strategies, such as in situ rainwater
collection and infiltration systems, would help counteract the degradation of forest planta-
tions caused by droughts, not only on the Loess Plateau, but also in other similar regions
around the world.
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Abstract: The inorganic nitrogen (N) that can be absorbed and utilized by plants is mainly ammonium
N (NH4

+-N) and nitrate N (NO3
−-N), which may affect seedlings’ root morphology and growth

through its heterogeneous distribution. Root morphology and seedling growth were investigated in
a subtropical major conifer (Cunninghamia lanceolata) and a broadleaf tree species (Schima superba)
under five different NH4

+-N to NO3
−-N ratios (10:0, 0:10, 7:3, 3:7, 5:5). Results: (1) While both

species developed thinner roots under the treatment with a high NO3
−-N concentration, the roots of

C. lanceolata were longer than those of S. superba. In contrast, the roots of both species were thicker
under the treatment with a high NH4

+-N concentration, with those in S. superba being much longer
than those in C. lanceolata. (2) The mixed NH4

+-N and NO3
−-N treatments were more conducive to the

aboveground growth and biomass accumulation of both tree species and the underground growth of
S. superba. N sources with high NO3

−-N concentrations were more suitable for underground growth
in C. lanceolata seedlings and aboveground growth in S. superba seedlings. Under the N sources with
high NH4

+-N concentrations, C. lanceolata tended to develop aboveground parts and S. superba tended
to develop underground parts. (3) The roots of the two tree species adopted the expansion strategy
of increasing the specific root length and reducing the root tissue density under the N sources with
high NO3

−-N concentrations but the opposite with high NH4
+-N concentrations. The root-to-shoot

ratio of C. lanceolata increased under high NO3
−-N concentrations, while that of S. superba increased

under high NO3
−-N concentrations. These results indicate that the responses of root morphology to

different N forms are species-specific. Furthermore, according to the soil’s N status, NH4
+-N can be

appropriately applied to C. lanceolata and NO3
−-N to S. superba for cultivating seedlings.

Keywords: nitrogen forms; Cunninghamia lanceolata; Schima superba; morphological characteristics of
root system

1. Introduction

Nitrogen (N) is an essential mineral element for plant growth. The inorganic nitrogen
that can be absorbed and utilized by plants is mainly ammonium nitrogen (NH4

+-N) and
nitrate nitrogen (NO3

−-N). The two forms of N in soils are not uniformly distributed
but instead occur in different proportions and change with time, so they are distributed
heterogeneously in time and space [1,2]. Studies have shown that the ratio of NH4

+-N and
NO3

−-N in the soil ranges from 8:2 to 2:8 [3]. Heterogeneous environments with different
ammonium and nitrate contents will have different effects on plant growth. In one study,
mixed nitrogen culture was more conducive to the growth of the aboveground parts of
Citrus Sinensis × Poncirus trifoliata seedlings than nitrogen alone, and the best effect was
observed at an ammonium to nitrate ratio of 5 to 5 [4]. The growth of the aboveground
and underground parts of Pinus massoniana seedlings cultured from tissue both reached
the maximum value under the ammonium nitrogen-only treatment [5]. When plants grow
in an environment with a heterogeneous distribution of different forms of N, especially
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for a long time, they adopt different adaptation mechanisms for the underground and
aboveground parts, and the roots’ regulatory pathway is particularly important.

As the main nutrient-absorbing organ in plants, the root system carries out nutrient
exchange and metabolism for the underground and aboveground parts of the plant. Under
natural soil nutrient adversity, tree roots can explore, acquire and utilize limited soil
nutrient resources through regulating their morphology, physiology and mycorrhizal
plasticity [5,6]. With the intensification of global N deposition, the plastic response of
plants’ root morphology and structure [root length (RL), root surface area (RSA), root
average diameter (RAD), root volume (RV), specific root length (SRL), etc.] to soil N is
the most direct manifestation of plants’ ability to adapt to environmental changes and
seek nutrients [6,7]. Under different N forms, the root morphology of plants will show
different nitrogen-seeking strategies [8]. Studies have shown that mixed nitrogen can
increase the surface area of the root system and increase RL and the number of root tips,
thereby increasing the absorption capacity of the root system and promoting aboveground
growth [9]. When the supply ratio of NO3

−-N was higher than 50%, the root quality of
Larix gmelinii seedlings decreased significantly [10]. The biomass of shoots and lateral roots
of Cunninghamia lanceolata seedlings was largest under NH4

+-N treatment [11]. However,
compared with the NH4

+-N treatment, hybrid poplar plants under a NO3
−-N treatment

exhibited a higher proportion of fine roots, thicker roots and bigger SRL [12]. C. lanceolata
roots also tend to grow in NO3

−-N patches, while Schima superba and P. massiniana tend to
grow more and finer roots in NH4

+-N patches [8]. In an environment of nitrogen deficiency,
plants will adjust their nitrogen-seeking strategies by increasing the SRL and root-to-
shoot ratio (RSR) [13,14]. Plants’ biomass allocation can reflect the nutrient utilization
of plant organs [15]. According to the optimal balance theory, plants tend to allocate
resources to organs that can obtain restricted resources in order to obtain more restricted
resources [16,17]. The SRL, root tissue density (RTD) and RSR can reflect the carbon
allocation strategy of plants from different perspectives, which also conforms to the theory
of root economics [18,19]. Therefore, studying the morphological characteristics of plant
roots can intuitively reveal the nutrient uptake status of plants and their growth status.

C. lanceolata is an important fast-growing afforestation tree species in southern China.
In recent decades, C. lanceolata forests have mostly been cultivated as artificial forests. The
continuous planting of forest stands and soil acidification have led to the exhaustion of
forestland, declines in the yield of forest stands, and reductions in the forests’ ecological
services [20,21]. Some studies have found that, in view of the problem of soil fertility
declining after continuous planting of coniferous species, broadleaf tree species can effec-
tively improve soil fertility and can thus be used as soil-improving tree species for mixed
planting with conifers [22]. As an evergreen broadleaf tree species, S. superba produces a
large amount of litter that decomposes quickly and contains high amounts of nutrients,
which is conducive to water storage and fertilizer conservation. Therefore, S. superba is
mostly used for mixing with coniferous species such as C. lanceolata to create a mixed conif-
erous and broadleaf forest. The resulting economic and ecological benefits have received
widespread attention.

At present, research on the effects of different N forms on plant roots has mostly been
conducted in crops, herbs and fruit trees, and research on the effects on roots of woody
plants such as forest tree species is relatively limited and incomplete, especially regarding
the coexistence mechanism of mixed C. lanceolata and S. superba forests. We hypothesized
that the N uptake strategies of the roots of C. lanceolata and S. superba are different for
different N forms. In view of this, in this experiment, the potted sand culture method was
used to avoid the interference of soil N and to test the effects of different N forms on the
morphological plasticity of C. lanceolata and S. superba roots’ responses to N uptake and
their differences.
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2. Materials and Methods
2.1. Plant Materials

The test materials used in this study were selected from C. lanceolata and S. superba, the
two main coniferous and broadleaf tree species occurring in mixed stands in the subtropical
zone. One-year-old seedlings with uniform growth that were free from disease and insect
pests and had a complete root system were selected as the test seedlings. Plastic pots (26 cm
diameter × 28 cm height) were used for cultivating the seedlings. The potting substrate
selected was clean sand, which was repeatedly washed with distilled water until the N
content in the sand was close to zero [23,24].

2.2. Experimental Setup

In April 2021, the sand culture experiments were conducted in a rainproof greenhouse
with good ventilation and light transmission at Fujian Agriculture and Forestry University,
China. The average temperature was 20.1 ◦C and the average relative humidity was about
77%. Each pot was filled with equal amount of clean sand. A matrix environment with
different proportions of two N forms was constructed using different concentrations of
NH4

+-N and NO3
−-N in the nutrient solution.

According to the research results of Zhang et al. [25] on the influence of fertilization on
the soil nutrient content of C. lanceolata and the previous research results of Meng et al. [26]
and Liu et al. [27], the total N concentration was set to 2 mmol·L−1. In this study, we
used five different ratios of NH4

+-N and NO3
−-N supplied as NH4

+-N:NO3
−-N = 10:0,

0:10, 7:3, 3:7 and 5:5 (Table 1). The 10:0 and 0:10 treatments had highly heterogeneous N,
7:3 and 3:7 had medium heterogeneous N, and 5:5 had homogeneous N. NH4

+-N was
supplied as (NH4)2SO4, while NO3

−-N was supplied as NaNO3. In all treatments, while
the concentration of the two forms of N were different, the content of the macronutrients
(Hoagland formula) and micronutrients (Amon formula) remained the same. To prevent the
conversion of ammonium to nitrate, the nitrification inhibitor dicyandiamide (7 µmol·L−1)
was added to the nutrient solution. The pH of the nutrient solution was adjusted to 5.8 with
2 mol·L−1 NaOH or HCl. Each treatment had six replicates, and the total number of pots
was 60. The nutrient solutions were added to the corresponding compartments at a rate of
50 mL every 5 days. Each pot was supplied with 150 mL of distilled water every 2–3 days.
We did not water the pots for 24 h before and after pouring in the nutrient solution.

Table 1. Treatments with different nitrogen forms.

Treatment
(NH4

+/NO3−) Total N (mmol·L−1)
Different N Forms (mmol·L−1)

NH4
+ NO3−

10:0 2 2.0 0
0:10 2 0 2.0
7:3 2 1.4 0.6
3:7 2 0.6 1.4
5:5 2 1.0 1.0

2.3. Plant Harvesting and Data Collection

All the seedlings were harvested after 160 days of cultivation. The initial and final
plant height and ground diameter of all seedlings were measured and recorded. Plants
were separated into three parts: roots, stems and leaves. The fresh stems and leaves were
oven-dried at 105 ◦C for half an hour to deactivate the enzymes and then at 65 ◦C to
a constant weight.

The roots in each treatment were harvested carefully, cleaned with distilled water
and dried with filter paper. We imaged all the roots using an Epson Expression 12,000XL
scanner (Seiko Epson Corporation, Suwa, Nagano, Japan) and analyzed the images with
WinRHIZO software (Pro2017a, Regent Instruments Inc., Quebec, Canada) to obtain the
roots’ morphological parameters, including the total root length (TRL, cm), total root
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surface area (TRSA, cm2), total root volume (TRV, cm3) and the roots’ average diameter
(RAD, mm). After scanning, all the roots were oven-dried at 105 ◦C for half an hour to
deactivate the enzymes and then at 65 ◦C to a constant weight. The total seedling biomass
(TSB, g) of the seedlings was the sum of the root, stem and leaf biomass in each treatment.

2.4. Data Analysis

All the data were processed and analyzed in Excel 2016 (Microsoft Office, Washington,
Redmond, WA, USA). The increments in seedling height (∆H, cm) and ground diameter
(∆GD, mm) were calculated by subtracting the seedlings’ initial height and ground diameter
from the final height and ground diameter, respectively. Specific root length (SRL, cm·g−1)
was calculated as total root length/total root biomass (TRB, g). Root tissue density (RTD,
g·cm−3) was calculated by dividing the root biomass by the total root volume. The root-to-
shoot ratio (RSR) was calculated as the ratio of root biomass to aboveground biomass.

Statistical analyses were conducted using SPSS 25.0 for Windows (SPSS Inc., Chicago,
IL, USA). One-way ANOVA was conducted to evaluate the effect of nitrogen forms on
the seedlings’ ∆H, ∆GD, TRL, TRSA, TRV, RAD, TRB, TSB, SRL, RTD and RSR. Two-
way ANOVA was performed on the effects of tree species and different N forms on the
roots’ morphological parameters, and plots were created using Origin 2018 (OriginLab,
Northampton, USA). In this study, the ammonium and nitrate N concentrations were
used as environmental factor variables, and the root and growth parameters of plants
were used as biological factor variables to reflect the relationships among the parameters.
The redundancy analysis (RDA) was conducted in Canoco 5.0 (Microcomputer Power,
Ithaca, NY, USA).

3. Results
3.1. Significance Test of the Effects of Tree Species and Different Ratios of N Forms on the Seedlings’
Growth and the Roots’ Morphological Parameters

Table 2 shows that tree species and different N forms (a × b) had significant interaction
effects on ∆H and ∆GD, TRL, TRSA, TRV, TRB, RTD and RSR (p < 0.05), while the interaction
effect on RAD, TSB and SRL did not reach a significant level (p > 0.05). Separately, the effects
of tree species (a) and different N forms (b) on all indicators reached the very significant
level (p < 0.01), except for TRV under different ammonium to nitrate ratios, which reached
the significant level (p < 0.05).

Table 2. Two-way ANOVA of the effects of tree species and different ratios of N forms on the
seedlings’ growth and the roots’ morphological parameters.

Factor
p-Value and Significance Level

Tree Species (a) NH4
+/NO3− (b) a × b

df 1 4 4
Seedling height increment (∆H) <0.001 <0.001 <0.001

Ground diameter increment (∆GD) <0.001 <0.001 <0.001
Total root length (TRL) <0.001 <0.001 <0.01

Total root surface area (TRSA) <0.001 <0.001 <0.01
Total root volume (TRV) <0.001 <0.05 <0.05

Roots’ average diameter (RAD) <0.001 <0.001 0.835
Total root biomass (TRB) <0.001 <0.01 <0.001

Total seedling biomass (TSB) <0.001 <0.01 0.08
Specific root length (SRL) <0.001 <0.01 0.113
Root tissue density (RTD) <0.001 <0.01 <0.05
Root-to-shoot ratio (RSR) <0.001 <0.001 <0.001

3.2. Effects of Different N Forms on Root Morphology in the Two Tree Species

The roots’ parameters were significantly influenced by the different N forms in each
treatment (p < 0.05) (Figure 1). Under the five different ratios of the N forms, the TRL and
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TRSA of C. lanceolata followed the order 10:0 < 7:3 < 3:7 < 5:5 < 0:10 (Figure 1a,c). Under
the NO3

−-N-only treatment, the TRL and TRSA were 16.54–70.42% and 18.58–42.68%
higher, respectively, than those under the other four treatments. The TRV followed the
order 10:0 < 5:5 < 7:3 < 3:7 < 0:10 (Figure 1e). It was largest under the NO3

−-N-only
treatment, which was 11.48–24.64% larger than that under the other four treatments. The
RAD of C. lanceolata followed the order 5:5 < 0:10 < 7:3 < 3:7 < 10:0 (Figure 1g), and was
significantly larger under the NH4

+-N-only treatment than under the other four treatments.
In general, the roots of C. lanceolata preferred to grow under the treatments with higher
NO3

−-N concentrations.
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and 7.97–72.24% larger, respectively, than those of the other four treatments. The RAD of S.
superba followed the order 5:5 < 0:10 < 3:7 < 7:3 < 10:0 (Figure 1h). It showed the maximum
value under the NH4

+-N-only treatment, which did not differ significantly from that under
the 7:3 treatment but was significantly greater than that under the other three treatments,
showing a minimum value at a ratio of 5:5. The morphological parameters of the root
system of S. superba were superior in the treatments with higher NH4

+-N concentrations.

3.3. Effects of Different N Forms on Biomass in the Two Tree Species

The TRB of one-year-old seedlings of C. lanceolata ranged from 2.26 to 2.74 g·tree−1

after 160 days of the experimental treatment (Figure 2a), and the TSB was 8.59–9.71 g·tree−1

(Figure 2c). The TRB followed the order 3:7 > 0:10 > 5:5 > 7:3 >10:0, and there were no signifi-
cant differences among the 3:7, 0:10 and 5:5 ratios (p > 0.05). Conversely, the TSB was largest
under the NH4

+-N-only treatment and followed the order 10:0 > 5:5 > 7:3 > 3:7 > 0:10. TRB
accumulation was higher under the treatment with a high NO3

−-N concentration than that
with a high NH4

+-N concentration. However, the TSB in C. lanceolata tended to accumulate
at high NH4

+-N concentrations and homogeneous N supply.
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Figure 2. Effects of different NH4
+-N and NO3

−-N ratios on the TRB (a,b) and TSB (c,d) of the two
tree species. Different lowercase letters indicate that TRB and TB were significantly different under
different N forms (p < 0.05).

The TRB of S. superba seedlings ranged from 0.34 to 0.56 g·tree−1 (Figure 2b) and the TSB
was 3.12–4.10 g·tree−1 (Figure 2d). The TRB followed the order 7:3 > 5:5 > 10:0 > 0:10 > 3:7,
while the TSB followed the order 5:5 > 3:7 > 7:3 > 0:10 > 10:0. The TRB accumulation
in S. superba was higher under the treatment with a high NH4

+-N concentration and
homogeneous N supply than under the treatment with a high NO3

−-N concentration,
while the TSB tended to accumulate under the treatments with homogeneous and medium
heterogeneous N supply. The environment with highly heterogeneous N supply was the
most unfavorable for the accumulation of TSB in S. superba.

3.4. Effects of Different N Forms on Root Abundance in the Two Tree Species

The SRL of C. lanceolata followed the order 0:10 > 5:5 > 7:3 > 3:7 > 10:0 (Figure 3a) and
was the highest under the NO3

−-N-only treatment, which was not significantly different
from that under the control treatment (5:5) (p > 0.05) but was significantly higher than that
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under the other three treatments (p < 0.05). The RTD of C. lanceolata followed the order
3:7 > 5:5 > 10:0 > 7:3 > 0:10 (Figure 3c). There were no significant differences between the
3:7 and 5:5 ratios, but both of these treatments resulted in a significantly higher RTD than
the other three treatments. In contrast, the RSR followed the order 0:10 > 3:7 > 7:3 > 5:5 > 10:0
(Figure 3e), showing higher values under the treatment with a high NO3

−-N concentration.
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significantly different under different N forms (p < 0.05).

The SRL of S. superba followed the order 5:5 > 0:10 > 3:7 > 10:0 > 7:3 (Figure 3b), showing
a higher value under the treatment with a homogeneous N supply and a high NO3

−-N level.
The difference between the 5:5 and 0:10 ratios was not significant, but both of them had
a significantly higher SRL than the other three treatments. The RTD of S. superba followed
the order of 10:0 > 7:3 > 3:7 > 0:10 > 5:5 (Figure 3d), showing that the heterogeneous N
supply resulted in a higher RTD than the homogeneous N supply. Moreover, the treatments
with a high NH4

+-N level resulted in a higher RTD than the treatments with a high NO3
−-N

level. The RSR followed the order 7:3 > 10:0 > 0:10 > 5:5 > 3:7 (Figure 3f) and was highest
under the treatments with high NH4

+-N.

3.5. Effects of Different N Forms on Aboveground Growth in the Two Tree Species

After 160 days of cultivation, the ∆H of C. lanceolata and S. superba seedlings was
10.2–17.7 cm and 7.0–10.5 cm (Figure 4a), respectively, and the ∆GD was 3.08–4.35 mm and
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2.18–3.62 mm (Figure 4b), respectively. It can be seen that the ∆H and ∆GD of C. lanceolata
were larger than those of S. superba.
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Under different N forms, the ∆H of C. lanceolata followed the order 5:5 > 7:3 > 3:7 >
10:0 > 0:10 and was largest under the control treatment (Figure 4a), which was 9.05–73.20%
larger than that under the other treatments. The ∆H of C. lanceolata was greater under the
homogeneous N supply than under the heterogeneous N supply, and it was smallest under
the NH4

+-N-only and NO3
−-N-only treatments. The ∆H of S. superba followed the order 5:5

> 3:7 > 0:10 > 7:3 > 10:0 and was largest under the control treatment (Figure 4a), which was
12.93–49.05% larger than that under the other treatments. The ∆H of S. superba was greater
under the homogeneous N supply than the heterogeneous N supply, and it was greater
under the treatment with a high NO3

−-N concentration than under the treatment with
a high NH4

+-N concentration. In the two tree species, seedling height initially increased
and then decreased with the increase in NO3

−-N in the nutrients.
The ∆GD of C. lanceolata followed the order 7:3 > 5:5 > 10:0 > 0:10 > 3:7 and was largest

at the ammonium to nitrate ratio of 7:3 (Figure 4b), which was 15.09–41.26% larger than
that under the other treatments. The ∆GD of S. superba followed the order 0:10 > 3:7 > 7:3 >
5:5 > 10:0 (Figure 4b). It was largest at an ammonium to nitrate ratio of 0:10, which was
8.92–66.51% larger than that under the other treatments. Overall, C. lanceolata tended to
increase the ground diameter of the seedlings under the treatment with a high NH4

+-N
concentration and a homogeneous N supply, whereas S. superba preferred to increase the
ground diameter under the treatment with a high NO3

−-N concentration.

3.6. Redundancy Analysis of Ammonium and Nitrate N Concentrations with Root and
Growth Parameters

We used N forms as the environmental factor variables, and a redundancy analysis was
performed on the roots’ morphological and growth parameters of C. lanceolata (Figure 5a)
and S. superba (Figure 5b). A smaller angle between them (close to 0◦) indicated that the
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positive correlation was significant, and a larger angle (close to 180◦) indicated that the
negative correlation was significant.

Forests 2022, 13, x FOR PEER REVIEW 9 of 15 
 

 

concentration and a homogeneous N supply, whereas S. superba preferred to increase the 
ground diameter under the treatment with a high NO3−-N concentration. 

3.6. Redundancy Analysis of Ammonium and Nitrate N Concentrations with Root and Growth 
Parameters 

We used N forms as the environmental factor variables, and a redundancy analysis 
was performed on the roots’ morphological and growth parameters of C. lanceolata (Figure 
5a) and S. superba (Figure 5b). A smaller angle between them (close to 0°) indicated that 
the positive correlation was significant, and a larger angle (close to 180°) indicated that 
the negative correlation was significant. 

 
Figure 5. Redundancy analysis of the responses of roots’ morphological and growth parameters to 
different ratios of the N forms. The proportions explained by Axis 1 and Axis 2 in (a) are 27.91% and 
24.14% and those in (b) are 12.21% and 44.30%, respectively. Solid blue lines indicate the parameters. 
Solid red lines indicate NH4+-N and NO3−-N. Abbreviations for the parameters are as follows: TRL, 
total root length; TRSA, total root surface area; TRV, total root volume; RAD, roots’ average diame-
ter; TRB, total root biomass; TSB, total seedling biomass; SRL, specific root length; RTD, root tissue 
density; RSR, root-to-shoot ratio; ΔH, height increment; ΔGD, ground diameter increment. 

Figure 5a shows that the RAD, ΔGD and TSB of C. lanceolata had a positive correlation 
with NH4+-N and a negative correlation with NO3−-N. However, the ΔH and RTD de-
creased along the Y-axis, and the correlation with NH4+-N was not significant. In contrast, 
the RSR, TRB, SRL, TRL, TRSA and TRV of C. lanceolata had a positive correlation with 
NO3−-N and a negative correlation with NH4+-N. Among these, the RSR had the strongest 
positive correlation with NO3−-N. The RAD and RTD had a negative correlation with SRL. 

Figure 5b shows that the RSR, RAD, TRB and RTD of S. superba had a positive corre-
lation with NH4+-N and a negative correlation with NO3−-N. Conversely, the ΔGD, ΔH 
and TSB of S. superba had a positive correlation with NO3−-N and a negative correlation 
with NH4+-N. However, the correlations of TRSA, TRL and TRV with NH4+-N and that of 
SRL with NO3−-N were not significant. Among these, the ΔGD had the strongest positive 
correlation with NO3−-N. The RAD and RTD had a negative correlation with SRL. 

4. Discussion 
4.1. Effects of Different N Forms on Root Morphology in Different Tree Species 

When trees grow for a long period of time in a soil environment with a certain ratio 
of the N forms, they gradually form a growth pattern adapted to this soil environment, 
which is generally the coordinated effect of the aboveground and the underground parts. 
As the root is in direct contact with the soil for nutrient exchange, the change in root mor-
phology is the intuitive embodiment of and basis for understanding the growth of forest 
trees. The results of this study showed that the TRL, TRSA and TRV of C. lanceolata were 
positively correlated with NO3−-N (Figure 5a) and that the RAD was positively correlated 
with NH4+-N. The TRL, TRSA, TRV and RAD of S. superba tended to be greater at high 

Figure 5. Redundancy analysis of the responses of roots’ morphological and growth parameters to
different ratios of the N forms. The proportions explained by Axis 1 and Axis 2 in (a) are 27.91% and
24.14% and those in (b) are 12.21% and 44.30%, respectively. Solid blue lines indicate the parameters.
Solid red lines indicate NH4

+-N and NO3
−-N. Abbreviations for the parameters are as follows: TRL,

total root length; TRSA, total root surface area; TRV, total root volume; RAD, roots’ average diameter;
TRB, total root biomass; TSB, total seedling biomass; SRL, specific root length; RTD, root tissue
density; RSR, root-to-shoot ratio; ∆H, height increment; ∆GD, ground diameter increment.

Figure 5a shows that the RAD, ∆GD and TSB of C. lanceolata had a positive correlation
with NH4

+-N and a negative correlation with NO3
−-N. However, the ∆H and RTD de-

creased along the Y-axis, and the correlation with NH4
+-N was not significant. In contrast,

the RSR, TRB, SRL, TRL, TRSA and TRV of C. lanceolata had a positive correlation with
NO3

−-N and a negative correlation with NH4
+-N. Among these, the RSR had the strongest

positive correlation with NO3
−-N. The RAD and RTD had a negative correlation with SRL.

Figure 5b shows that the RSR, RAD, TRB and RTD of S. superba had a positive corre-
lation with NH4

+-N and a negative correlation with NO3
−-N. Conversely, the ∆GD, ∆H

and TSB of S. superba had a positive correlation with NO3
−-N and a negative correlation

with NH4
+-N. However, the correlations of TRSA, TRL and TRV with NH4

+-N and that of
SRL with NO3

−-N were not significant. Among these, the ∆GD had the strongest positive
correlation with NO3

−-N. The RAD and RTD had a negative correlation with SRL.

4. Discussion
4.1. Effects of Different N Forms on Root Morphology in Different Tree Species

When trees grow for a long period of time in a soil environment with a certain ratio of
the N forms, they gradually form a growth pattern adapted to this soil environment, which
is generally the coordinated effect of the aboveground and the underground parts. As the
root is in direct contact with the soil for nutrient exchange, the change in root morphology
is the intuitive embodiment of and basis for understanding the growth of forest trees. The
results of this study showed that the TRL, TRSA and TRV of C. lanceolata were positively
correlated with NO3

−-N (Figure 5a) and that the RAD was positively correlated with
NH4

+-N. The TRL, TRSA, TRV and RAD of S. superba tended to be greater at high NH4
+-N

concentrations, but the correlation was not significant (Figure 5b). Under a homogeneous
N supply, the TRL, TRSA and TRV of S. superba were largest, while the RAD was smallest.
C. lanceolata tended to grow more slender roots under the treatment with a high NO3

−-N
concentration, while the roots of S. superba were extended under the treatment with a high
NH4

+-N concentration and an ammonium to nitrate ratio of 5:5. This is consistent with
the results showing that C. lanceolata grows more slender roots in NO3

−-N patches and S.
superba grows more slender roots in NH4

+-N patches [8]. When C. lanceolata and S. superba
were mixed in an environment with heterogenous nutrients, S. superba took advantage of
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the compensatory strategy of a vertical growth direction in its fine roots, and alleviated the
strong competition for nutrients because of the different level of soil colonization and the
niche differentiation of fine roots of the two species [28,29], which was conducive to the
coordination of the relationship between the two species [30]. We infer that this opposite
root growth response resulted from complementary patterns in the absorption strategies of
different N forms in C. lanceolata and S. superba seedlings.

The nitrogen-seeking strategy of tree roots will change with changes in the environ-
ment and in their adaptive mechanism. The environmental factors affecting the growth
of forest roots mainly include the concentration of soil nutrients (such as N), the soil’s pH
value, and the soil’s temperature and humidity. The strategies of forest trees for obtaining
nitrogen also vary according to the forest’s age, which will directly or indirectly affect the
nitrogen uptake of trees [31]. For example, in an environment of mild nitrogen deficiency,
the TRL of plants increased, while moderate nitrogen deficiency and excessive nitrogen
supply inhibited the growth of the root system [32]. In acidic environments, NH4

+-N is the
main N source for plants and is usually more readily available than NO3

−-N, especially
in coniferous forests, where many conifers tend to absorb NH4

+-N [33]. Under drought
stress, the uptake of NH4

+-N in different organs of C. lanceolata seedlings was significantly
higher than that of NO3

−-N, showing a preference for NH4
+ [34]. The growth and nutrient

acquisition of plant roots are affected and restricted by many factors. When trees are under
nutrient, water and other stress conditions, the root system will produce a series of adaptive
changes in its morphological structure to obtain the limited resources and adapt to the
ecological strategy of overcoming adversity through self-regulation [35]. Numerous studies
have shown that in nutrient-limited environments, plants mainly use strategies such as
increasing the roots’ length and decreasing the roots’ diameter, which expand the growth
range of roots to obtain more nutrients for growth [36–38]. Nitrogen deposition causes
the growth rate of the TRL and TRV of C. lanceolata to be faster than that of the RSA and
RAD, in which the root system is elongated and dilated [39]. In another study, nitrogen
deposition caused the root system of S. superba seedlings to show an increasing trend in the
TRL, RAD, TRSA and TRV, and the root system was thick and dilated [40]. The results of
this study showed that the roots of C. lanceolata seedlings were slender and dilated under
the treatment with a high NO3

−-N concentration, while the roots of S. superba seedlings
were sturdy and dilated under the treatment with a high NH4

+-N concentration.

4.2. Effects of Different N Forms on Biomass and Root Abundance in Different Tree Species

The root biomass of plants is one of the manifestations of the amount of nutrients
and water they absorb, and the allocation of aboveground and underground biomass
also reflects the nutrient uptake and distribution in plants. The results of this study
showed that in C. lanceolata, the accumulation of root biomass was higher under the
treatment with a high NO3

−-N concentration and, the total accumulation of seedling
biomass was higher under the treatment with a high NH4

+-N concentration (Figure 5a).
However, the accumulation of root biomass in S. superba was higher under the treatment
with a high NH4

+-N concentration. The total biomass was highest under the treatment with
a homogeneous N supply, and accumulation was relatively high under the treatment with
a high NO3

−-N concentration (Figure 5b). In a limited-resource environment, when plants
are limited by nutrients, they allocate biomass to the roots and reduce the allocation to
aboveground biomass [41]. Under low nutrient conditions, C. lanceolata seedlings increased
the amount of nutrient absorbed, mainly by altering the root structure rather than by
allocating more nonstructural carbohydrates to the roots, while nutrient alleviation driven
by nitrogen addition resulted in more carbohydrate being allocated to the aboveground
organs, resulting in the accumulation of structural carbohydrates in the aboveground
parts [42]. This means that the addition of nitrogen leads to a reduction in fine root
biomass in C. lanceolata seedlings [43]. The same study found that there was a significant
positive correlation between the biomass of fine roots and the content of NH4

+-N in
a S. superba plantation [44]. The roots of S. superba from a heterogeneous N environment
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showed greater dry biomass and N absorption efficiency than those from a homogeneous
N environment [45]. This is contrary to the results of this study, which may be a result of
the differences in the provenance of the S. superba specimens, as they may have differences
in their N uptake.

As important indicators of roots’ morphological characteristics, the SRL and RTD
reflect the ability and efficiency of plants to allocate biomass to roots to absorb nutrients
and water. In general, the larger the SRL and the smaller the root diameter, the stronger
the ability of the root system to absorb nutrients and water [46]. To a certain extent,
RTD can be considered a reflection of root tissue’s stretching force. Generally, the greater
the RTD, the greater the stretching force of the root tissue [47]. Numerous studies have
shown that SRL has a negative correlation with RTD and RAD [18,48]. After N application,
Castanopsis fabri adopted a rapid absorption strategy by increasing the SRL and the growth
rate of roots, while Castanopsis carlesii adopted a relatively conservative resource absorption
strategy by increasing the tissue density of fine roots [49]. The N deposition treatment
significantly increased the fine root length of S. superba but had no significant effect on the
tissue density [50]. In this study, we found that the SRL of C. lanceolata and S. superba were
negatively correlated with RTD (Figure 5a,b). Therefore, we speculated that C. lanceolata
and S. superba adopt an expansion strategy of increasing their SRL and reducing their RTD
in an environment with a high NO3

−-N concentration.
The RSR is one of the indicators used to measure biomass allocation in plants. Nu-

merous studies have shown that in a normal growth environment, the aboveground and
underground parts of plants have synergistic growth, and biomass accumulation is also car-
ried out synergistically [51]. Under stresses such as drought, plants allocate more biomass
to the roots and increase the RSR to enhance the absorption capacity of water and other
underground resources [41,52]. A previous study found that drought reduced fine root
biomass and increased the RSR [53]. This study showed that the RSR of C. lanceolata was
positively correlated with NO3

−-N but negatively correlated with NH4
+-N, which was

consistent with the pattern shown by root biomass, and the RSR was largest under the treat-
ments with NO3

−-N only and an ammonium to nitrate ratio of 3:7. The RSR of S. superba
showed the opposite pattern and was consistent with the pattern shown by root biomass
(Figure 5a,b), and the RSR was largest under the treatment with an ammonium to nitrate
ratio of 7:3 and under the NH4

+-N-only treatment. Therefore, the results of this study
showed that the allocation of biomass to aboveground and underground parts in C. lanceo-
lata and S. superba seedlings responds differently to different N forms, and the N uptake
strategy was adjusted by increasing or decreasing the RSR. Under the treatments with high
NO3

−-N concentrations, C. lanceolata increased the RSR to obtain more N sources, while
S. superba increased the aboveground biomass by reducing the RSR, but the opposite was
true at high NH4

+-N concentrations. In a study of fine roots in hybrid poplar plantations, it
was found that soil nutrient deficiencies caused by continuous cropping may lead to an
increase in plants’ carbon input to the roots [54]. Therefore, we inferred that a high NO3

−-N
concentration may be a limiting nutrient for C. lanceolata seedlings. Correspondingly, N
sources with high NH4

+-N concentrations are more suitable for the aboveground growth of
C. lanceolata seedlings, and N sources with high NO3

−-N concentrations are more suitable
for the development of aboveground parts in S. superba.

4.3. Effects of Different N Forms on the Growth of Different Tree Species

As one of the limiting elements of plant growth, N occurs in different forms in natural
soil, and the different forms of N occur in different ratios, which will have different effects
on plant growth. It is believed that the sole application of NH4

+-N is prone to inducing
NH4

+ toxicity, which restrains plant growth [55,56]. Moreover, many plants prefer mixed
NH4

+-N and NO3
−-N over a single N source [57]. In contrast, some studies have also found

that the growth of the underground and aboveground parts of plant seedlings is positively
correlated with treatments with NH4

+-N only [5]. The results of this study showed that the
∆H of C. lanceolata seedlings showed higher values under ammonium to nitrate ratios of 5:5
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and 7:3, and ∆GD showed higher values under ammonium to nitrate ratios of 7:3 and 5:5.
The ∆H of S. superba was larger under ammonium to nitrate ratios of 5:5 and 3:7, and the
∆GD was higher under ammonium to nitrate ratios of 0:10 and 3:7, which both had positive
correlations with NO3

−-N and TSB (Figure 5b). Overall, our study supports the idea that
C. lanceolata and S. superba seedlings prefer to develop aboveground parts under mixed
NH4

+-N and NO3
−-N. Between the two, C. lanceolata seedlings are more inclined to absorb

NH4
+-N for aboveground growth, which is more suitable for growth under ammonium to

nitrate ratios of 5:5 and 7:3. Conversely, S. superba seedlings are more inclined to absorb
NO3

−-N, which is more suitable for aboveground growth under ammonium nitrate ratios
of 5:5, 3:7 and 0:10. The ∆GD of S. superba seedlings was largest under the ratio of 0:10,
which may be because the application of NO3

−-N alone is beneficial for the growth in the
woody diameter of S. superba.

Because they are timber species, it is also worth considering the aboveground growth
of C. lanceolata and S. superba. Because of differences in their leaves, conifer and broadleaf
species respond differently to different N forms [58]. Studies suggest that conifer species
tend to absorb NH4

+-N, and broadleaf species tend to absorb NO3
−-N [58,59]. This study

supports this hypothesis, which proposes that C. lanceolata seedlings prefer NH4
+-N over

NO3
−-N for aboveground growth, while the opposite is true for S. superba. It is worth noting

that TRL, TRSA, TRV, TSB, ∆H and SRL all showed maximum values in S. superba under an
ammonium to nitrate ratio of 5:5. This means that both the aboveground and underground
parts grow simultaneously under a homogeneous N supply. As a result, we speculate that
the roots of S. superba seedlings may increase their length within the root system to obtain
nutrients and use nutrients for seedlings’ growth in terms of height and leaves to obtain
more nutrients through photosynthesis under a homogeneous N supply [60].

5. Conclusions

In conclusion, the roots of C. lanceolata tended to be slender and accumulate more
biomass under the treatment with a high NO3

−-N concentration, while the opposite was
true for S. superba. Under the high NO3

−-N concentration, the roots of the two tree species
adopted the expansion strategy of increasing the SRL and reducing the RTD. Moreover, C.
lanceolata allocated more biomass to the root system at the high NO3

−-N concentration, but
S. superba allocated more biomass to the root system at the high NH4

+-N concentration.
Compared with the treatments with a single N form, the mixed NH4

+-N and NO3
−-N

treatments were more conducive to the growth and biomass accumulation of the two tree
species. C. lanceolata tends to grow under high NH4

+-N concentrations, while S. superba
tends to grow under high NO3

−-N concentrations. C. lanceolata grows better under NH4
+-

N:NO3
−-N ratios of 5:5 and 7:3, while S. superba grows better under NH4

+-N:NO3
−-N

ratios of 5:5 and 3:7 ratios. Therefore, according to the soil N, we can appropriately apply
more NH4

+-N to C. lanceolata and more NO3
−-N to S. superba for cultivating seedlings.
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Abstract: There is a complex cadmium (Cd) and iron (Fe) interaction in soil. To explore the influences
of Fe application on the growth, Cd accumulation, and antioxidant capacity of poplar under Cd
exposure, Populus tremula × P. alba ‘717’ was treated with different concentrations of Cd (0 and 100 µM)
and Fe (50 and 150 µM). In addition, the root architecture, leaf chlorophyll content, Cd accumulation,
and antioxidant enzyme activity were analyzed. The results showed that the high-dose Fe (150 µM)
did not change poplar biomass in zero-Cd treatment but increased the chlorophyll content, total root
surface area, net photosynthetic rate, and biomass accumulation of Cd-stressed poplar. In addition,
under Cd stress, high-dose Fe increased the translocation factor (TF) of Cd, decreased root and leaf
malondialdehyde (MDA) content, and enhanced root and leaf SOD activity. That is, high-dose Fe
could alleviate the suppression of Cd on the growth of poplar and enhance the transport of Cd
to aboveground tissues and the SOD activity in roots and leaves, thus alleviating the Cd-induced
oxidative stress. This study will provide reference for the remediation of Cd-contaminated soils
using poplar.

Keywords: phytoremediation; root architecture; antioxidant enzyme activity; chlorophyll; photosynthesis

1. Introduction

Heavy metal accumulation caused by natural processes or anthropogenic activities
severely affects the life and biodiversity on earth [1]. Especially, cadmium (Cd) pollution
has attracted much attention from people of many countries [2–5]. Cd in soil can be
absorbed by plant roots and enters the human body through the food chain, endangering
human immune, nervous, and reproductive systems [6]. To reduce the Cd accumulation in
soil and the threat of Cd pollution to human health, many physical, chemical, and biological
remediation technologies have been developed [7,8]. Among them, phytoremediation is an
effective, low-cost, and environment-friendly way [9] to remove heavy metals from soils by
plants’ uptake. For example, Hu et al. [10] and Balestri et al. [11] reported that Pteris vittata
and Sedum alfredii could adsorb a large amount of Cd in the soil. However, most known Cd-
enriched plants are herbs. Due to the low biomass, the amount of Cd accumulation is very
small compared with trees [2]. Therefore, some scholars began to study the remediation
of Cd-contaminated soils using trees [12–14]. Marmiroli et al. reported that the total Cd
contents extracted from Populus and Thlaspi were about 250 and 125 g ha−1 per year in
similarly polluted soil, respectively [15]. Due to the fast growth and strong adaptability,
the performance of poplar in Cd-contaminated soil remediation has been explored [16].
He et al. [17] found that due to Populus canescens had a large biomass: the total amount
of Cd absorbed and transported to the aboveground part was considerable. The root and
leaf Cd content of P. canescens exceeded 1000 and 100 µg g−1 DW, respectively. Therefore,
poplar has great potential in phytoremediation.

Several studies have shown that Cd can enter plant cells through transport vectors
of Fe2+, Zn2+, and Ca2+, disrupting the uptake of minerals by plants [18–20]. The strong
binding ability of Cd to proteins could replace Fe in proteins and change protein function
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and chloroplast structure, thus inhibiting photosynthesis and reducing biomass accumula-
tion [21,22]. Cd can also disturb the metabolism and increase the production of reactive
oxygen species (ROS), which ultimately causes oxidative stress [23]. Many studies have
shown that plants can adapt to environmental stresses through changing root architec-
ture to obtain adequate nutrients [24]. In addition, the activities of antioxidant enzymes
in plant cells, such as ascorbate peroxidase (APX), ascorbate oxidase (AAO), superoxide
dismutase (SOD), and catalase (CAT), could also be induced to maintain intracellular redox
balance [12].

Iron (Fe) is necessary for plant growth. The redox of Fe2+ and Fe3+ participates in plant
electron transport chain, photosynthesis, respiration, and chloroplast synthesis [25,26].
A previous study found that Cd can disrupt the absorption and transportation of Fe by
plants, causing the iron deficiency chlorosis of plants [27]. Fe deficiency further aggravates
Cd-induced oxidative stress and inhibits plant growth [28,29]. Although Fe could restore
the photosynthesis of plants, it also strengthens the absorption of Cd and the allocation
to the aboveground part [30,31]. However, a previous study also proved that sufficient
Fe could reduce the absorption of Cd by plants [32]. Fe is a key component of the iron
superoxide dismutase (Fe-SOD) subunit, which is vital for ROS scavenging [33], and
most Fe in the soil is in insoluble form that cannot be directly utilized by plants. Thus,
exploring the effect of high-dose Fe on poplar growth and Cd accumulation is essential for
poplar phytoremediation.

The root system directly contacts with soil Cd and is the channel for Cd to enter the
plant’s aboveground part, so it is more sensitive to soil Cd [34]. Therefore, in this study,
the effects of Fe treatments (50 and 150 µM) on the growth parameters, root architecture,
Cd accumulation, and antioxidant enzyme activity of poplar under Cd exposure (100 µM)
were explored, to clarify the mechanism of high-dose Fe alleviating Cd stress on poplar
growth. This study hypothesized that: (1) high-dose Fe might affect the absorption and
accumulation of Cd by poplar by changing poplar root architecture and (2) high-dose
Fe might affect antioxidant enzyme activity to improve poplar tolerance to Cd stress.
This research will provide reference for the phytoremediation of Cd-contaminated soil
using poplar.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Tissue culture plants of Populus tremula × P. alba ‘717’ were used in this experiment. In
March 2021, tissue culture plants were cultured under growth room condition (25/18 ◦C in
the day and night; light duration: 14 h; light intensity: 150 µmol m−2 s−1; relative humidity:
50%–60%) for one month and then transplanted in 6 L pots filled with sands. Hoagland
nutrient solution (1/4 concentration, 50 mL) was irrigated into each pot every day.

In May, when the height of seedlings reached 30–35 cm, 24 seedlings with similar size
were transplanted in aerated Hoagland nutrient solution without Fe and equally divided
into four groups, followed by Cd (0 and 100 µM CdCl2) and Fe (50 and 150 µM FeCl3)
treatments. The Cd and Fe levels were determined according to previous studies [14,35,36],
and 50 and 150 µM Fe doses were considered normal- and high-dose Fe, respectively.
There were four treatments in total, including (1) Cd0Fe50: 0 µM CdCl2 + 50 µM FeCl3;
(2) Cd0Fe150: 0 µM CdCl2 + 150 µM FeCl3; (3) Cd100Fe50: 100 µM CdCl2 + 50 µM FeCl3;
and (4) Cd100Fe150: 100 µM CdCl2 + 150 µM FeCl3. The nutrient solution was renewed
every three days, and Cd and Fe were added again after the nutrient solution was replaced.
After 5 weeks, all poplar plants were harvested (Figure 1).
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Figure 1. The leaves of poplar under different Cd and Fe combined treatments. Cd0Fe50: 0 µM
CdCl2 + 50 µM FeCl3; Cd0Fe150: 0 µM CdCl2 + 150 µM FeCl3; Cd100Fe50: 100 µM CdCl2 + 50 µM
FeCl3; Cd100Fe150: 100 µM CdCl2 + 150 µM FeCl3. The same below.

2.2. Determination of Photosynthetic Parameters and Sampling

Three leaves of each seedling (leaf plastochron index: 7–9) were sampled, and the
method of Luo et al. [37] was employed to determine the net photosynthetic rate (Pn), tran-
spiration rate (E), and stomatal conductance (gs) using a LI-6400 portable photosynthetic
apparatus (LI-COR Inc., Lincoln, NE, USA) in the morning (9:00–11:00).

Then, the roots of each seedling were soaked in 50 mM CaCl2 for 5 min, washed twice,
and dried with absorbent paper, to remove root surface metal ions. A portion of the seeding
roots (ca. 2 g) was used for scanning (see Section 2.3). After that, the seedlings were separated
into roots, woods, barks, and leaves; weighed; and recorded. After wrapping in tin foil and
freezing in liquid nitrogen, the tissues were ground at low temperature using a ball mill
(Tissuelyser-64L, Jingxin, Shanghai, China) and stored at −80 ◦C. About 200 mg was then
dried to constant weight and weighed, followed by the calculation of the dry-wet ratio.

2.3. Determination of Root Morphology

The roots sampled for scanning above mentioned were spread out in water to avoid
root overlap. Then the root was scanned using the WinRHIZO root analysis system (Regent
Instruments, Québec, QC, Canada) to determine the total root length (TRL), total root
surface area (TRSA), total root volume (TRV), and total root tips (TRT) [24].

2.4. Assays of Chlorophyll Content

Leaf chlorophyll content (chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid
(Car)) were determined [14]. Forty milligrams of leaves was soaked in pure acetone and
(400 µL) for 5 min. Then, 9.6 mL of 80% acetone solution was added. The mixture was
shaken in dark conditions overnight. Fifteen minutes after the sample turned white, the
absorbance at 663, 646, and 470 nm were measured using a spectrophotometer (Unico,
Beijing, China).

2.5. Determination of the Concentrations of Cd and Fe

One hundred milligrams of root and leaf samples was digested using, respectively,
solutions composed of perchloric acid (2 mL) and concentrated nitric acid (8 mL). Then, the
ICP-MS inductively coupled plasma mass spectrometry (Agilent7800, Santa Clara, CA, USA)
was used to determine the Cd and Fe concentrations [13].

2.6. Determination of MDA Content

One hundred milligrams of root and leaf samples was extracted in 10% TCA for
30 min. The supernatant was mixed with a solution composed of 0.6% TBA and 10% TCA
after centrifugation. After that, the mixture was subjected to a 15 min boiling water bath,
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followed by cooling in ice and centrifugation. Finally, the absorbance of the supernatant
was determined at 450, 532, and 600 nm [38].

2.7. Assays of Antioxidant Enzyme Activity

One hundred milligrams of root and leaf samples was extracted using an extract
solution composed of polyvinylpolypyrrolidone (200 mg), potassium phosphate (0.1 M,
pH 7.8), and Triton X-100 (v/v = 0.5%). After centrifugation, the soluble protein content was
determined using the supernatant, with bovine serum as the standard. The antioxidant
enzyme activity was determined using the extracted soluble protein [39].

Following Tamás et al. [40], the reaction system for the determination of AAO
(EC 1.10.3.3) activity included enzyme solution, potassium phosphate buffer (0.1 M,
pH 5.6), EDTA-Na2 (5 mM), and sodium ascorbate (50 mM). The absorbance was de-
termined at 265 nm using a spectrophotometer. The oxidization of 1 µmol ascorbic acid
(AsA) per milligram of protein per minute was defined as one unit of AAO activity.

Following He et al. [41], the reaction system for the determination of APX (EC 1.11.1.11)
activity consisted of enzyme solution, phosphate buffer (0.05 M, pH 7.0), EDTA (0.1 mM),
sodium ascorbate (0.1 mM), and H2O2 (2.5 mM). The absorbance was determined at
290 nm using a spectrophotometer. The decomposition of 1 µmoL of AsA per milligram of
protein per minute was defined as one unit of APX activity.

Following Gong at al. [42], the SOD (EC1.15.1.1) activity was determined. The reaction
system included enzyme solution, potassium phosphate (0.05 M, pH 7.8), methionine
(0.22 M), nitro blue tetrazolium chloride monohydrate (NBT) (1.25 mM), and riboflavin
(33 µM). The absorbance was determined at 560 nm using a spectrophotometer. The 50%
inhibition of NBT photoreduction was defined as one unit of SOD activity.

2.8. Analysis of BCF, BAF, TF and TI

The bioconcentration factor (BCF), bioaccumulation factor (BAF), translocation factor
(TF), and tolerance index (TI) were calculated [1]:

BCFR = CCdR/CSubstrate (1)

BAFW = CCdW/CSubstrate (2)

BAFB = CCdB/CSubstrate (3)

BAFL = CCdL/CSubstrate (4)

TFW = CCdW/CCdR (5)

TFB = CCdB/CCdR (6)

TFL = CCdL/CCdR (7)

TI = DBMCd-treatment/DBMControl (8)

where CCdR, CCdW, CCdB, CCdR, CCdL, and CSubstrate are the Cd concentrations in poplar
root, wood, bark, leaves, and growing substrate, respectively, and DBMCd-treatment and
DBMControl are the dry biomass (DBM) of each Cd treatment and the control, respectively.

2.9. Statistical Analysis

Data normality was first analyzed. All the data were analyzed using Statgraphics
software (STN, USA). The significance of the differences was determined with two-factor
analyses of variance at p < 0.05, and for significant differences, the means were analyzed by
a posteriori comparison.

182



Forests 2022, 13, 2023

3. Results
3.1. Effect of Fe Application on Cd-Stressed Poplar Growth

The biomass of roots (0.63 g), woods (0.59 g), barks (0.50 g), and leaves (0.50 g) for
Cd100Fe50 decreased by 42%, 56%, 44%, and 51%, respectively, compared with those
for Cd0Fe50 (Figure 2a–d). The biomass of roots (0.82 g), woods (0.71 g), barks (0.65 g),
and leaves (3.79 g) for Cd100Fe150 decreased by 19%, 44%, 30%, and 30%, respectively,
compared with those for Cd0Fe150 (Figure 2a–d). There was no difference between Cd0Fe50
and Cd0Fe150 (Figure 2a–d). However, the biomass of roots, woods, barks, and leaves for
Cd100Fe150 increased by 29%, 20%, 29%, and 38%, respectively, compared with those for
Cd100Fe50 (Figure 2a–d). The TI for Cd100Fe50 decreased by 50% compared with that
for Cd0Fe50. Similarly, The TI for Cd100Fe150 decreased by 31% compared with that for
Cd0Fe150 (Figure 2e). Under Cd-free condition, there was no difference in the TI between
Cd0Fe150 and Cd0Fe50. The TI for Cd100Fe150 increased by 34% compared with that for
Cd100Fe50 (Figure 2e).
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Figure 2. The biomass of root (a), wood (b), bark (c), leaves (d), and TI © of poplar under different
Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the
bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe,
and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001;
ns, not significant). The same below.

3.2. Effect of Fe Application on Cd-Stressed Poplar Root Architecture

The TRL of poplar for Cd100Fe50 decreased by 58%, compared with that for Cd0Fe50.
Similarly, the TRL of poplar for Cd100Fe150 decreased by 32% compared with that for
Cd0Fe150. The TRL of poplar for Cd0Fe150 decreased by 25% compared with that for
Cd0Fe50. However, there was no difference in the TRL of poplar between Cd100Fe150 and
Cd100Fe50 (Figure 3a).
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Figure 3. The TRL (a), TRSA (b), TRV (c) and total root tip number (d) of poplar under different Cd
and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars
indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and
their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant).

The TRSA of poplar for Cd100Fe50 decreased by 26% compared with that for Cd0Fe50.
There was no difference between Cd100Fe150 and Cd0Fe150 or between Cd0Fe50 and
Cd0Fe150. However, the TRSA of poplar for Cd100Fe150 increased by 42% compared with
that for Cd100Fe50 (Figure 3b).

The TRV of poplar for Cd100Fe50 decreased by 56% compared with that for Cd0Fe50.
Similarly, the TRV of poplar for Cd100Fe150 decreased by 17% compared with that for
Cd0Fe150. The TRV of poplar for Cd0Fe150 decreased by 17% compared with that for
Cd0Fe50. However, the TRV of poplar for Cd100Fe150 increased by 56% compared with
that for Cd100Fe50 (Figure 3c).

The total number of poplar root tips for Cd100Fe50 decreased by 32% compared with
that for Cd0Fe50. Similarly, the total number of poplar root tips for Cd100Fe150 decreased
by 43% compared with that for Cd0Fe150. However, the total number of root tips of poplar
for Cd0Fe150 increased by 32% compared with that for Cd0Fe50. There was no difference
between Cd100Fe50 and Cd100Fe150 (Figure 3d).

3.3. Effects of Fe on Chlorophyll Content and Photosynthetic Parameters of Cd-Stressed Poplar

The leaf Pn, E, and gs for Cd100Fe50 decreased by 48%, 41%, and 27%, respectively,
compared with those for Cd0Fe50. Similarly, the Pn, E, and gs for Cd100Fe150 decreased
by 41%, 47% and 38%, respectively, compared with those for Cd0Fe150. However, the Pn,
E, and gs of leaves for Cd0Fe150 increased by 21%, 47%, and 33%, respectively, compared
with those for Cd0Fe50. In addition, the Pn, E, and gs of leaves for Cd100Fe150 increased
by 37%, 33%, and 13%, respectively, compared with those in the Cd100Fe50 (Figure 4).
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Figure 4. The Pn (a), E (b) and gs (c) of poplar under different Cd and Fe combined treatments. Data
were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in
ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were
indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant).

The contents of Chl a (4.61 mg g−1 DW), Chl b (1.01 mg g−1 DW), and Car
(0.85 mg g−1 DW) in poplar leaves for Cd100Fe50 decreased by 54%, 41%, and 51%, respec-
tively, compared with those for Cd0Fe50. Similarly, the contents of Chl a (2.82 mg g−1 DW),
Chl b (0.77 mg g−1 DW), and Car (0.61 mg g−1 DW) in poplar leaves for Cd100Fe150 de-
creased by 42%, 30%, and 29%, respectively, compared with those for Cd0Fe150. However,
the content of Chl b for Cd0Fe150 increased by 10%, while the contents of Chl a and Car
did not change significantly compared with those for Cd0Fe50. Additionally, the contents
of Chl a, Chl b, and Car in poplar leaves for Cd100Fe150 increased by 34%, 29%, and 45%,
respectively, compared with those for Cd100Fe50 (Figure 5).
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Figure 5. Chl a (a), Chl b (b), and Car (c) in the leaves of poplar under different Cd and Fe combined
treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant
differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction
(Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant).

3.4. Effect of Fe on the Cd Accumulation of Cd-Stressed Poplar

No Cd was found in the poplar for Cd0Fe150 and Cd0Fe50 (Figure 6a–d). The
root Cd content (231.98 µg g−1 DW) in the Cd100Fe150 reduced by 66%, while the
Cd contents in the woods (179.57 µg g−1 DW), barks (464.86 µg g−1 DW), and leaves
(167.53 µg g−1 DW) increased by 44%, 76%, and 56%, respectively, compared with those for
Cd100Fe50 (Figure 6a–d).
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Figure 6. The Cd (a–d) and Fe (e–h) contents in the roots, woods, barks, and leaves of poplar under
different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters
on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA
on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001; ns, not significant).

The root and bark Fe content for Cd100Fe50 increased by 71% and 92%, respectively,
while the wood and leaf Fe content decreased by 37% and 34%, respectively, compared
with those for Cd0Fe50. The Cd content in poplar roots, woods, and leaves for Cd100Fe150
reduced by 30%, 23%, and 43%, respectively, while the content of Fe in the barks increased
by 81% compared with those for Cd0Fe150. The Fe content in the roots, barks, and leaves of
poplar for Cd0Fe150 increased by 92%, 103%, and 89%, respectively, compared with those
for Cd0Fe50, but there was no difference in the Fe content in woods. The content of Fe in
the barks and leaves for Cd100Fe150 increased by 91% and 62%, respectively, but that in
the roots reduced by 22%, compared with those for Cd100Fe50 (Figure 6e–h).
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The BCFR for Cd100Fe150 (20.71) reduced by 66%, while the BAFW, BAFB, and BAFL
increased by 44%, 76%, and 56%, respectively, compared with those for Cd100Fe50. The
TFW (0.78), TFB (2.02), and TFL (0.73) for Cd100Fe150 increased by 325%, 420%, and 361%,
respectively, compared with those for Cd100Fe50 (Table 1).

Table 1. BAF, BCF, and TF for Cd in the roots (R), woods (W), barks (B), and leaves (L) of poplar
under different Cd and Fe combined treatments.

BCFR BAFW BAFB BAFL TFW TFB TFL

Cd0Fe150 61.00 ± 2.68 b 11.15 ± 0.38 a 23.64 ± 0.53 a 9.58 ± 0.54 a 0.18 ± 0.01 a 0.39 ± 0.01 a 0.16 ± 0.02 a
Cd100Fe150 20.71 ± 1.26 a 16.03 ± 0.51 b 41.51 ± 0.31 b 14.96 ± 0.70 b 0.78 ± 0.06 b 2.02 ± 0.13 b 0.73 ± 0.07 b

p-values Fe *** ** **** ** *** *** **

Notes: Data were means ± SE (n = 6). Different lowercase letters following the values in the same column indicate
significant differences in ANOVA (p < 0.05). p values of one-way ANOVA on Fe were indicated (**, p < 0.01;
***, p < 0.001; ****, p < 0.0001; ns, not significant).

3.5. Effect of Fe application on MDA Content and Antioxidant Enzyme Activities of Cd-Stressed Poplar

The MDA content in poplar roots for Cd100Fe50 increased by 101% compared with
that for Cd0Fe50 (Figure 7a). The MDA content in poplar roots for Cd100Fe150 increased by
60% compared with that for Cd0Fe150 (Figure 7a). There was no difference in the root MDA
content between Cd0Fe50 and Cd0Fe150 (Figure 7a). However, the MDA content in poplar
roots for Cd100Fe150 reduced by 24% compared with that for Cd100Fe50 (Figure 7a).
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Figure 7. The contents of MDA in the roots (a) and leaves (b) of poplar under different Cd and Fe
combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate
significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their
interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant).

The MDA content in poplar leaves for Cd100Fe50 increased by 124% compared with
that for Cd0Fe50 (Figure 7b). There was no difference between Cd0Fe150 and Cd100Fe150
and between Cd0Fe50 and Cd0Fe150 (Figure 7b). The MDA content in poplar leaves for
Cd100Fe150 reduced by 30% compared with that for Cd100Fe50 (Figure 7b).

The AAO and SOD activities in poplar roots for Cd100Fe50 reduced by 24% and
33%, respectively, compared with those for Cd0Fe50, while there was no difference in
root APX activity (Figure 8a–c). The AAO, APX, and SOD activities in poplar roots
for Cd100Fe150 reduced by 36%, 21%, and 23%, respectively, compared with those for
Cd0Fe150 (Figure 8a–c). The APX and SOD activities in poplar roots for Cd0Fe150 in-
creased by 9% and 11%, respectively, compared with those for Cd0Fe50, while there was no
difference in root AAO activity (Figure 8a–c). The AAO and APX activities in poplar roots
for Cd100Fe150 reduced by 20% and 19%, respectively, while the SOD activity in poplar
roots increased by 27% compared with those for Cd100Fe50 (Figure 8a–c).
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Figure 8. The activities of AAO (a,d), APX (b,e), and SOD (c,f) in the roots and leaves of poplar
under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase
letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA
on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001; ns, not significant).

The AAO and SOD activities in poplar leaves for Cd100Fe50 reduced by 11% and
43%, respectively, while the APX activity increased by 8% compared with those for
Cd0Fe50 (Figure 8d–f). The AAO, APX, and SOD activities in poplar leaves for Cd100Fe150
reduced by 76%, 29%, and 32%, respectively, compared with those for Cd0Fe150
(Figure 8d–f). The AAO activity in poplar leaves for Cd0Fe150 increased by 75% compared
with that for Cd0Fe50, but there was no difference in the APX and SOD activities in leaves
(Figure 8d–f). The AAO and APX activities in poplar leaves for Cd100Fe150 reduced by
53% and 35%, respectively, while the SOD activity increased by 22% compared with those
for Cd100Fe50 (Figure 8d–f).

4. Discussion
4.1. Cd and Fe Interaction Affects the Growth, Photosynthesis, and Pigment Accumulation of Poplar

Cd stress can inhibit plant growth and photosynthesis, and even cause plant
death [2,13,36]. This study found that Cd significantly inhibited poplar growth and re-
duced the biomass of roots, woods, barks, and leaves. Fe is necessary for plant growth.
Sperotto et al. [43] found that proper high-dose Fe was beneficial to plant growth, but
excessive Fe was toxic to plants. This study found that 150 µM Fe did not reduce the
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biomass of poplar roots, woods, barks, and leaves. This indicates that 150 µM is the suitable
Fe level for poplar. Separately, TI can indicate a plant’s resistance to Cd toxicity [1]. In this
study, under Cd stress, 150 µM Fe increased the biomass accumulation, and TI of poplar
compared with 50 µM Fe. These results indicate that proper high-dose Fe is helpful to
enhance poplar’s tolerance to Cd stress, and 150 µM is not excessive for poplar growth.

The analysis of root architecture showed that Cd significantly reduced the TRL, TRSA,
TRV, and root tip number of poplar. This may be related to the toxicity of Cd [44]. In
the absence of Cd, high-dose Fe decreased the TRV and TRL but increased the TRT. This
indicates that high-dose Fe (150 µM) could make poplar roots shorter, thinner, and more
lateral. In this study, under Cd stress, high-dose Fe increased the TRV of the poplar root
system. This indicates that high-dose Fe could effectively alleviate the inhibition of Cd
on poplar root growth. Meanwhile, the root system is the key part for plants to adsorb
nutrients from soil, and large TRSA helps plants to adsorb nutrients [24,45]. In this study,
under Cd stress, the high-dose Fe increased the TRSA. This may be due to the higher root
biomass under Cd stress [45]. The increased TRSA can not only enhance the absorption of
nutrients, but also enhance the absorption and accumulation of Cd by poplar.

Previous research has shown that plants with higher Pn have higher biomass [46,47].
Cd stress can lead to the reduction of biomass by inhibiting plant photosynthesis [27].
In this study, Cd significantly inhibited the Pn of poplar regardless of normal or high
concentration of Fe, which was in line with the biomass results. Studies have shown that
Cd could greatly inhibit the synthesis of chlorophyll, reduce the chlorophyll content, and
cause the iron deficiency chlorosis of plants [38,44]. This study obtained similar results.
Qureshi et al. [48] reported that Fe exists in heme- and iron-sulfur proteins as a cofactor that
plays an important role in photosynthesis in chloroplasts. In addition, Fe participates in the
transport of photosynthetic electrons in the photosynthetic electron transport chain [49].
In this study, under Cd stress, high-dose Fe increased the contents of Chl a, Chl b, and
Car and enhanced the Pn and biomass. This indicates that high-dose Fe (150 µM) could
effectively alleviate the iron deficiency chlorosis induced by Cd, enhance poplar tolerance
to Cd, and restore the normal growth of poplar.

4.2. Fe application Enhances Cd Enrichment in Aboveground Parts of Poplar

Cd can be absorbed by plant roots, transported and accumulated in the aboveground
tissues [8,40,50,51]. Studies have shown that the interaction between Cd and Fe in soil
is complex. Because Cd2+ and Fe2+ have similar ionic radii, Cd2+ can enter plant cells
through IRTs, ZIPs, NRAMPs, and other Fe2+ transport carriers [2,32,52], and Fe deficiency
can increase the Cd accumulation in Arabidopsis [46]. In this study, under Cd stress, high-
dose Fe increased the transpiration rate of poplar. Thus, more Cd could be transferred to
the aboveground part with sap flow. The plant’s phytoextraction capacity is defined as
TF [1]. In this study, the TFW, TFB, and TFL of Cd under high-dose Fe were significantly
higher than those under normal-dose Fe. This indicates that high-dose Fe (150 µM) could
effectively enhance the transport of Cd to the aboveground part of poplar. Separately,
the Cd absorption capacity of plants from substrate/soil is defined as BCF [1]. In this
study, most BAFs were lower than BCFs. It indicates that there is a limitation in the Cd
transport from roots to aboveground parts, which results in more Cd accumulating in the
root instead of the aboveground part [53]. However, it was found that after high-dose
Fe, the BAF increased. This indicates that high-dose Fe may break some restrictions and
enhance the transport and accumulation of Cd to the aboveground part of poplar. Although
Cd-enriched herb plants have higher Cd contents, poplar trees can enrich a larger amount
of Cd due to their larger biomass, which has important value in phytoremediation [54–56].
This study result indicates that a proper-high amount of Fe can be applied in the poplar
phytoremediation of Cd-contaminated soils, so as to enhance the remediation efficiency.

As Cd2+ can enter plant cells through the transport protein of Fe2+, it will disturb
the absorption of Fe2+ by plants [36,57,58]. This study obtained similar results: Although
high-dose Fe increased the Fe content in roots, barks, and leaves under zero Cd condition,
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it only increased the Fe content in barks and leaves under Cd exposure. Studies have
shown that under Cd stress, increasing the Fe content of aboveground parts, especially
increasing leaf Fe content, is very important for maintaining chlorophyll synthesis and
improving photosynthetic rate [44,59,60]. Sarvari et al. [34] held that an appropriate Cd: Fe
ratio was conducive to reducing the damage of Cd to plants. This study results showed
that the poplar growing under the condition of Cd/Fe ratio = 2:3 was better than the poplar
growing under the condition of Cd/Fe ratio = 2:1.

4.3. Antioxidant Defense of Poplar under Cd and Fe Interaction

Cd can induce the accumulation of a large amount of ROS after entering cells, resulting
in membrane lipid peroxidation and MDA accumulation [15,61]. In this study, Cd induced
the accumulation of large amounts of MDA under both normal- and high-dose Fe. In
addition, in the absence of Cd, high-dose Fe did not change poplar root and leaf MDA
content. This indicates that 150 µM Fe is not excessive for poplar growth and could not
cause oxidative damage. Interestingly, this study found that under Cd stress, the root and
leaf MDA content in the high-dose Fe group was significantly lower than that of poplar in
the normal-dose Fe group. This indicates that under Cd stress, high-dose Fe could alleviate
the Cd-induced oxidative damage to a certain extent and promote the growth of poplar.

To cope with the Cd-induced oxidative stress, plant antioxidant enzymes are activated
to scavenge ROS, but the enzymes’ responses are different under different degrees of Cd
stress [12]. In this study, Cd significantly suppressed root and leaf AAO and SOD activ-
ities under normal- and high-dose Fe. However, under normal-dose Fe, the Cd-stressed
poplar root and leaf APX activity increased. This indicates that APX may play a more
important role in mitigating Cd-induced oxidative stress under normal-dose Fe compared
with other antioxidant enzymes. In the absence of Cd, high-dose Fe increased root APX
and SOD activities and leaf AAO and APX activities, thus enhancing poplar’s antioxidant
capacity. However, under Cd stress, high-dose Fe decreased root and leaf AAO and APX
activities but increased the activity of SOD in roots and leaves, which helped to scavenge ROS.
A previous study reported that under abiotic stress, plants could maintain the ROS balance by
a ROS-scavenging system that mainly includes three types of SODs (Cu/Zn-SOD, Mn-SOD,
and Fe-SOD) [62]. Among them, Fe-SOD is an important component in chloroplasts, peroxi-
somes, and mitochondria [32]. Therefore, in this study, under Cd stress, high-dose Fe may
have increased the activity of Fe-SOD to enhance the ROS scavenging ability.

5. Conclusions

In this study, Cd (100 µM) could suppress the photosynthesis and reduce the total root
surface area of P. tremula × P. alba ‘717’, thus suppressing the absorption of nutrients, CO2
assimilation, and the growth of poplar. Under Cd stress, high-dose Fe (150 µM) increased
the net photosynthetic rate, total root surface area, and nutrient absorption, thus alleviating
the toxicity of Cd. That is, the Fe dose of 150 µM is not excessive for poplar growth but
promotes biomass accumulation. In addition, the high-dose Fe increased the BAF and TF,
thus breaking some restrictions and enhancing the transport of Cd to the aboveground part
of poplar. In addition, under Cd stress, high-dose Fe enhanced the antioxidant capacity of
poplar by increasing the activity of Fe-SOD. Therefore, it is necessary to further explore
the effects of high-dose Fe (150 µM) on the activity of Fe-SOD under Cd stress. This
study has a guiding significance for the use of poplar in the high-efficiency remediation of
Cd-contaminated soil.
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Abstract: Auxin response factors (ARFs) are essential transcription factors in plants that play an
irreplaceable role in controlling the expression of auxin response genes and participating in plant
growth and stress. The ARF gene family has been found in Arabidopsis thaliana, apple (Malus domes-
tica), poplar (Populus trichocarpa) and other plants with known whole genomes. However, S. album
(Santalum album L.), has not been studied. In this study, we analyzed and screened the whole genome
of S. album and obtained 18 S. album ARFs (SaARFs), which were distributed on eight chromosomes.
Through the prediction of conserved domains, we found that 13 of the 18 SaARFs had three intact
conserved domains, named DBD, MR, Phox and Bem1 (PB1), while the extra five SaARFs (SaARF3,
SaARF10, SaARF12, SaARF15, SaARF17) had only two conserved domains, and the C-terminal PB1
domain was missing. By establishing a phylogenetic tree, 62 ARF genes in S. album, poplar and
Arabidopsis were divided into four subgroups, named I, II, III and IV. According to the results of
collinearity analysis, we found that ten of the eighteen ARF genes were involved in five segmental
duplication events and these genes had short distance intervals and high homology in the SaARF
gene family. Finally, tissue-specific and drought-treatment expression of SaARF genes was observed
by quantitative real-time polymerase chain reaction (qRT-PCR), and six genes were significantly over-
expressed in haustorium. Meanwhile we found SaARF5, SaARF10, and SaARF16 were significantly
overexpressed under drought stress. These results provide a basis for further analysis of the related
functions of the S. album ARF gene and its relationship with haustorium formation.

Keywords: Santalum album L.; auxin response factors; auxin; qRT-PCR; drought

1. Introduction

Santalum album L., a semiparasitic species of the genus Sandalwood in the family
Sandalwood, is distributed mainly in India, Indonesia, and Australia [1,2]. In contrast to
holoparasitic plants, hemiparasitic plants not only have the ability to perform photosynthesis,
but also can grow autonomously, in some cases where no host plants exist [3]. Sandalwood is
a rare tree species; its oil and hardwood have significant commercial value, used in perfumes,
cosmetics, medicine, and aromatherapy, and recently in the prevention of skin cancer, but
this has also led to a sharp decline in wild sandalwood populations [4–6]. In nature, there are
more than 300 plants that can serve as sandalwood hosts and parasitic angiosperms depend
on host root-derived chemical signals to control various stages of development [7,8]. The
haustorium is a unique organ of parasitic plants; these parasite-specific structures penetrate
host roots and connect the host and parasite xylem vessels [9]. Futhermore, their main
function is to absorb water and nutrients from the host plant, especially during early phases
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of development [3]. However, we also found that sandalwood sometimes grow haustoria
even in the absence of a host plant.

Auxin, also known as indole-3-acetic acid, is widely used as the earliest hormone
found to promote plant growth and can promote the growth of plant stems, shoots and
roots [10–13]. At present, several genes related to auxin transduction have been found,
including Aux/IAA (auxin/indole-3-acetic acid), GH3 (gretchen hagen 3), SAUR (small
auxin-up RNA), and ARF (auxin response factor) [12]. ARF, a transcription factor that
regulates the expression of auxin response genes under the influence of auxin concentration,
can combine with AuxREs, the auxin response element in the promoter of target genes, to
promote or inhibit the expression of auxin response genes [14]. ARF can also interact with
Aux/IAA proteins, which also have auxin signal transduction functions. Auxin sensing
begins with auxin binding to the TIR1 (TRANSPORT INHIBITOR RESPONSE1)/AFB
(AUXIN SIGNALING F-box) receptor and leads to the subsequent degradation of Aux/IAA
proteins that inhibit auxin signaling through physical interaction with ARF proteins by the
ubiquitin family [15–17].

The ARF protein has three stable conserved domains, namely, the DBD, MR and
Phox and Bem1 (PB1) domains [18]. The function of the DBD located at the N-terminus is
to bind to AuxREs (TGTCTC cis-responsive elements), the promoters of auxin-responsive
genes, to control the expression of target genes [19]. The middle MR domain is divided
into an AD activation domain rich in glutamine (AtARF5, AtARF6, AtARF7, AtARF8,
AtARF19) and an RD inhibition domain rich in serine and threonine (AtARF1-4, AtARF9-
18, AtARF20-23) [20]. The ARF-MRs, which belong to the RD inhibitory domain, are
divided into class B and C. Some MRs in class B with inhibitory domains have been found
to also contain an amphiphilic inhibitory motif related to the ethylene response element
binding factor the EAR motif [21], which can interact with the N-terminal part of the
Aux/IAA protein. The MR domain is mainly responsible for controlling the function of
ARFs. The PB1 domain located at the C-terminal is homologous to the C-terminal domain
of the Aux/IAA protein, which can combine to form homologs or heterodimers [22], and
its main function is to mediate protein-protein interactions, for example, between an ARF
protein and Aux/IAA protein or between an ARF protein and another ARF protein. Auxin
affects the activity of the ARF protein by controlling the Aux/IAA protein and then controls
the expression of auxin response genes. At low auxin concentrations, the C-terminal domain
of the Aux/IAA protein and the C-terminal domain of ARF protein were inhibited, and
the N-terminal EAR domain of the Aux/IAA protein recruited the corepressor TOPLESS
(TPL) [23], which affected the activity of the ARF protein and reduced the expression of
auxin responsive genes. At high auxin concentrations, the Aux/IAA protein and a small
amount of auxin are promoted to bind to the SCFTIR1/AFB corepressor complex, which is
then decomposed by the ubiquitin family, thereby releasing more ARF protein to bind to
auxin responsive genes and promote their expression [24].

As a large gene family, the ARF gene has been successively studied in Arabidopsis,
maize, tomato, poplar and other plants. Arabidopsis contains 23 ARF genes [25], while
rice (Oryza sativa), apple (Malus), poplar (Populus trichocarpa) and tomato (Lycopersicon
esculentum) contain 25, 31, 39 and 21 ARF genes [26–29], respectively. However, the bio-
logical function of the SaARF gene family in response to auxin in sandalwood remains
unclear. The related functions of ARF genes are generally analyzed in model plants such
as Arabidopsis thaliana and rice [30]. For example, AtARF2 is related to the synthesis of
flavonoids and anthocyanins [31], and AtARF7 and AtARF19 are specifically distributed
in roots and related to lateral root elongation [32]. SlARF9 is one of the auxin-related
genes differentially expressed in tomato fruit set and early fruit development [33]. The
Aux/IAA9-ARF5 module regulates wood formation by coordinating the expression of
HD-ZIP III transcription factors in poplar [34]. The miR167-GmARF8 module plays a key
role in the auxin-mediated nodule and lateral root formation in soybean [35]. The protein
encoded by ARF8 affects hypocotyl elongation and root behavior in Arabidopsis [36]. These
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results indicate that ARF is closely related to growth and development, stress response and
other physiological processes in plants.

In previous studies, BpARF1 has been shown to be associated with drought stress.
Under drought stress conditions, BpARF1 RNA interference (RNAi)-inhibited plants pre-
sented reduced reactive oxygen species (ROS) accumulation, and enhanced peroxide (POD)
and superoxide dismutase (SOD) activities. On the contrary, the overexpression of BpARF1
showed a completely opposite phenomenon [37]. However, there are few studies on the
function of abiotic stress on the ARF protein in sandalwood. Therefor, in this study, we used
quantitative qRT-PCR to analyze the expression profiles of SaARF genes under drought. At
the same time, we found that the content of auxin is extremely high in the early stage of
haustorium growth and plays an irreplaceable role in the formation of haustorium [2,9].
The haustorium development in S. album was promoted by IAA and inhibited by the auxin
biosynthesis inhibitor L-Kyn (L-kynureninean, an auxin biosynthesis inhibitor) and the
polar auxin transport inhibitor NPA, indicating the haustorium development in S. album
was enhanced by auxin synthesized in the root and/or transported from shoots [9]. To
systematically research the related functions and physical and chemical properties of the
S. album ARF gene family, we conducted an analysis of the S. album ARF gene family
through the whole genome of S. album and screened 18 SaARF genes in this study. Detailed
studies on the physicochemical properties, evolutionary relationships, gene structure, chro-
mosomal location, collinear analysis, cis-reactive elements and tissue-specific expression of
S. album ARFs will help to better understand the auxin response mechanism in sandalwood
and provide a reference for the biological functions of ARF genes in response to drought
stress in sandalwood.

2. Materials and Methods
2.1. Plant Materials and Treatments

S. album plants were grown at 25 ◦C in a greenhouse with a 16/8 h light-dark cycle.
Four-month-old S. album plants were taken, and four different tissues of the plants, in-
cluding mature leaves, steam, roots and haustoria collected. Twelve plants were exposed
water-limited treatment, ranging from 3 to 9 d of drought. Three biological replicates were
performed. Finally, they were stored at −80 ◦C until RNA extraction.

2.2. Complete Genome Identification and Sequence Analysis of the ARF Gene Family in S. album

PFAM (http://pfam.xfam.org/, accessed on 12 July 2022) was used to download the
protein hidden Markov model Auxin_resp.hmm (protein family: PF06507). The hmmsearch
program of HMMER3.0 software was used to compare and screen the whole genome of S.
album proteins identified from the Research Institute of Tropical Forestry, Chinese Academy
of Forestry, and protein hits with an e-value of <10−5 and sequence score of “best 1 domain”
>100 were collected [38]. We used CD Search NCBI (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi, accessed on 18 July 2022) to determine whether the ARF gene
structure type and quantity of fields were screened and performed a secondary screening of
the SaARF gene families. Protparam (https://web.expasy.org/protparam/, accessed on 12
August 2022) prediction has been used to screen protein sequences related to physiological
and biochemical indicators [39], including the quantity of amino acids (aa), isoelectric point
(PI), molecular weight (MW), total average hydrophobicity, instability and aliphatic index,
and Wolf PSORT organelles (https://www.genscript.com/wolf-psort.html, accessed on 22
August 2022), which were used to predict the SaARF gene positioning. We used MEME
(https://meme-suite.org/meme/tools/meme, accessed on 16 July 2022) to predict SaARF
gene family members of the conservative base sequence and set the length between 6–50 aa
and the base sequence number to 15 [40].

2.3. Establishment of Phylogenetic Tree

The MUSCLE method of MEGA-X was used to compare the multiple sequences of
62 ARF genes in S. album, poplar and Arabidopsis thaliana. The phylogenetic tree was
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constructed using the Substitutions Type: Amino acid. Model: Poisson model; Rates
among Sites: Uniform Rates; The Pattern among Lineages: Same (Homogeneous). After
the evolutionary tree was built by iTOL, we undertook the beautification program (https:
//itol.embl.de/itol.cgi, accessed on 10 September 2022) [41].

2.4. Chromosome Mapping and Gene Structure Analysis

The chromosome length information of S. album and the location information of the
SaARF gene were obtained from the whole genome annotation file of S. album determined
by the Institute of Tropical Forestry, Chinese Academy of Forestry, and the chromosome
location map was drawn with Map Draw software [42]. GSDS2.0 (http://gsds.gao-lab.org/
index.php, accessed on 16 August 2022) was used to map the genetic structure of the SaARF
gene family, including the number of CDS, introns, and UTR and their relative positions on
the genes.

2.5. Collinearity Analysis within and between Species

In this paper, in order to more intuitively observe and analyze the evolution and
genetic relationship of the ARF gene in different species, we not only analyzed the tandem
replication and fragment replication events of the ARF genes in S. album but also compared
the collinearity analysis of ARF among three species of S. album, poplar and Arabidopsis.
The chromosome positions of S. album were extracted from the whole genome annotation
file of S. album, which was provided by the Institute of Tropical Forestry, Chinese Academy
of Forestry. Arabidopsis thaliana and poplar whole-genome files and note documents are
derived from NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 18 July 2022). The
protein sequences of the three species were integrated, all proteins were searched by
a basic local alignment search toolP (BLASTP) local search, and then tandem repeats
and chromosome fragment repeats were obtained according to the results of MCScanX
software [43]. Duplicate records containing the ARF gene were extracted by custom scripts,
and finally, Dual Synteny Plotter and Advanced in TBtools (https://github.com/CJ-Chen/
TBtools, accessed on 22 August 2022) were used. The Circos program was used to conduct
a collinearity analysis among the three species and within the S. album species [44].

2.6. Analysis of Cis-Reactive Elements in the Promoter

The sandalwood gene structure annotation file and whole genome file were analyzed
by TBtools, and 2000 bp upstream CDS of 18 SaARF genes were extracted. Submitting
the sequence to the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed on 22 October 2022), the promoter of cis reaction components
was used to forecast and analyze and screen the required cis-reaction components [45].
The Simple BioSequence Viewer program of TBtools software was used to derive the
distribution map of cis-acting elements in the promoter.

2.7. Expression Profiles of SaARF Genes in Different Plant Tissues and Drought-Treatment

An Omega kit was used to extract the total RNA from S. album haustoria, leaves, roots,
stems and the leaves, which had been under drought conditions for 0 d, 3 d, 9 d. The
quality and quantity of DNA-free total RNA was assessed using a NanoDrop ND-1000
spectrophotometer (Nanodrop Technologies, Wilmington, NC, USA). RNA samples with
an A260/A280 ratio between 1.8 and 2.2 and an A260/A230 ratio greater than 2.0 were
used for the subsequent analysis. According to the Takara RR036A PCR kit (Takara, San
Jose, CA, USA), approximately 1–2 µL of RNA, RNase-free delH2O, and 5X PrimeScript Rt
Master were centrifuged and reverse-transcribed into cDNA in a T100TM Thermal Cycler
(Bio-Rad, Hercules, CA, USA). The machine program was set at 37 ◦C for 15 min, 85 ◦C for
5 s, and stored at 4 ◦C. The successfully synthesized cDNA was diluted with RNase-free
delH2O at a ratio of 1:10 and stored at −20 ◦C until later use.

Finally, using cDNA as a template, real-time PCR was performed according to SYBR
qPCR Master Mix (Universal) (TOLOBIO, Shanghai, China) instructions. The 18 upstream
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primers and downstream primers of the SaARF gene were designed using Primer 3.0
(https://primer3.ut.ee/, accessed on 15 August 2022) (Table S3). The product size ranged
from 100 bp to 150 bp, and the designed reaction system was as follows: 2×Q3 SYBR qPCR
Master Mix 10 µL, upstream and downstream primers 0.5 µL each, cDNA template 1 µL,
RNase-free delH2O 8 µL. qRT-PCR was performed on a real-time PCR system based on the
SYBR Green II method. Reaction procedure: Preincubation 95 ◦C for 900 s; Amplification
40 cycles of 95 ◦C for 10 s, 60 ◦C for 10 s and 72 ◦C for 20 s; Melting 95 ◦C for 10 s, 65 ◦C
for 60 s and 97 ◦C for 1 s. Each experiment was performed with 3 biological replicates and
3 technical replicates, and the S. album housekeeping gene Actin was used as a reference.
Relative gene expression was calculated using the 2−∆∆Ct method [46]. Finally, SPSS
Statistics 27 software was used for gene significance analysis.

3. Results
3.1. Identification and Sequence Analysis of the SaARF Gene Family

The known hidden Markov model of the ARF gene (Auxin_resp.hmm) was compared
with the whole genome protein sequence of S. album determined by the Guangzhou
Institute of Tropical Forestry by hmmsearch, and protein hits with an E-value of <10−5 and
sequence score of >100 were collected [38]. CD Search was used to predict the conserved
domains of the selected SaARF candidate genes, and a total of 18 SaARF genes were finally
obtained according to the comparison of conserved domains. According to its evolutionary
relationship with the ARF gene in Arabidopsis thaliana, we named them SaARF1-SaARF18.

3.2. Gene Information, Conserved Domains and Conserved Motifs of the SaARF Gene Family

The CDS length of SaARFs is 1771 bp-3322 bp, the encoded protein generally contains
590–1111 amino acids, and the molecular weight ranges from 65.5 kDa to 122.9 kDa. The
aliphatic index of SaARF was between 63.77 and 78.33, and the total average hydrophobicity
of all SaARF genes was negative, indicating that all SaARF genes were encoded hydrophilic
proteins. The protein instability index of SaARF was between 40.67 and 70.11, indicating
that all SaARF genes encoded unstable proteins. Wolf PSORT was used to predict the
subcellular localization of SaARF, and all SaARFs were found to be located in the nucleus
(Table 1). MEME (https://meme-suite.org/meme/tools/meme, accessed on 18 July 2022)
was used to analyze the protein sequence of the SaARF gene family, the number of motifs
was determined to be 15, and the conserved motifs were analyzed (Figure 1).

Figure 1. Conserved motif analysis and phylogenetic tree of gene families. Analysis diagram of
conserved motifs of the ARF gene family in sandalwood. Phylogenetic tree and distribution map of
conserved motifs of the SaARF gene family. The conserved motifs of the SaARF gene family were
analyzed by MEME, and the length of the conserved motifs was set to 6–50 aa. The number was
15, and they were distinguished by different colors. Multiple sequence alignment of S. album ARF
proteins was performed using MUCLE, and adjacency (NJ) trees were constructed using MEGA X to
combine conserved motif analysis with evolutionary trees of the SaARF gene family.
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Multisequence comparison of the SaARF gene family was performed by DNAMAN
software. CD Search in the National Center for Biotechnology Information (NCBI) search
domain (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 18 July
2022) has been the conservative structure prediction with its conservative structure domain.
After CD Search was used to predict the conserved domains of 18 SaARFs, SaARF3,
SaARF10, SaARF12, SaARF15 and SaARF17 were found to contain only two conserved
domains, while the C-terminal PB1 domain was missing. The remaining 13 SaARFs all
contained three conserved domains. They are DBD, MR and PB1, respectively (Figure 2A,B).
Gene structure analysis, including CDS, UTR, and intron, was performed by GSDS2.0
(http://gsds.gao-lab.org/index.php, accessed on 16 August 2022) (Figure 3).

Figure 2. Multiple sequence comparison and conserved domain analysis of the SaARF gene family.
(A) The conserved domains of the S. album ARFs protein were analyzed by TBtools, where the DBD
domain is shown in yellow, the MR domain is shown in green, and the PB1 domain is shown in red.
(B) DNAMAN was used to compare multiple sequences of S. album ARF protein and annotate the
conserved domains. The DBD domain is shown in brick red, the MR domain is shown in blue purple,
and the PB1 domain is shown in green.

Figure 3. Genetic structure of the ARF gene in S. album. The value includes CDS, UTR, and intron.
The yellow value is the CDS coding area, and the blue value is the UTR coding area.
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3.3. Phylogenetic Analysis of ARF Genes in S. album, Arabidopsis thaliana and
Populus trichocarpa

To better analyze the function of S. album ARF and its evolutionary relationship, we
used the neighbor-joining (NJ), maximum likelihood and maximum parsimony method
(Figures S1 and S2) to establish an evolutionary tree model of ARF proteins among S. album,
Arabidopsis thaliana and Populus trichocarpa to observe the evolutionary relationship of ARF.
According to the phylogenetic trees of the three species, 62 ARF genes were divided into
four subgroups, namely, I, II, III and IV. Among them, group I included 20 ARF genes,
including SaARF1, 2, 9, 11, 14, 15; there were eight ARF genes in group II, including SaARF3,
4, 12; and there were 20 ARF genes in group III, including SaARF5, 6, 7, 8, 13, 18. Group IV
included 14 ARF genes, including SaARF10, 16, and 17 (Figure 4).

Figure 4. Phylogenetic relationships of ARF gene family members in Arabidopsis thaliana, Populus
trichocarpa and sandalwood. The MEGA X program in the NJ connection method was used to
construct a phylogenetic tree, which was used to perform beautification (https://itol.embl.de/itol.cgi,
accessed on 16 August 2022).

3.4. Chromosome Mapping and Collinearity Analysis

The results of chromosome mapping showed that these genes were distributed on
eight chromosomes of S. album, namely, chr1, 2, 4, 5, 6, 7, 8 and 9. Four SaARF genes were
located on chr6 and chr9. Chr4, 5, 7 and 8 each contained two SaARF genes, chr1 and chr2
each contained an ARF gene, but chr3 and chr10 did not contain ARF genes (Figure 5).
Tandem replication and fragment replication are important methods of gene expansion,
and collinearity analysis can more clearly observe the results of duplication between genes.
The occurrence of different members of the same gene family in the same or adjacent
intergenic regions can be defined as tandem events. Through the construction of collinear
maps between S. album and poplar and Arabidopsis, we found that 9 and 15 SaARF genes
had syntenic relationships with ARFs of Arabidopsis and poplar, respectively, suggesting
that some SaARF genes may originate from tandem or fragment replication (Table S1)
(Figure 6A,B). Through the collinearity analysis among species, we found that ten of the
eighteen ARF genes were involved in five segmental duplication events (SaARF3/SaARF12,
SaARF2/SaARF14, SaARF6/SaARF8, SaARF16/SaARF4, SaARF15/SaARF10) in S. album
(Table S2) (Figure 7).
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Figure 5. The chromosome location map of the S. album ARF gene was drawn using the MapDraw
program, the gene name was marked on the right side of the chromosome, and the chromosome
length unit was Mbp.

Figure 6. Collinearity contrast between S. album and two representative plants, poplar and Arabidopsis.
(A) Collinearity analysis of S. album and Arabidopsis thaliana. (B) Collinearity analysis diagram of
S. album and Populus trichocarpa. The gray lines in the background represent collinear blocks within the
S. album and Arabidopsis and poplar genomes, while the red lines highlight collinear ARF gene pairs.

3.5. Analysis of Cis-Reactive Elements in the Promoter

Cis-regulatory elements in promoter sequences are essential for the temporal, spatial,
and cell-specific control of gene expression, and there is evidence that genes with similar
expression patterns contain the same regulatory elements in their promoters. Here, we
used the 2000 bp upstream region of the 5′-UTR upstream sequence of all S. album ARF
genes in the PlantCARE database to screen 18 cis-acting elements associated with stress,
growth and development, and phytohormone responses (Figures 8 and 9). Among them,
ARE cis-response elements affecting anaerobic induction were found in the promoters
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of 14 SaARF genes, and there were auxin response elements TGA-element and AuxRR
in the promoters and CAT-box in the meristem formation response elements [43]. These
results indicate that the ARF gene has a very close relationship with plant growth and
development and stress.

Figure 7. Interchromosomal relationship of the ARF gene in S. album. The gray lines indicate synteny
blocks in the S. album genome, and the black lines indicate synteny blocks where the ARF repeat
gene pairs are located. Chromosome names are shown in the middle of each chromosome, and the
unit of chromosome length is Mbp. The golden yellow circle is the heatmap of gene density, and the
outermost circle is the line map of gene density.

Figure 8. Distribution of cis-reactive elements in promoters of the SaARF gene family. There are
18 cis-reaction elements, including ARE, ABRE and ERE. ARE: anaerobic induction; ABRE: abscisic
acid responsiveness; ERE: Estrogen Response Element; TCA-element: salicylic acid responsiveness;
CGTCA-motif: MeJA-responsiveness; W-box: Trauma and pathogen reactivity; TGACG-motif: MeJA-
responsiveness; O2-site: zein metabolism regulation; WUN-motif: wound-responsive element; GARE-
motif: gibberellin-responsive element; CCGTCC-box: Meristem specific activation; GCN4-motif:
endosperm expression; P-box: gibberellin-responsive element; MBS: MYB binding site involved in
drought-inducibility; TATC-box: gibberellin-responsiveness; CAT-box: meristem expression; TGA-
element: auxin-responsive element; TC-rich repeats: defense and stress responsiveness; AuxRR-core:
auxin responsiveness (Table S4).
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Figure 9. The number of cis-reactive elements of ARFs.

3.6. Tissue-Specific Expression of ARF Gene in S. album

To study the main function of SaARF in sandalwood plants, we used qRT-PCR to
detect the tissue-specific expression of 18 sandalwood ARF genes and selected four main
tissues, root, stem, leaf and haustoria, for analysis (Figure 10). After statistical analysis, we
found that most SaARF genes were significantly expressed in the stem, and the expression
level was high, mainly 10 genes, including SaARF1, SaARF3, SaARF6, SaARF11, SaARF12,
SaARF13, SaARF14, SaARF15, SaARF16 and SaARF18. The expression levels of the SaARF1,
SaARF5, SaARF7, SaARF8, SaARF15 and SaARF16 genes were the highest in the haustorium,
which was speculated to be related to the physiological process of haustorium formation
or growth. However, SaARF10 and SaARF17 genes were not found to be expressed in
the haustorium. The relative expression levels of SaARF2, SaARF3 and SaARF12 were the
highest in leaves, while the expression levels of SaARF9 were relatively high in roots and
stems. We noticed that the expression levels of SaARF5 and SaARF7, which were closely
related in the evolutionary tree, were the highest in the haustorium, with significant differ-
ences. In Arabidopsis, AtARF2 and AtARF9 have been reported to control leaf senescence
and promote lateral root elongation and leaf extension [47], respectively, and SaARF2 and
SaARF9 genes in sandalwood were also highly expressed in leaves and roots, respectively.
Therefore, it is reasonable to speculate that the SaARF2 and SaARF9 genes in sandalwood
may have the same function, and SaARF3 and SaARF12, both belonging to subgroup III,
are also highly expressed in leaves. In addition, we noted that AtARF7 has been shown to
promote lateral root elongation [32], but after data statistics, we found that the expression
of SaARF7 in the haustorium was the highest, and it was reasonably predicted that SaARF7
might be related to the growth or formation of the haustorium.
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Figure 10. Expression analysis of 18 ARF genes in four representative tissues by qRT-PCR. Four
various tissues include root, stem, leaf, and haustoria. The relative expression was calculated based
on the 2−∆∆Ct method. Error bars indicate ± standard deviation (SD) of three biological replicates. R:
Root; S: Stem; L: Leave; H: Haustoria. Asterisks denote significant differences: * p < 0.05; ** p < 0.01;
*** p < 0.001.

3.7. Expression of SaARF Genes under Drought Stress

In a previous study, SlARF4 can affect the tomato’s resistance to water shortage
and slarf4 mutants enhance plant resistance to water stress and water rehydration ability,
suggesting that SlARF4 may be an important gene in response to drought [48]. However,
reports of this gene being expressed in response to drought in sandalwood are limited.
Therefore, to determine whether these genes were expressed in response to drought, the
expression of these 18 SaARF genes was also investigated during water stress. In the
result, we find the expression of SaARF2, SaARF5, SaARF10, SaARF16, SaARF17 increased
significantly after 9 days (Figure 11). This suggests that it may be related to drought stress
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in sandalwood. And the expression of less than half of the gene, including SaARF10,
SaARF11, was upregulated and then downregulated. In the meantime, we find eleven
SaARFs’ expression level continues to decline for 3 to 9 days.

Figure 11. Expression analysis of SaARF genes in response to drought stress by qRT-PCR. Drought
for 0 d, 3 d, 9 d in a greenhouse environment. The data were presented as the mean ± SD of three
separate measurements. Asterisks denote significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

The Arabidopsis genome has been reported to contain 23 ARF genes, while the ARF gene
families of rice, apple, poplar, tomato and eucalyptus include 25, 31, 39, 21 and 17 ARF genes,
respectively [19,26–29]. In this study, in order to comprehend the relevant information
and location of the ARF gene in sandalwood, we identified and characterized 18 SaARF
transcription factors, and 18 SaARFs were unevenly distributed on nine chromosomes,
among which chromosomes six and nine had the largest gene distribution, with four
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genes on each chromosome. By using Protparam to predict and analyze the physiological
and biochemical indices of the sandalwood ARF protein, we found that the subcellular
localization of the SaARF protein was predicted to be located in the nucleus, and SaARF
all encoded unstable hydrophilic proteins, indicating that it played a role in different
subcellular environments.

To better understand the evolution of the ARF gene family of S. album, we characterized
the conserved domains, phylogenetic relationships and collinearity of SaARF. According to
the conserved domain analysis, we found that 13 of the 18 identified sandalwood ARF had
three conserved domains, DBD, MR, Phox and Bem1 (PB1) [33]. The MR domain is mainly
responsible for controlling the function of ARFs. The PB1 domain located at the C-terminus
is homologous to the C-terminal domain of the Aux/IAA protein and can bind to form
homologous or heterodimers [49]. However, SaARF3, SaARF10, SaARF12, SaARF15, and
SaARF17 contain only two conserved domains and lack a C-terminal PB1 domain. All
18 SaARFs have a complete DBD domain (B3), which is consistent with previous studies.
Without the B3 domain, the ARF protein has been shown to be unable to bind auxin cis-
responsive elements in the promoter of auxin-responsive genes. The phylogenetic trees of
62 ARF genes in Arabidopsis thaliana, poplar and sandalwood were established, and they
were divided into four subgroups: I, II, III and IV. The distribution of genes among the
subclasses indicated that the expansion of the ARF family occurred before the divergence of
the species. Each subgroup contained ARF genes of three species, indicating that the ARF
genes among them had a relatively close evolutionary relationship. In addition, through the
collinearity analysis within sandalwood species, we found that five segmental duplication
events involved a total of 10 SaARF genes, which had short distance intervals and high
homology in the SaARF gene family.

Synteny maps between two representative species and sandalwood were constructed
to better understand the phylogenetic relationships. Through the collinearity analysis
between sandalwood and poplar and Arabidopsis, we found there were 9 and 15 SaARF
genes that had collinearity relationships with ARFs of Arabidopsis and poplar, respectively,
so the evolutionary relationship between sandalwood and poplar was higher than that
between Arabidopsis and sandalwood.

Cis-regulatory elements in promoter sequences are essential for temporal, spatial,
and cell-specific control of gene expression, and there is evidence that genes with similar
expression patterns contain the same regulatory elements in their promoters [50]. By
analyzing the promoter cis-response elements within 2000 bp of the CDS upstream region
of 18 SaARF genes, we found that the promoter contained anaerobically induced ARE
cis-response elements, there were auxin response elements, TGA-element and AuxRR
in the promoter, and the meristem formed response element CAT-box. The gibberellin
response element P-box and abscisic acid response element ABRE are related to growth,
development and stress [51], which indicates that the ARF gene is related to the realization
of these functions. Among them, SaARF3, SaARF4, SaARF10, and SaARF17 has both
drought stress response elements and auxin response elements (Figures 9 and S5).

To investigate the main function of the SaARF genes and the roles of drought stress on
it, we analyzed its expression in roots, stems, leaves, haustoria and the drought treatment of
leaves for 0, 3, 9 days by qRT-PCR. Tissue-specific expression analysis showed that different
SaARF genes played diverse role in the growth and development of plants. According
to Figures 4 and 10, we found that SaARF9, SaARF11, SaARF14 and SaARF15 are highly
expressed in stems which belong to group I. SaARF5, SaARF7 and SaARF8, which are
located in group II, were significantly overexpressed in the haustorium, with significant
differences. At present, AtARF7 in Arabidopsis has been confirmed to be related to lateral
root growth, and Arabidopsis AtARF5 has been identified as a key factor determining leaf
initiation and vascular pattern formation [52]. SaARF3 and SaARF12 in group III and
SaARF10 and SaARF17 in group IV were highly expressed in leaves and roots, respectively.
Besides, most of the SaARF genes were significantly expressed in the stem, including 10
SaARF genes, such as SaARF1, SaARF3 and SaARF6. After data analysis, we found that the
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relative expression levels of SaARF9, SaARF10 and SaARF17 were also high in the roots,
but it was notable that neither SaARF10 nor SaARF17 were found in the haustorium.

By comparing the expression of SaARF genes, in tissues were under drought stress, we
found the expression of SaARF2, 5, 10, 16, 17 were increased in 9 d, even higher than that of
0 d, especially SaARF10, 11, 17 which contain drought stress response elements, but most
of the SaARF decreased in 3/9d. This suggests that SaARF2 are associated with a drought
resistance function. Therefore, this study preliminarily revealed the expression response of
SaARF in various tissues and under drought treatment. The response and related functions
of these genes need to be further verified by experiments in further studies.

5. Conclusions

This is the first study on the evolutionary relationship, expression profile and putative
function of the ARF gene in sandalwood. In the present study, we identified 18 ARF genes in
sandalwood by domain analysis, conserved motif analysis, phylogenetic tree construction,
collinearity analysis and cis-reactive element analysis and divided them into four subgroups.
By analyzing the protein structure of all members of the SaARF family, we found that all
ARF genes in sandalwood encoded unstable hydrophilic proteins, and all SaARF genes
were distributed equally in the nucleus. Based on the qRT-PCR results, we found that
most SaARF genes were significantly expressed in the stem (SaARF1, SaARF3, SaARF6,
SaARF11, SaARF12, SaARF13, SaARF14, SaARF15, SaARF16 and SaARF18). The expression
levels of the SaARF1, SaARF5, SaARF7, SaARF8, SaARF15 and SaARF16 genes were the
highest in the haustorium. Notably, SaARF5 and SaARF7 were specifically distributed
in the haustorium, so it is reasonable to speculate that they are related to the formation
or growth of the haustorium. Similarly, we found that the SaARF10, 16, and 17 gene is
associated with drought stress.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111934/s1, Figure S1: A phylogenetic tree between sandalwood,
Arabidopsis thaliana and Populus trichocarpa by Maximum likelihood method; Figure S2: A phylogenetic
tree between sandalwood, Arabidopsis thaliana and Populus trichocarpa by Maximum parsimony
method; Table S1: Collinearity analysis among species; Table S2: Collinearity analysis within species;
Table S3: qRT-PCR primer sequence of 18 SaARF; Table S4: Cis-reactive elements in promoters of the
SaARF gene family; Table S5: The number of cis-reactive elements in ARFs.

Author Contributions: X.L. and Y.L. designed all of the experiments and contributed to analyze the
experimental results. S.M., J.L. and S.W. conceived the project. Y.C., F.Q. and D.W. helped perform
the experiments. X.L., Y.L., D.W., L.H. and S.M. wrote the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by grants from the Fundamental Research Funds for the Central
Non-profit Research Institution of CAF [CAFYBB2020SY018 and CAFYBB2019QD001], National
Natural Science Foundation of China [31722012 and 31901304], Natural Science Foundation of
Guangdong Province, China [2019A1515011595] and Natural Science Foundation of Chongqing,
China, cstc2018jcyjAX0778.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge everyone who contributed to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jones, C.G.; Keeling, C.I.; Ghisalberti, E.L.; Barbour, E.L.; Plummer, J.A.; Bohlmann, J. Isolation of cDNAs and functional

characterisation of two multi-product terpene synthase enzymes from sandalwood, Santalum album L. Arch. Biochem. Biophys.
2008, 477, 121–130. [CrossRef] [PubMed]

2. Teixeira da Silva, J.A.; Kher, M.M.; Soner, D.; Page, T.; Zhang, X.; Nataraj, M.; Ma, G. Sandalwood: Basic biology, tissue culture,
and genetic transformation. Planta 2016, 243, 847–887. [CrossRef] [PubMed]

208



Forests 2022, 13, 1934
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Abstract: Cadmium (Cd) and selenium (Se) could jointly affect plant growth. To investigate the affect
of Se on the Cd accumulation in Juglans regia and the physiological mechanism by which Se regulates
Cd-induced oxidative stress, in this study, the effects of different foliar application doses of Se (0
(Se0), 20 (Se20), and 200 (Se200) µM) on J. regia (variety Xinfeng) seedlings under Cd stress (5 mM)
were determined. The results show that exogenous application of Se (Se20 and Se200) increased
walnut biomass compared with Se0 under Cd stress. Under Cd stress, exogenous application of
20 µM Se increased the catalase (CAT), peroxidase (POD), and ascorbate oxidase (AAO) activities
in walnut roots and the CAT and AAO activities in walnut leaves, and exogenous application of
200 µM Se increased the CAT, POD, and AAO activities in walnut roots. Furthermore, under Cd
stress, exogenous application of 20 and 200 µM Se both decreased the contents of superoxide (O2

•−),
hydrogen peroxide (H2O2), and malondialdehyde (MDA) in walnut roots and the content of MDA in
walnut leaves. Moreover, application of 20 and 200 µM Se both reduced the accumulation of Cd in
the root, wood, bark, and leaves of walnuts, and application of 200 µM Se enhanced Se concentration
in the root, wood, bark, and leaves. Overall, exogenous application of Se, especially 200 µM Se, could
reduce Cd accumulation and enhance CAT, POD, and AAO activities in Cd-stressed walnut roots,
thus alleviating Cd stress. This study provides technical guidance for reducing the effects of Cd stress
on walnut growth.

Keywords: Juglans regia; biomass; soil contamination; oxidative stress; antioxidant enzymes

1. Introduction

About 30,000 tons of cadmium (Cd) are released into the environment every year
worldwide due to human activities, such as mining, the use of pesticides and fertilizers, and
the combustion of fossil fuels [1]. Cd in soil can be absorbed by plant roots and transported
to the aerial parts through the xylem, which inevitably causes ion imbalance, lowered
photosynthetic capacity, and oxidative stress in plants [2]. Therefore, Cd stress always
reduces agricultural productivity, and threatens human health via food chains [1,3–6].
Previous studies estimated that more than 80% of the Cd accumulated in human bodies is
from vegetables and crops grown in Cd-contaminated soils [7]. A recent survey report on
soil contamination in China shows that the area of Cd-contaminated soil ranks first among
the heavy metal-contaminated soils, accounting for 7% [8]. At present, Cd is detected in
rice [9], peanuts [10], apples [6], pears, grape, peach-shaped plums, and oranges [3].

Walnut (Juglans regia L.) is one of the four major nuts in the world. Due to the
high nutrition content and economic value, walnut is widely cultivated in Asia, Europe,
America, South Africa, Australia, and New Zealand [11,12]. However, Peng found that soil
Cd contamination greatly affected walnut growth and yield [13]. Previous studies show
that the highest Cd concentration in walnut kernels reaches 0.71 mg kg−1, which exceeds
the safety standard [14–17].
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Selenium (Se) is widely distributed worldwide. However, there are significant dif-
ferences in the concentration and chemical forms of Se in natural soils in different re-
gions [18,19]. Se is a non-essential element for plants, but an appropriate amount of Se
could promote plant growth. Several studies found that Se can increase chloroplast size,
enhance chloroplast ultrastructure [20] and antioxidant capacity [21], as well as regulate
the uptake and translocation of essential elements [22], improving crop yield and qual-
ity [23]. Moreover, some studies also show that Se could reduce Cd accumulation and
reactive oxygen species (ROS) contents by regulating carbon and nitrogen metabolism in
potatoes [7,24,25]. However, Yu et al. found that foliar application of Se enhanced the
accumulation of Cd in tobacco [26]. Yu et al. reported that Se application decreased Cd
concentration in Brassica chinensis shoots treated with 10 µM Cd, but increased the Cd
concentration in shoots treated with 50 µM Cd [27]. Therefore, the application of different
concentrations of Se have different effects on Cd accumulation in plants [27]. This may be
caused by the differences in plant species, Se concentration, Se application method, and
Cd dosage. However, the effect of different application rates of Se on Cd accumulation in
walnut is unknown at present.

Besides, Se is an essential mineral element for both humans and animals [28]. Stud-
ies show that Se deficiency is associated with Keshan disease (KD) and white muscle dis-
ease [29]. According to the report of the World Health Organization (WHO), China is one of
the 40 Se-deficient countries in the world [30]. More than half of China’s land is deficient in Se,
and over 105 million people’s health is threatened by Se deficiency [19]. Therefore, improving
the Se concentration in foods is urgent for improving the health of Chinese people.

Previous studies show that exogenous application of appropriate amount of Se may
reduce Cd accumulation and increase Se concentration in rice under Cd stress [31]. There-
fore, in this study, the effects of different doses of Se (0, 20, and 200 µM) on ROS contents,
antioxidant enzyme activities, and Cd accumulation in different organs of J. regia (variety
Xinfeng) were analyzed under Cd stress (5 mM), aiming to clarify the physiological mech-
anism by which Se regulates Cd-induced oxidative stress. We hypothesized that: (1) Se
application might reduce Cd accumulation in walnut; and (2) Se application might cause
physiological responses of walnut that reduce oxidative stress caused by Cd. The study
will provide guidance for reducing Cd concentration and increasing Se concentration in
walnuts through agronomic measures to provide high-quality Se-enriched walnuts.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiments were conducted at Henan Agricultural University, Zhengzhou, China
(34◦47′8′′ N, 113◦39′50′′ E). Seedlings of Juglans regia (variety Xinfeng) were cultivated in a
greenhouse (day/night temperature: 35/25 ◦C; relative humidity: 50–60%; natural light).
After germination, seedlings were planted in plastic pots filled with sands, and the quarter-
strength Hoagland solution (100 mL) was added to each pot every three days. After
12 weeks, 36 seedlings with a height of about 25 cm were selected, and divided equally
into six groups.

Subsequently, walnut plants in the six groups were exposed to 0 (-Cd) or 5 (+Cd) mM
CdCl2 together with 0 (Se0), 20 (Se20), or 200 (Se200) µM Na2SeO3. Briefly, this experiment
contained six treatments including Se0Cd0 (0 µM Na2SeO3 + 0 mM CdCl2), Se0Cd5 (0 µM
Na2SeO3 + 5 mM CdCl2), Se20Cd0 (20 µM Na2SeO3 + 0 mM CdCl2), Se20Cd5 (20 µM
Na2SeO3 + 5 mM CdCl2), Se200Cd0 (200 µM Na2SeO3 + 0 mM CdCl2), and Se200Cd5
(200 µM Na2SeO3 + 5 mM CdCl2) (Table 1). Cd and Se doses were determined according
to our pre-experiment and previous studies [27,31,32]. Our pre-experiment results show
that walnuts cultured in sand could tolerate higher concentrations of Cd than walnuts
cultured in nutrient solution. Furthermore, in previous studies, the Se concentrations for
treating herbaceous plants were 3–20 µM [27,31]. For woody plants, such as walnut, the
Se concentration should be higher. One hundred milliliters of quarter-strength Hoagland
solution were added every three days. For Se0Cd5, Se20Cd5, and Se200Cd5 treatments,
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Cd was supplied every three days with the nutrient solution. Exogenous Se was sprayed
on walnut leaves after being dissolved in distilled water every three days. Seedlings in
Se0Cd0 and Se0Cd5 treatments were sprayed with distilled water.

Table 1. Experimental design.

Treatment Se (µM) Cd (mM)

Se0Cd0 0 0
Se0Cd5 0 5

Se20Cd0 20 0
Se20Cd5 20 5
Se200Cd0 200 0
Se200Cd5 200 5

After a 60-day cultivation, the root system of each plant was washed carefully using
50 mM CaCl2 for 3 min to remove Cd2+. The shoots were rinsed with distilled water three
times. Then, each plant was separated into root, wood, bark, and leaves. The fresh weight
of each sample was recorded before wrapping with tinfoil and freezing in liquid nitrogen.
The frozen samples were ground into fine powder in liquid nitrogen and stored at −80 ◦C
for further analysis. About 150 mg powder of each organ of each plant was dried at 70 ◦C to
determine the fresh-to-dry mass ratio, which was used to calculate the biomass of each organ.

2.2. Determination of Cd and Se

One hundred and fifty milligrams of powder of each organ were digested in a mixture
containing 8 mL of concentrated HNO3 and 2 mL of concentrated HClO4 at 170 ◦C [33]. The
Cd and Se concentrations in the extract were determined by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent7800, Santa Clara, CA, USA).

2.3. Analysis of O2
•−, H2O2, and MDA

The superoxide (O2
•−) content in the roots and leaves of the Xinfeng walnut were

determined spectrophotometrically at 530 nm as described by Lei [34]. Briefly, 100 mg of
powder was extracted in potassium phosphate buffer (50 mM, pH 7.8) and centrifuged
(10,000× g, 4 ◦C, 10 min). Then, the supernatant was mixed with the potassium phosphate
buffer (0.9 mL, 50 mM, pH 7.8) and hydroxylamine hydrochloride (0.1 mL, 10 mM). The
mixture was then incubated at 25 ◦C for 20 min, before adding p-aminobenzene sulfonic
acid (1 mL, 17 mM) and α-naphthylamine (1 mL, 7 mM). The absorbance of the mixture
was determined at 530 nm after an incubation at 25 ◦C for 20 min.

The hydrogen peroxide (H2O2) contents in the roots and leaves were determined
according to the method of He [35]. Briefly, 50 mg of powder was extracted in 5%
trichloroacetic acid (TCA) for 20 min and centrifuged (10,000× g, 4 ◦C, 10 min). Then,
the supernatant was mixed with 20% TiCl4 and 25% aqueous ammonia. After that, the
precipitate was collected and dissolved in H2SO4 (1 M). The absorbance of the solution was
determined spectrophotometrically at 410 nm.

The malondialdehyde (MDA) contents in the roots and leaves were determined ac-
cording to the method of Lei [34]. Briefly, 100 mg of powder was extracted in 10% TCA for
30 min and centrifuged (10,000× g, 4 ◦C, 10 min). Then, the supernatant was mixed with
0.6% thiobarbituric acid (TBA) and 10% TCA. After reacting in boiling water for 15 min,
the mixture was rapidly cooled in ice water and centrifuged (10,000× g, 4 ◦C, 10 min). The
absorbance of the solution was determined spectrophotometrically at 450, 532, and 600 nm.

2.4. Assays of Antioxidant Enzyme Activities

The soluble proteins in the roots and leaves were extracted based on the method of
Luo [36]. Briefly, frozen powder was homogenized in a cold extraction buffer containing
100 mM potassium phosphate (pH 7.8), 200 mg polyvinylpolypyrrolidone, and 0.5% (v/v)
Triton X-100. Then, the mixture was incubated for 15 min in an ice bath and centrifuged
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(15,000× g, 4◦C, 30 min). The supernatant was eluted through Sephadex G-25 columns
(PD-10 column, Pharmacia, Freiburg, Germany). The soluble proteins in the eluent were
determined according to the Bradford method, using bovine serum albumin (Interchim,
Montluçon, France) as the standard. The soluble protein extracts were used for the assays
of enzyme activities.

The activity of catalase (CAT, EC 1.11.1.6) was measured according to the method of
He [37], and the absorbance of the reaction system was determined spectrophotometrically
at 240 nm. The reaction system contained 50 mM potassium phosphate buffer (pH 7.0),
40 mM H2O2, and the protein extract. One unit of CAT was defined as the amount of the
enzyme that is needed to decompose 1 mmol of H2O2 per min at 25 ◦C.

The activity of peroxidase (POD, EC 1.11.1.7) was determined according to the method
of Chen [38], and the absorbance of the reaction system was determined spectrophoto-
metrically at 436 nm. The reaction system contained 50 mM potassium phosphate buffer
(pH 6.5), 40 mM guaiacol, 10 mM H2O2, and the protein extract. One unit of the enzyme
was defined as the amount of POD that is needed to oxidize 1 mmol of guaiacol min−1

mg−1 protein.
The activity of ascorbate peroxidase (APX, EC 1.11.1.11) was measured according

to the method of He [37], and the absorbance of the reaction system was determined
spectrophotometrically at 290 nm. The reaction system contained 50 mM potassium
phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.1 mM sodium ascorbate, 2.5 mM H2O2, and the
protein extract. One unit of APX was defined as the amount of the enzyme that is needed
to degrade 1 µmol of ascorbate min−1 mg−1 protein.

The activity of ascorbate oxidase (AAO, EC 1.10.3.3) was determined according to
the method of Tamás [39], and the absorbance of the reaction system was determined
spectrophotometrically at 265 nm. The reaction system contained 100 mM potassium
phosphate buffer (pH 5.6), 5 mM EDTA-Na2, 50 mM sodium ascorbate, and the protein
extract. One unit of AAO was defined as the amount of the enzyme that is needed to
oxidize 1 µmol of ascorbate min−1 mg−1 protein.

2.5. Statistical Analysis

Data were analyzed using Statgraphics (STN, St Louis, MO, USA). Two-way analysis
of variances (ANOVA) was performed to determine the significant differences. If it was
significant, a posteriori comparison of means was performed. The normality of the data was
tested before statistical analysis. Differences between means were considered significant
when the p-value was less than 0.05 according to the ANOVA F-test.

3. Results
3.1. Effect of Se and Cd on the Growth of Xinfeng Walnut

Under Cd-free condition, the application of 20 µM Se increased the biomass of wood,
bark, and leaves (Table 2). The biomass of the wood, bark, and leaves in the Se20Cd0
treatment was 4.02, 2.76, and 12.65 g, respectively, which was 20%, 17%, and 18% higher
than those in the Se0Cd0 treatment, respectively, and there was no difference in root biomass
(Table 2). However, under Cd-free condition, the application of 200 µM Se inhibited the
root and leaf growth of Xinfeng walnut (Table 2). The biomass of roots and leaves in the
Se200Cd0 treatment was 9.58 and 8.96 g, respectively, which was 13% and 17% lower than
those in the Se0Cd0 treatment, respectively, and there was no difference in the biomass of
wood and bark (Table 2).
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Table 2. The biomass of the roots, wood, bark, and leaves of J. regia (variety Xinfeng) in different
treatments.

Se (µM) Cd (mM) Root (g) Wood (g) Bark (g) Leaves (g)

0
0 10.99 ± 0.24 d 3.34 ± 0.12 b 2.35 ± 0.13 b 10.79 ± 0.62 c
5 6.37 ± 0.30 a 2.99 ± 0.24 ab 1.96 ± 0.07 a 7.16 ± 0.12 a

20
0 11.25 ± 0.80 d 4.02 ± 0.15 c 2.76 ± 0.14 c 12.65 ± 0.42 d
5 8.26 ± 0.30 b 2.79 ± 0.24 a 2.01 ± 0.07 a 7.86 ± 0.94 ab

200
0 9.58 ± 0.39 c 3.18 ± 0.13 ab 2.17 ± 0.09 ab 8.96 ± 0.27 b
5 9.63 ± 0.42 c 3.11 ± 0.13 ab 2.14 ± 0.10 ab 8.86 ± 0.36 b

p-values
Cd **** *** **** ****
Se * ns * *

Cd × Se **** ** ** ***
Notes: Data were means± SE (n = 6). Different lowercase letters in the same column indicate significant difference
between treatments. p-values of the ANOVAs for Cd, Se, and their interaction (Cd × Se) are also indicated.
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; and ns, insignificant.

The biomass of the roots, wood, bark, and leaves was lower in the Se0Cd5 and Se20Cd5
treatments than in the Se0Cd0 and Se20Cd0 treatments, respectively (Table 2), and there
was no difference between Se200Cd5 treatment and Se200Cd0 treatment (Table 2). Under
Cd stress, the application of Se (Se20 and Se200) increased the biomass of the roots and
leaves of the Xinfeng walnut (Table 2). The biomass of the root and leaves in the Se20Cd5
treatment was 8.26 and 7.86 g, respectively, which were 30% and 10% higher than those in
the Se0Cd5 treatment, respectively (Table 2). The biomasses of the roots and leaves in the
Se200Cd5 treatment were 9.63 and 8.86 g, respectively, which were 51% and 24% higher
than those in the Se0Cd5 treatment, respectively (Table 2).

3.2. The Se and Cd Accumulations in Walnuts

Cd was not detected in the walnuts without Cd exposure (Figure 1a–d). The Cd
concentrations in root and wood in the Se20Cd5 treatment were 1782.80 and 12.58 µg g−1

dry weight, respectively, which were 12% and 14% lower than those in the Se200Cd5
treatment, respectively (Figure 1a,b). Furthermore, there was no difference in the Cd
concentration in the bark and leaves between Se20Cd5 treatment and Se0Cd5 treatment
(Figure 1c,d). The Cd concentrations in the root, wood, bark, and leaves in the Se200Cd5
treatment were 1526.33, 10.28, 347.46, and 34.42 µg g−1 dry weight, respectively, which
were 25%, 26%, 21%, and 23% lower than those in the Se0Cd5 treatment, respectively
(Figure 1a,d).

Under Cd exposure or Cd-free conditions, the application of 20 µM Se increased
Se concentration in bark and leaves, but did not alter Se concentration in root and wood
compared with Se0 (Figure 1e–h). Under Cd-exposure or Cd-free conditions, the application
of 200 µM Se increased the Se concentration in root, wood, bark, and leaves, compared
with Se0 (Figure 1e–h).

3.3. Effects of Se Application on O2
•−, H2O2, and MDA Contents in Xinfeng Walnut

The O2
•− contents in the roots of the Xinfeng walnut in the Se0Cd5, Se20Cd5, and

Se200Cd5 treatments were 6.48, 5.72, and 5.28 µmol g−1 dry weight, respectively, which
were 13%, 10%, and 21% higher than that in the Se0Cd0, Se20Cd0, and Se200Cd0 treatments,
respectively, and the root O2

•− content in the Se20Cd5 and Se200Cd5 treatments was 5.72
and 5.28 µmol g−1 dry weight, respectively, was were 12% and 8% lower than that in the
Se0Cd5 treatment (Figure 2a). The leaf O2

•− content in the Se0Cd5 treatment was 27%
higher than that in the Se0Cd0 treatment, and the leaf O2

•− content in the Se20Cd5 and
Se200Cd5 treatments was 16% and 26% lower than that in the Se0Cd5 treatment (Figure 2b).
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Figure 1. The Cd (a–d) and Se (e–h) concentrations in the roots, wood, bark, and leaves of J. regia
(variety Xinfeng) exposed to either 0 (Cd0) or 5 mM (Cd5) Cd together with one of three Se levels (0
(Se0), 20 (Se20), or 200 (Se200) µM Se). Data were means ± SE (n = 6). Different lowercase letters on
the bars indicate significant difference at p < 0.05 (F-test). p-values of the ANOVAs for Cd, Se, and
their interaction (Cd × Se) are also indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; and
ns, insignificant.

The root H2O2 content in the Se0Cd5, Se20Cd5, and Se200Cd5 treatments was 473.22,
365.60, and 345.35 µmol g−1 dry weight, respectively, which was 38%, 35%, and 27% higher
than that in the Se0Cd0, Se20Cd0, and Se200Cd0 treatments, respectively (Figure 2c). The
root H2O2 content in the Se20Cd5 and Se200Cd5 groups was 365.60 and 345.35 µmol g−1

dry weight, respectively, which was 23% and 27% lower than that in the Se0Cd5 treat-
ment, respectively (Figure 2c). The leaf H2O2 content in the Se0Cd5 treatment was
164.63 µmol g−1 dry weight, which was 35% higher than that in the Se0Cd0 treatment
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(Figure 2d). The leaf H2O2 content in the Se20Cd5 and Se200Cd5 treatments had no
difference with that in the Se0Cd5 treatment (Figure 2d).
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Figure 2. The contents of O2
•− (a,b), H2O2 (c,d), and MDA (e,f) in the roots and leaves of J. regia

(variety Xinfeng) exposed to either 0 (Cd0) or 5 mM (Cd5) Cd together with one of three Se levels (0
(Se0), 20 (Se20) or 200 (Se200) µM Se). Data were means ± SE (n = 6). Different lowercase letters on
the bars indicate significant difference at p < 0.05 (F-test). p-values of the ANOVAs for Cd, Se and
their interaction (Cd × Se) are also indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; and
ns, insignificant.

The root MDA content in the Se0Cd5, Se20Cd5, and Se200Cd5 treatments was 240.21,
213.60, and 208.01 µmol g−1 dry weight, respectively, which was 55%, 31%, and 21% higher
than those in the Se0Cd0, Se20Cd0, and Se200Cd0 treatments, respectively (Figure 2e).
The root MDA content in the Se20Cd5 and Se200Cd5 treatments was 213.60 and 208.01
µmol g−1 dry weight, respectively, which was 11% and 13% lower than that in the Se0Cd5
treatment, respectively (Figure 2e). The leaf MDA content in the Se0Cd5, Se20Cd5, and
Se200Cd5 treatments was 194.62, 175.99, and 162.23 µmol g−1 dry weight, respectively,
which was 50%, 32%, and 24% higher than those in the Se0Cd0, Se20Cd0, and Se200Cd0
treatments, respectively (Figure 2f). The leaf MDA content in the Se20Cd5 and Se200Cd5
treatments was 175.99 and 162.23 µmol g−1 dry weight, respectively, which was 10% and
17% lower than that in the Se0Cd5 treatment, respectively (Figure 2f). However, there were
no differences in root and leaf MDA contents between Se20Cd5 treatment and Se200Cd5
treatment (Figure 2e,f).
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3.4. Effects of Se Application on the Antioxidant Enzyme Activities in Xinfeng Walnut

The root CAT activity in the Se0Cd5 treatment was lower than that in the Se0Cd0
treatment (Figure 3a). The root CAT activity in the Se20Cd5 and Se200Cd5 treatments was
302.26 and 220.86 U g−1 protein, respectively, which was 127% and 66% higher than that
in the Se0Cd5 treatment (Figure 3a). The leaf CAT activity in the Se0Cd5 treatment was
46.47 U g−1 protein, which was 33% lower than that in the Se0Cd0 treatment (Figure 3b).
The leaf CAT activity in the Se20Cd5 and Se200Cd5 treatments was 78.96 and 72.00 U g−1

protein, respectively, which was 77% and 55% higher than that in the Se0Cd5 treatment,
respectively (Figure 3b).
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The root POD activity in the Se0Cd5 treatment was 37,324.80 U g−1 protein, which was
51% higher than that in the Se0Cd0 treatment, and the root POD activity in the Se20Cd5 and
Se200Cd5 treatments was 49,309.73 and 45,284.17 U g−1 protein, respectively, which was
21% and 32% higher than that in the Se0Cd5 treatment, respectively (Figure 3c). The leaf
POD activity in the Se0Cd5 treatment was 25,872.33 U g−1 protein, which was 52% higher
than that in the Se0Cd0 treatment (Figure 3c), and the leaf POD activity in the Se20Cd5
treatment was 17,489.86 U g−1 protein, which was 32% lower than that in the Se0Cd5
treatment (Figure 3d). There was no difference in the leaf POD activity between Se200Cd0
and Se0Cd0 treatments and between Se20Cd0 and Se0Cd0 treatments (Figure 3d).

The root APX activity in the Se0Cd5 treatment was 4359.23 U g−1 protein, which was
50% lower than that in the Se0Cd0 treatment (Figure 3e), and there was no difference in the
root APX activity between Se20Cd5 and Se200Cd5 treatments (Figure 3e). There was also
no difference in the leaf APX activity between Se0Cd5 treatment and Se0Cd0 treatment
(Figure 3f). The leaf APX activities in the Se20Cd5 and Se200Cd5 treatments were 4225.99
and 3406.56 U g−1 protein, respectively, which were 18% and 34% lower than that in the
Se0Cd5 treatment, respectively (Figure 3f).

The root AAO activity in the Se0Cd5 treatment was 968.49 U g−1 protein, which
was 22% lower than that in the Se0Cd0 treatment. The leaf AAO activity in the Se0Cd5
treatment was 1243.63 U g−1 protein, which was 22% higher than that in the Se0Cd0
treatment (Figure 3g,h). The root AAO activities in the Se20Cd5 and Se200Cd5 treatments
were 1182.46 and 1224.03 U g−1 protein, which were 22% and 26% higher than that in the
Se0Cd5 treatment, respectively (Figure 3g). The leaf AAO activity in the Se20Cd5 treatment
was 1870.53 U g−1 protein, which was 50% higher than that in the Se0Cd5 treatment, but
there was no difference between Se200Cd5 treatment and Se0Cd5 treatment (Figure 3h).

4. Discussion
4.1. Se Application Promoted Xinfeng Walnut Growth and Reduced Cd Accumulation

Se is beneficial to plant growth. An appropriate dosage of Se could promote plant
growth and increase crop yield [7,23]. However, excessive Se in soil is toxic to plants and
inhibits plant growth [18]. In this study, the biomass of the wood, bark, and leaves of the
Xinfeng walnut increased in the Se20Cd0 treatment, but reduced in the Se200Cd0 treatment.
This indicates that 20 µM Se may be an appropriate dosage for Xinfeng walnut growth,
while 200 µM Se is excessive. Previous studies show that excessive Cd could lead to stunted
plant growth, chlorosis, and even cell death [1,40]. In this study, Cd addition decreased the
biomass of Xinfeng walnut. This indicates that 5 mM of Cd could inhibit walnut growth.
However, after the application of Se, the Cd-induced inhibition on roots and leaves was
alleviated (Table 2). This indicates that Se application (Se20 and Se200) is beneficial for the
growth of walnuts with Cd exposure.

In previous studies, plants with leaf Cd concentration higher than 100 µg g−1 dry
weight were defined as hyperaccumulating plants [1,41]. In some herbaceous Cd hyperac-
cumulators, Cd concentration was as high as 3000 µg g−1 dry weight [42]. Several studies
found that some woody plants, such as Populus and Salix species, can accumulate consider-
able levels of Cd in their aerial parts [43,44]. The Cd concentration reached 116 µg g−1 dry
biomass in the leaves of Salix caprea [45]. In some poplar species, Cd concentrations in root,
bark, and leaves reached 1000, 300, and 100 µg g−1 dry weight, respectively [35,37]. In this
study, Cd concentrations in the bark and root reached 2022 and 439 µg g−1 dry biomass,
respectively, which were higher than those in poplar bark and root, respectively, in previous
studies [37,46]. This may be related to differences in plant species, Cd concentration, and
treatment duration.

Cd in soil could be absorbed by plant roots and translocated to the aerial organs
via xylem [47]. Previous studies show that exogenous application of Se could reduce the
accumulation of Cd in cucumber and rice [24,25]. In this study, application of 20 µM Se
reduced the Cd concentration in root and wood, and application of 200 µM Se reduced
Cd concentration in root, wood, bark, and leaves. Similarly, in Helianthus annuus, the
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application of 5 and 10 µM Se decreased the Cd accumulation in roots and leaves, while
the application of 20 µM Se did not alter the Cd concentration in roots and leaves [48].
This indicates that the application of Se could reduce Cd accumulation in walnuts, but the
impact of Se on Cd accumulation varies with the change in Se concentration.

Cd may hinder nutrient uptake by plants, resulting in an imbalance of elements [49].
This study found that Cd addition enhanced the accumulation of Se in walnut wood
treated with 20 µM Se, and the Se concentration in roots, wood, bark, and leaves of
walnuts treated with 200 µM Se (Figure 1). Previous studies show that the application of
inorganic Se fertilizers could effectively increase Se concentration in crops [18,50]. In this
study, application of 20 µM Se increased Se concentration in walnut bark and leaves, and
application of 200 µM Se increased Se concentration in walnut root, wood, bark, and leaves
compared with non-Se treatment. This suggests that the Se sprayed on walnut leaves may
preferentially accumulate in leaves and bark before being transported to wood and root.

4.2. Se Application Enhanced Antioxidant Enzyme Activities and Alleviated Cd-Induced
Oxidative Stress

Cd is known to stimulate the formation of free radicals, which disrupts the plant
defense system, resulting in the excessive accumulation of O2

•− and H2O2 [51]. The
content of MDA is used to assess the oxidative stress of chemical pollutants, including
heavy metals [51,52]. In this study, under Cd exposure condition, the application of
exogenous Se reduced the contents of ROS and MDA in walnut roots and leaves. This
indicates that the oxidative stress induced by Cd could be relieved by Se. To reduce
oxidative damage, plants evolved an antioxidant defense system consisting of a verity
of enzymes, such as POD, CAT, APX, and AAO [51,53]. POD plays an important role in
scavenging ROS produced under oxidative stress [54], and CAT, APX, and AAO could
convert H2O2 to H2O and O2 [51,55]. For example, Ding found that a reduced activity of
CAT could result in the accumulation of ROS in poplars [33]. In this study, the activities
of CAT, APX, and AAO in walnut roots and CAT in leaves decreased after Cd exposure.
The decreased activities of antioxidant enzymes could lead to the accumulation of ROS and
oxidative stress. Furthermore, in this study, the application of Se increased the activities
of CAT, POD, and AAO in root and CAT in the leaves of walnuts under Cd exposure.
This suggests that Se could enhance the activities of antioxidant enzymes in walnut roots
and leaves, thereby enhancing the ROS scavenging ability and reducing the Cd-induced
oxidative stress.

In this study, exogenous application of 200 µM Se decreased the Cd accumulation
in walnuts, which alleviated the growth inhibition and ROS accumulation induced by
Cd. Furthermore, under Cd stress, the application of 20 µM Se increased the activities of
CAT, POD, and AAO in walnut root and the activities of CAT and AAO in leaves, and the
application of 200 µM Se enhanced the activities of CAT, POD, and AAO in walnut roots
and CAT activity in leaves. Thus, Se application could alleviate the Cd-induced oxidative
stress by increasing the ROS scavenging ability.

5. Conclusions

Exogenous application of Se could reduce the Cd concentration in the root, wood,
bark, and leaves of Cd-stressed Xinfeng walnut, and the performance at the Se dose of
200 µM was better than that at the Se dose of 20µM. Furthermore, foliar application of
200 µM Se could remarkably increase Se concentration in walnuts compared with foliar
application of 20 µM Se. Spraying Se on Cd-stressed walnuts could effectively reduce the
growth inhibition induced by Cd. In addition, foliar-sprayed Se can be transported into the
edible part of walnuts. The determination of appropriate Se dose will provide a practical
guidance for the planting of Se-enriched walnuts. It should be noted that for walnuts
grown in non-Cd-contaminated soils, the application rate of 200 µM Se may be excessive,
and it is necessary to further explore the appropriate dose of Se.
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Abstract: The NAC gene family is of great value for plant stress resistance and development. In this
study, five NAC genes with a typical NAM domain were isolated from Salix psammophila, which is a
stress-resistant willow endemic to western China. Two hundred sixty-two NAC genes from Salix
psammophila, Salix purpurea, and Arabidopsis were used to construct the phylogenetic tree to examine
the phylogenetic relationship. Five NAC genes in Salix psammophila were the focus of bioinformatics
analysis and conserved structural domain analysis. The SpsNAC005 gene was overexpressed in
Populus hopeiensis, and the transgenic lines were subjected to salt and simulated drought stress to
analyze their phenotype changes and tolerance to stress. The results showed that transgenic poplar
height and leaf area increased by 29.73% and 76.36%, respectively, compared with those of wild-type
plants. Under stress treatment, the height growth rates and ground diameter growth rates of the
transgenic lines were significantly higher than those of the wild-type, whereas their fresh weight and
dry weight were decreased compared to those of the wild-type. The SOD activities, POD activities,
and Pro contents of the transgenic plants were significantly increased, and the accumulation of MDA
was significantly lower than that in the wild-type, and the transgenic lines showed clear tolerance to
salt and drought. The expressions of the SOS1, MPK6, HKT1, and P5CS1 genes were downregulated
in the transgenic lines. The expression of the PRODH1 gene was downregulated in the transgenic
lines. These results indicate that overexpression of the SpsNAC005 gene in transgenic plants can
promote plant growth and development and improve tolerance to salt and drought.

Keywords: SpsNAC005 gene; Populus × hopeiensis Hu & Chow; Salix; stress tolerance

1. Introduction

NAC (No apical meristem (NAM), Arabidopsis transcription activation factor (ATAF),
Cup-shaped cotyledon (CUC)) transcription factors have an important regulatory role
in the processes of plant growth, development and defensive responses. The first genes
identified in the NAC family were ATAF1 and ATAF2 in 1993 [1]. NAM was cloned from
petunia in 1996 [2], followed by the discovery of the CUC2 genes in Arabidopsis [3]. The
NAC structural domain is a sequence structure unique to the NAC transcription factor
family; it consists of approximately 160 amino acids and is a highly conserved structural
domain located at the N-terminal end with the function of binding to DNA or proteins [4].
The NAC structural domains are generally composed of five structural subdomains, A,
B, C, D, and E; three substructural domains, A, C, and D, are highly conserved, whereas
the B and E substructural domains are less conserved [5].The C-terminus of NAC protein
also has a highly differentiated transcriptional regulatory region with transcriptional acti-
vation or repression activity, which determines its functional differences, enabling NAC
transcription factors to regulate plant growth and development, the formation of meristems
and border organs, lateral root development, plant senescence, biotic and abiotic stress
responses [6], cell wall formation, and apoptosis [7]. The NAC transcription factor family
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in several species, including Arabidopsis thaliana, Oryza sativa, and Populus trichocarpa, has
been systematically analyzed. Functional differences among NAC gene family members
were assessed using comprehensive expression profiling [8,9].

Responding to abiotic stress is one of the important functions of NAC transcription
factors. Ectopic expression of the HaNAC1 gene in Arabidopsis resulted in a significant
increase in proline content and enhanced drought resistance [10]. The transcriptional regu-
lator ANAC032 positively regulates leaf senescence by regulating the production of reactive
oxygen species and can promote the production of H2O2 under auxin and salt stress [11].
In addition, ANAC032 negatively regulates the expression of anthocyanin biosynthesis
genes in Arabidopsis in response to abiotic stresses such as high light, salinity, and oxidative
stress [12]. The CaNAC23 gene cloned from Capsicum annuum was significantly induced
to express under drought and salt stress [13]. The expression of the MfNAC37 gene in
Medicago falcata under salt stress was increased in three tissue parts of roots, stems, and
leaves [14]. Overexpression of the MdNAC1 gene in apple (Malus domestica) enhances
the activity of plant photosynthesis and ROS scavenging enzymes, making apple plants
tolerant to drought stress [15]. In rice, overexpression of the SNAC1 gene increased seed
setting by 21–34% under drought conditions and also improved salt tolerance in rice [16].

Salix psammophila C. Wang et Chang Y. Yang is an important wind break and sand
fixation shrub species in western China, and it has a wide range of adaptation and strong
resistance to adversity [17]. S. psammophila plays a vital role in vegetation restoration
and afforestation, especially in sandy areas of northwest China. S. psammophila is not
only an excellent tree species for wind prevention and sand fixation in western China,
but also a pioneer tree species in arid and saline areas of northwest China, which is of
great significance to maintaining the stability of the ecosystem and improving the regional
ecological environment [18]. Consistently, S. psammophila interlaced through underground
roots to form a strong sand-stabilizing barrier and built a protective forest belt in a short
time, which improved the overall level of land desertification control [19]. Populus hopeiensis
is one of the common tree species in northern China [20]. It is tolerant of soil conditions
and has good adaptability. It is a tree species for soil and water conservation or timber
forests. Our research group established the genetic transformation system of P. hopeiensis
in the early stage. On the one hand, it is intended to be used as a model woody plant to
study the gene function of woody plants. On the other hand, it is also intended to obtain
transgenic lines of P. hopeiensis with stronger adaptability for future application.

2. Materials and Methods
2.1. Salix NAC Gene Family Analysis and Functional Prediction of SpsNAC005 Gene
2.1.1. Bioinformatics Analysis of Genes in Salix

The tolerance of S. psammophila to harsh environments directly proved that there
were excellent resistance genes in S. psammophila. Therefore, five potential stress resistance
genes, SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, and SpsNAC120, were screened
separately from S. psammophila. We obtained the sequence information on the SpsNAC005,
SpsNAC034, SpsNAC041, SpsNAC042, and SpsNAC120 genes from Salix psammophila. Prosite
ExPASy server (http://web.expasy.org/protparam/, accessed on 20 March 2022) was used
to analyze the amino acids, molecular weight (kD), theoretical pI, instability index, and
aliphatic index. Hydrophobicity was analyzed by https://web.expasy.org/protscale/,
accessed on 20 March 2022) and used to predict physicochemical characteristics of the
SpsNAC proteins. iLoc-LncRNA (http://lin-group.cn/server/iLoc-LncRNA/predictor.
php, accessed on 22 March 2022) was used to predict subcellular localization. SignalP-
5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0, accessed on 22 March
2022) was used to predict signal peptides. The open reading frames (ORF) of SpsNACs
were determined by ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on
24 March 2022). Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed
on 24 March 2022) was used for amino acid multiple sequence alignment. MEME (http:
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//meme-suite.org/, accessed on 24 March 2022) was used for base-sequence analysis of
SpsNACs by (maximum number of motifs = 7).

2.1.2. Evolutionary Tree Construction of Genes in Salix and Arabidopsis

The complete genome annotation information and sequences of Salix and Arabidop-
sis were obtained from the phytozome database (https://phytozome-next.jgi.doe.gov/,
accessed on 26 March 2022). The Pfam database (http://pfam.xfam.org, accessed on 26
March 2022) Hidden Markov Model (HMM) was used to obtain the NAC specific structural
domain and HMMER (https://www.ebi.ac.uk/Tools/hmmer/, accessed on 26 March 2022)
was used to identify the NAC genes of Salix purpurea. The genes containing NAC specific
structural domains were further identified using the protein conserved structural domain
prediction tool SMART (http://smart.embl-heidelberg.de/, accessed on 26 March 2022),
and redundant Salix purpurea NAC gene family members were manually removed. Multiple
sequence alignment of NAC proteins was carried out using MAFFT online website (version
7 https://mafft.cbrc.jp/alignment/software/, accessed on 20 March 2022). The phyloge-
netic tree was constructed with MEGA X (MEGA X 10.2.5) using the neighbor-joining (NJ)
method with 1000 bootstrap test replicates.

2.1.3. Subfamilies Analysis and Functional Prediction of SpsNAC005

The protein structural domains of SpsNAC005 sequences were analyzed using Pfam
online software, and homologous genes of Salix purpurea, Populus trichocarpa, Populus del-
toides, Citrus sinensis, Arabidopsis, Oryza sativa, Zea mays, and Glycine max were obtained
from the phytozome database. These were compared with SpsNAC005 cloned fragments
(Figure 1d) using MAFFT online software for sequence alignment using MEGA X to
construct a phylogenetic tree for family analysis of SpsNAC005. The homologous struc-
tural domains of SpsNAC005, Salix purpurea (Sapur.005G052900.1), and Populus trichocarpa
(Potri.005G069500.1) homologous genes were compared by MEME with the structural
domain parameter of 7. The structural domain differences between them were analyzed
and compared to further predict the function of SpsNAC005.

2.2. Experimental Materials and Vector Construction

Salix psammophila used in this experiment was sampled from the Germplasm Resources
gene bank of S. psammophila in Ordos Dalad, the Inner Mongolia Autonomous Region of
China (E 110◦38′59.1”, N 40◦14′15.5”). The branches of 1-year-old S.psammophila clone
(11–30) were collected as experimental materials for cloning of SpsNAC005 gene. The
tissue culture seedlings of P. hopeiensis were preserved by the forest genetics and breeding
department of Forestry College, Inner Mongolia Agricultural University. The SpsNAC005
gene was cloned in overexpression vector pMDC32 driven by 2 × 35 s promoter and
transformed into P. hopeiensis [21]. Agrobacterium tumefaciens strain GV3101 carrying CaMV
35S::SpsNAC005 plasmid was stored in a refrigerator at −80 ◦C.

2.3. Agrobacterium-Mediated Transformation of P. hopeiensis Leaf Discs and PCR Assay

Agrobacterium tumefaciens containing the 35S::SpsNAC005 recombinant plasmid was
activated and transformed into wild-type P. hopeiensis via leaf disc transformation [22].

The total DNA of resistant P. hopeiensis was extracted using the CTAB method [23], and
the target gene fragments were amplified using PCR with the primers SpsNAC005-F1 (5′-
ATGAAGGGAAATGGATCGGC-3′) and SpsNAC005-R1 (5′-CACCATACAGTGCCATTTCTGG-
3′). The PCR amplification procedure was 94 ◦C for 5 min; 35 cycles of 94 ◦C for 30 s, 62 ◦C
for 30 s, and 72 ◦C for 1 min; and then 72 ◦C for 7 min followed by 1% agarose gel detection
after amplification. The specific primers were designed by Primer Version 5.00 (PREMIER
Biosoft International, Palo Alto, CA, USA) and Primer 3 input (v. 0.4.0) (Whitehead Insti-
tute for Biomedical Research, Cambridge, MA, USA, https://bioinfo.ut.ee/primer3-0.4.0/
accessed on 26 March 2022).

226



Forests 2022, 13, 971

2.4. Tissue Expression Specificity of SpsNAC005 in Salix psammophila and Relative Expression
Level of SpsNAC005 in Overexpression Lines

RNA (TIABGEN RNA prep pure, Tiangen Biotech Co., Ltd., Beijing, China) was
extracted from six different tissues of S. psammophila (leaves, roots, shoots, soft stems,
semi-lignified stems, and mature stems) and reverse transcribed into cDNA (SuperScript
IV First-Strand Synthesis System, Tiangen Biotech Co., Ltd., Beijing, China). The relative
expression of the SpsNAC005 gene in different tissues of S. psammophila was detected by
qRT-PCR. The primers were UBQ-F (5′-AAGCCCAAGAAGATCAAGCA-3′) and UBQ -R
(5′-ACCACCAGCCTTCTGGTAAA-3′) [24]. The primers for SpsNAC005 gene expression
analysis were SpsNAC005-F1 (5′-ATGAAGGGAAATGGATCGGC-3′) and SpsNAC005-R1
(5′-CACCATACAGTGCCATTTCTGG-3′). They were identical to the primer sequence
mentioned in Section 2.3. The qRT-PCR was conducted with three replicates on a Roche
Light Cycler 480 II (Roche, Shanghai, China), and the relative gene expression levels were
calculated using the 2−∆∆Ct method [25].

RNA was extracted from the leaves of different overexpression lines and reverse
transcribed to cDNA, and qRT-PCR was performed to detect expression of the SpsNAC005
gene in the positive lines. The primers for the quantitative detection of the SpsNAC005 gene
were SpsNAC005-F1 and SpsNAC005-R1, and the primers for the internal reference gene of
P. hopeiensis were PtrActin-F (5′-AAACTGTAATGGTCCTCCCTCCG-3′) and PtrActin-R (5′-
AGCATCATCACAATCACTCTCCGA-3′) [24]. The PtrActin gene was used as an internal
control to normalize the data, and the relative gene expression levels were calculated using
the 2−∆∆Ct method.

2.5. Determination of Salt and Drought Stress and Related Indices in Overexpression Lines
2.5.1. Transplanting before Stress and Determination of Related Growth Indices

Transgenic seedlings with the same growth vigor and wild-type tissue culture seedlings
of P. hopeiensis were selected for seedling refining, and a mixture of grass charcoal soil and
vermiculite (2:1) was used as the substrate. The temperature of the culture chamber was
25 ◦C, and the light/dark cycle was 16 h/8 h. After 2 weeks, the seedlings were transferred
to the greenhouse.

The plant height and ground diameter were measured by ruler and Vernier calipers
on the 30th day of seedling refining, and the leaf area was measured by CAD [26] (four
and five internode leaf measurements). On the 1st day before stress treatment and the
5th day after stress treatment, the plant height and ground diameter of P. hopeiensis were
measured. Each treatment was repeated in three pots, and each pot was measured three
times. The relative growth rates of plant height and ground diameter of P. hopeiensis during
the stress period were calculated. On the 5th day of stress treatment, the fresh weight of
the plant was measured with a balance, and then the plant was dried to a constant weight
in a 50 ◦C oven.

The relative growth rates of plant height (%) = (H1 − H0)/H0 × 100%
H1: Plant height on day 5 of stress (cm)
H0: Plant height one day before stress (cm)
The relative growth rates of ground diameter (%) = (D1 − D0)/D0 × 100%
D1: Ground diameter on day 5 of stress (cm)
D0: Ground diameter one day before stress (cm)

2.5.2. Salt and Drought Treatments and Determination of SOD, POD, MDA, and Pro

The wild-type P. hopeiensis and three lines (OE-4, OE-3, and OE-1) of transgenic
P. hopeiensis were each treated with one of three solutions (water, a 0.9% NaCl solution, or
10% PEG) at 30 d and 35 d, with three biological replicates of each treatment [27]. Stress
was stopped when the treated plants showed signs of leaf yellowing and wilting. On day
40, mixed samples of functional leaves (3–6 leaves) with normal growth were collected,
snap-frozen in liquid nitrogen, and stored at −80 ◦C for the subsequent determination of
superoxide dismutase (SOD), peroxidase (POD), malondialdehyde (MDA), and proline
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(Pro); three replicate measures were made. These physiological parameters were measured
using Solarbio biochemical kits (Beijing Solarbio Science & Technology Co., Ltd. Beijing,
China, item numbers in order: BC0170, BC0090, BC0020, BC0290).

2.5.3. Expression Analysis of the SOS1, MPK6, HKT1, P5CS1, and PRODH1 Genes under
Drought and Salt Stress

The expression of the SOS1, MPK6, HKT1, P5CS1, and PRODH1 genes under different
treatments was detected via qRT-PCR using cDNA obtained by the method described in Sec-
tion 2.4. The primers for gene quantification were SOS1-F1 (5′-GGCTGTTGTTGCTCTGTTGA-
3′), SOS1-R1 (5′-TTATGGCACCCGAGGTAAAG-3′), MPK6-F1 (5′-CTGCAAACGTCC-
TGCATAGA-3′), MPK6-R1 (5′-AACACACAACCCACTGACCA-3′), HKT1-F1 (5′-
TGGTTCAGTGCCTGTTGTTC-3′), and HKT1-R1 (5′-CATCCTTGCACGAGCTATCA-3′),
P5CS1-F1 (5′-GTGTTGGCACCCTCTTTCAT-3′), P5CS1-R1 (5′-CATCAGCTACGTCCAGCAAA-
3′), PRODH1-F1 (5′-ATGGCACGATTCAAGCCTAC-3′), PRODH1-R1 (5′-TTCAAGC-
ATGAACGAAGCAC-3′), and the internal reference primer of P. hopeiensis genes was
PtrActin. The primer sequences of the SOS1, MPK6, HKT1, P5CS1, and PRODH1 genes
were designed by Primer 3 input (Whitehead Institute for Biomedical Research, MA, USA,
https://bioinfo.ut.ee/primer3-0.4.0/ accessed on 26 March 2022).

2.6. Statistical Analysis

All experiments were conducted at least three times independently, and statistical
significance level analysis of the data was performed using Excel 2019 (Microsoft Of-
fice, Washington, Redmond, WA, USA), F-test (two-sample ANOVA), t-test (two-sample
equal/heteroskedasticity hypothesis), and one-way ANOVA for randomized block de-
sign [28]. The results of one-way ANOVA for randomized block design were labeled using
lowercase letters. Other significance was designated as follows: *** p < 0.001, extremely
significant; ** 0.001 ≤ p < 0.01, very significant; * 0.01 ≤ p < 0.05, significant. The tissue
expression of SpsNAC005 in S. psammophila and the relative gene expression of SpsNAC005
positive lines were analyzed by one-way ANOVA for randomized block design. Data on
P. hopeiensis height and leaf area, plant height growth rate, ground diameter growth rate,
fresh weight, dry weight, SOD activities, POD activities, MDA contents, and Pro contents,
and relative expression level of SOS1, MPK6, HKT1, P5CS1, and PRODH1 genes were
tested for equality of variance with F-test before t-test.
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Figure 1. The five NAC genes was highly conserved in Salix psammophila. (a) Amino acid sequence 
alignment of SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, and SpsNAC120. (b) Motif analysis 
of five S.psammophila NAC proteins. (c) Schematic diagram of NAC transcription factor structure 
[29]. (d) SpsNAC005 gene sequence and its translated amino acid sequence. 

3. Results 
3.1. Identification of NAC Genes Obtained by Cloning in Salix psammophila 

The five NAC family genes SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, and 
SpsNAC120 were isolated from S. psammophila and named after the classification of NAC 
genes in Populus trichocarpa because of the close genetic relationship between poplar and 
willow [9].  

These five NACs encode proteins ranging from 294 amino acids (33.09 kD) to 598 
amino acids (65.82 kD), and the predicted isoelectric points varied widely from 5.32 to 

Figure 1. The five NAC genes was highly conserved in Salix psammophila. (a) Amino acid sequence
alignment of SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, and SpsNAC120. (b) Motif analysis
of five S.psammophila NAC proteins. (c) Schematic diagram of NAC transcription factor structure [29].
(d) SpsNAC005 gene sequence and its translated amino acid sequence.
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3. Results
3.1. Identification of NAC Genes Obtained by Cloning in Salix psammophila

The five NAC family genes SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, and
SpsNAC120 were isolated from S. psammophila and named after the classification of NAC
genes in Populus trichocarpa because of the close genetic relationship between poplar and
willow [9].

These five NACs encode proteins ranging from 294 amino acids (33.09 kD) to 598 amino
acids (65.82 kD), and the predicted isoelectric points varied widely from 5.32 to 8.56. The
predicted aliphatic index ranged from 60.91 to 71.92. The results of the predicted subcellular
localizations revealed that SpsNAC005, SpsNAC034, and SpsNAC120 all were localized in
the nucleolus, nucleus, and nucleoplasm. SpsNAC041 and SpsNAC042 were localized in cy-
toplasm and cytosol. All five NAC sequences are unstable proteins, and all are hydrophilic
proteins without signal peptides (Table 1).

Table 1. Basic information on SpsNAC005, SpsNAC034, SpsNAC041, SpsNAC042, SpsNAC120 proteins
in Salix psammophila.

Gene-ID Amino
Acids

Molecular
Weight

(kD)

Theoretical
pI

Instability
Index

Aliphatic
Index Hydrophobicity Subcellular

Localization

SpsNAC005 308 35.24 6.02 43.68 60.91 Hydrophilic
Nucleolus,
Nucleus,

Nucleoplasm

SpsNAC034 598 65.82 5.32 68.83 71.92 Hydrophilic
Nucleolus,
Nucleus,

Nucleoplasm

SpsNAC041 294 33.09 6.46 46.12 65.34 Hydrophilic Cytoplasm,
Cytosol

SpsNAC042 299 34.19 6.45 51.39 68.09 Hydrophilic Cytoplasm,
Cytosol

SpsNAC120 343 38.30 8.56 40.74 67.53 Hydrophilic
Nucleolus,
Nucleus,

Nucleoplasm

Multiple sequence alignment of the five S. psammophila NAC genes revealed that
the NAC proteins all contained the complete NAM structural domain (A–E) (Figure 1a).
To further analyze the diversity of NAC proteins in S. psammophila, the conserved motif
analysis of five SpsNAC proteins was mapped using the MEME tool (Figure 1b). The NAC
transcription factor N-terminal has a NAC structural domain consisting of approximately
150 amino acid residues, and the NAC domain can be divided into five sub-structural
domains [29] (Figure 1c). The highly conserved positively charged subdomains C and D
bind to DNA, while subdomain A may be involved in functional dimer formation, whereas
the divergent subdomains B and E may be responsible for the functional diversity of NAC
genes [5]. The results showed that motif 3 (subdomain A), motif 4 (subdomain B), motif
1 (subdomain C), motif 2 (subdomain D), and motif 5 (subdomain E) were the typical
structural domains of NAC proteins with highly conserved NAM structural domains. In
addition, the motif 7 is the characteristic domain in SpsNAC041 and SpsNAC042.

3.2. Classification of Salix NAC Gene Family Members and Phylogenetic Tree Analysis

To examine the phylogenetic relationship between NAC proteins in Arabidopsis and
Salix, a phylogenetic tree was constructed by sequence alignment of full-length NAC
proteins (Figure 2). The phylogenetic tree divided NAC family proteins into 21 subfamilies.
Among them, Sapur.014G031200.1 was distinguished from other NAC members and formed
an individual clade. For simplicity, subfamily names are based on the tree topology alphabet
letter series (NAC-a to NAC-r).
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Figure 2. Phylogenetic analysis of NAC proteins from Salix and Arabidopsis thaliana.

NAC members are distributed in most subfamilies, but NAC genes with the same
function showed a tendency to belong to one subfamily [9,30]. The NAC-a subfamily
contains 21 NAC genes of Salix. Related studies have shown that this subfamily is mainly
involved in the regulation of bud organ boundary division. Arabidopsis CUC1/NAC054
and CUC2/NAC098 genes play an indispensable role in the development of bud tip
meristem [3,31]. The NAC proteins associated with secondary wall formation during fiber
and vascular vessel development are divided into three independent subfamilies: NAC-b,
NAC-n and NAC-e. The three subfamilies contain 18, 9 and 10 Salix NAC genes, respec-
tively. All NSTs (NST1, NST2, NST3/SND1) and VNDs (VND1–VND7) were classified
as NAC-b subfamily, while SND2 and SND3 were classified as NAC-n [32,33]. Another
well-characterized member, XND1 in secondary wall formation process, was assigned to
the NAC-e subfamily. At5g64530 (ANAC104) encodes NAC structural domain 1 (XND1) of
xylem, which negatively regulates the synthesis of secondary cell wall and programmed cell
death, so as to antagonize differentiation of xylem [34]. NAC-d(I) and NAC-d(II) subfami-
lies play a role in the establishment of shoot apical meristem (SAM). The two subfamilies
contain a total of 17 NAC genes in Salix. ATAF in NAC-d(II) subfamilies may be related to
abiotic stress, and the ANAC019, ANAC055, and ANAC072 genes, are induced by abiotic
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stresses (ABA, drought, and salinity) and enhance tolerance to drought when ectopically
overexpressed [35]. NAP is involved in regulation of leaf senescence in NAC-d(I) [36].
Membrane-associated NAC proteins that mediate cytokinin signaling or endoplasmic retic-
ulum stress responses during cell division cluster into the NAC-i(I), NAC-i(II), and NAC-k
subfamilies. A total of six NAC genes were found from NAC-i(I) and NAC-i(II) subfamilies
in Salix. The NAC members named NTLs in these subfamilies were bound by membrane
to ensure that plants respond to developmental changes and environmental stimuli rapidly.
Related studies have shown that the plasma membrane-associated transcription factor
ANAC062 (NTL6) is another important unfolded protein response (UPR) mediator in Ara-
bidopsis plants. ANAC062 transfers endoplasmic reticulum (ER) stress signals from plasma
membrane to nucleus and plays an important role in regulating the expression of UPR
downstream genes [37]. The NAC-k subfamily has 15 NAC genes from Salix and NTM from
Arabidopsis thaliana. Studies have shown that ANAC069 (NTM2) responds to abiotic stress
physiology and regulation. At the same time, during Arabidopsis seed germination, NTM2
integrates auxin signal into salt stress signaling, which can regulate seed germination
under high salinity [38]. Additionally, the NAC-f and NAC-j subfamilies only contain
NAC proteins from Salix, indicating that they may be lost in Arabidopsis, but from the other
side they can be acquired de novo in Salix. These gene differences may also be due to the
perennial woody habit of Salix. Phylogenetic analysis also revealed NAC-1, NAC-p, and
NAC-q subfamilies, which only contain Arabidopsis NAC sequences, indicating that NAC
members in these subgroups were different in herbs and woody plants.

3.3. Functional Prediction of SpsNAC005

To clarify the evolutionary relationship and possible function of SpsNAC005 gene
in woody plants, the homologous genes from S. psammophila, Salix purpurea, Populus
trichocarpa, Populus deltoides, Citrus sinensis, Arabidopsis, Oryza sativa, Zea mays, and Glycine
max were compared to construct an evolutionary tree (Figure 3A). The results showed
that S. psammophila, S. purpurea, P. trichocarpa, P. deltoides, and C. sinensis were in the
same evolutionary branch, G.max was in one branch, and Arabidopsis was in one branch,
indicating that the homologous gene of SpsNAC005 was differentiated in woody and
herbaceous plants. The comparison results for homologous structural domains indicated
that the NAC protein sequences of SpsNAC005, Sapur.005G052900.1, Potri.005G069500.1
(PNAC005), and Podel.05G075500.1 have the same structural domain and the gene functions
may be extremely similar (Figure 3B). Sapur.005G052900.1 is a member of the NAC-d(II)
subfamily in the family evolutionary tree (Figure 2). Previous studies have shown that
expression of the Arabidopsis ATAF1 gene, which is also in the NAC-d(II) subfamily, was
significantly induced by high salinity and abscisic acid (ABA) [39]; furthermore, ATAF1
transgenic rice had significantly increased salt tolerance and was more insensitive to ABA,
both of which could verify that ATAF1 plays an important role in response to salt stress.
Through the functional analysis of related genes, it was predicted that SpsNAC005 may
enhance drought and salt stress tolerance in Salix.

3.4. Tissue-Specific Expression of the SpsNAC005 Gene in Salix psammophila

The expression of the SpsNAC005 gene was analyzed using qRT-PCR in the tissues of
leaves, roots, shoots, soft stems, semi-lignified stems, and mature stems of S. psammophila.
The results showed that the relative expression of the SpsNAC005 gene was highest in soft
stems, followed by leaves, shoots, semi-lignified stems, and mature stems, with the lowest
expression in roots (Figure 4). Data analysis showed there were significant differences in
SpsNAC005 relative expression (p < 0.05) in leaves, roots, shoots, and soft stems, but it was
not significant between semi-lignified stems, shoots, and mature stems.
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3.5. PCR Identification and Expression Analysis of Transgenic P. hopeiensis

The PCR identification of P. hopeiensis transgenic lines showed that seven lines were
positive, and the size of the identified target bands was 1049 bp (Figure 5A), which was
consistent with the expected band size.

qRT-PCR expression analysis of SpsNAC005 gene was performed on the seven trans-
genic lines of P. hopeiensis. The relative expression levels of OE-3 and OE-4 were significantly
higher than those of all other overexpression lines. This results indicated that all seven
lines obtained in this study expressed the target gene (Figure 5B); the three lines with the
high expression, OE-4, OE-3, and OE-1, were selected for subsequent stress treatment and
related data measurements.

3.6. Phenotypic Analysis of Transgenic P. hopeiensis Lines
3.6.1. Changes in Plant Height in SpsNAC005 Overexpression Lines

Statistical comparisons of height were performed for the OE-4, OE-3, and OE-1 lines.
The results showed that the average plant heights of OE-4, OE-3, and OE-1 lines were 26.1
± 0.81 cm, 23.6 ± 0.97 cm, and 22.3 ± 0.61 cm, respectively, and the average plant height of
the wild-type was 18.5 ± 0.65 cm (Figure 6A). Based on these results, the plant heights of
three overexpression lines were significantly higher than that of the wild-type (Figure 6B),
indicating that SpsNAC005 gene can enhance the height of the transgenic lines.
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Figure 6. Phenotypic analysis of transgenic P. hopeiensis. (A) Plant height of WT and SpsNAC005
overexpression lines of P. hopeiensis. (B) Leaf areas of wild-type and SpsNAC005 overexpression
lines of P. hopeiensis. (C) The 30-day-old wild-type and overexpression lines of P. hopeiensis without
stress. (D) Leaf areas of 30-day-old wild-type and overexpression lines of P. hopeiensis without stress.
Whole plant scale = 10 cm, leaf scale = 3 cm. (Means ± S.D.) These averages are the average of three
individual measurements. The significance of differences was determined based on t-test and F-test.
*** p < 0.001, extremely significant; ** 0.001 ≤ p < 0.01, very significant.
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3.6.2. Leaf Area Changes in SpsNAC005 Overexpression Lines

The leaf areas of OE-4, OE-3, and OE-1 were measured. The average leaf areas of OE-4,
OE-3, and OE-1 were 22.1 ± 0.68 cm2, 19.6 ± 0.96 cm2, and 16.5 ± 0.27 cm2, respectively,
whereas the average leaf area of the wild-type was 11.0 ± 0.75 cm2 (Figure 6C). The results
showed that the average leaf area was significantly increased in overexpression lines
(Figure 6D). Consequently, the SpsNAC005 gene may play a role by positively regulating
the leaf growth of P. hopeiensis.

3.7. Morphological Changes in Transgenic P. hopeiensis under Stress Treatment

The overexpression lines, OE-4, OE-3, and OE-1 were treated with 0.9% NaCl and
10% PEG to evaluate the tolerance of OE lines for salt and drought stress. The relative
growth rates of height and ground diameter in wild-type and overexpression lines were
calculated under salt and simulated drought separately. The results showed that the height
and ground diameter growth rates of wild-type and overexpression lines were decreased
under stress. However, the height and ground diameter growth in overexpression lines
were significantly faster than those in the wild-type under stresses (Figure 7A,B). After 5 d
of salt stress, the basal leaves of the WT turned yellow, while most of the overexpression
lines remained green and fresh (Figure 7C). After 5 d of drought stress, most of the leaves
of WT died due to water loss (Figure 7D), whereas most of the transgenic poplar leaves
were still fresh and alive. These results showed that under stress, the relative growth rate
of height and ground diameter of SpsNAC005 overexpression lines was significantly higher
than that of wild-type, and overexpression lines had resistance to stress.
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Figure 7. Morphological changes in transgenic P. hopeiensis under stress. (A) The relative growth
rate of height of P. hopeiensis under stress. (B) The relative growth rate of the ground diameter of
P. hopeiensis under stress. (C) Morphological changes under salt stress. (D) Morphological changes
under simulated drought stress. Phenotypes of natural leaf growth of overexpressed and wild-type
lines after 30 days of seedling refinement. Whole plant scale = 10 cm. (Means ± S.D.) These averages
are the average of three individual measurements. The significance of differences was determined
using the t-test and F-test. *** p < 0.001, extremely significant; ** 0.001 ≤ p < 0.01, very significant;
* 0.01 ≤ p < 0.05, significant.

3.8. The Fresh Weight and Dry Weight of P. hopeiensis under Stress Treatment

The fresh weight and dry weight of each line under stress treatment were measured.
The results of fresh weight measurements showed that OE-4, OE-3, OE-1 and wild-type
under salt stress decreased by 7.11%, 7.46%, 4.23% and 13.27%, respectively, compared
with those of the control lines. Under simulated drought stress, the fresh weight of OE-4,
OE-3, OE-1 and wild-type decreased by 13.26%, 3.39%, 3.38% and 33.20%, respectively,
compared with their control lines. Among them, the fresh weight of wild-type decreased
significantly under stress (Figure 8A). The results of dry weight measurements showed that
OE-4, OE-3, OE-1 and wild-type under salt stress decreased by 12.22%, 5.00%, 2.98% and
27.93%, respectively, compared with those of their control lines. Under simulated drought
stress, the dry weight of the OE-4, OE-3, OE-1 and wild-type decreased by 15.16%, 3.33%,
7.72% and 42.30%, respectively, compared with their control lines. Under stress treatment,
the dry weight of wild-type was significantly reduced compared to that of the control group
(Figure 8B). The above results showed that SpsNAC005 gene stress could reduce the water
loss of plants and enhance their resistance to stress.
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Figure 8. The fresh weight and dry weight of P. hopeiensis under salt and drought stress. (A) The
fresh weight of P. hopeiensis under stress treatment. (B) The dry weight of P. hopeiensis under stress
treatment. Values are the mean ± standard deviation of three independent experiments. The
significance of differences was determined using t-test and F-test. ** 0.001 ≤ p < 0.01, very significant;
* 0.01 ≤ p < 0.05, significant.

3.9. Response of Antioxidant System and Osmotic Regulation of Transgenic P. hopeiensis to Stress

To further characterize the resistance of overexpressed lines, the SOD activities, POD
activities, MDA contents, and Pro contents in OE-4, OE-3, OE-1, and wild-type plants
were quantified after stress treatment. The mean differences in the SOD activities of OE-
4, OE-3, OE-1, and wild-type plants compared with those of the control lines after salt
stress were 356.66%, 345.09%, 271.96%, and 213.31%, respectively, and the POD activities
increased by 310.25%, 273.61%, 177.53%, and 126.64%, respectively, compared with those
of the control lines. Under drought stress, the differences in SOD activities of OE-4, OE-3,
OE-1, and the wild-type were 481.73%, 455.42%, 290.38%, and 233.70%, respectively, and
the POD activities increased by 149.59% and 147. 59%, 93.67%, and 71.03%, respectively,
compared with those of the control lines. The results showed that the SOD and POD
activities increased significantly in each line when subjected to salt and drought stress
(Figure 9A,B). Among the lines, the SOD and POD activities were significantly higher in
overexpression lines than wild-type, indicating that the overexpression of the SpsNAC005
gene enhanced the ability of plants to scavenge oxygen radicals and break down hydrogen
peroxide, thus improving the stress resistance of the transgenic line.

The changes in the MDA contents of the transgenic lines after stress were quantified.
The results showed that the MDA contents of OE-4, OE-3, OE-1, and wild-type increased
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by 56.74%, 78.59%, 101.20%, and 134.85%, respectively, under salt stress compared with
those of the control lines. Under drought stress, the MDA contents of OE-4, OE-3, OE-1,
and wild-type plants increased by 128.91%, 192.92%, 216.11%, and 290.89%, respectively,
compared with control lines. Based on these results, the MDA content was significantly
higher in all lines under salt and drought stresses, indicating that free radicals acted on
lipids in the plant, resulting in peroxidation reactions, and plant cells were damaged to
some extent. However, under the same stress, the MDA content in the transgenic plants
was significantly lower than that in the wild-type (Figure 9C), indicating that the free
radicals in the transgenic plants produced lipid peroxidation to a lesser extent, indirectly
indicating that there was significantly less cell damage in the transgenic plants than in
the wild-type plants, and the overexpression of the SpsNAC005 gene in plants resulted in
greater resistance to stress.

The proline content in overexpression lines and wild-type under stress was quantified.
The results showed that under salt stress, the Pro content in OE-4, OE-3, OE-1, and wild-
type increased by 249.21%, 176.47%, 115.03% and 71.84%, respectively. Under simulated
drought stress, the Pro content in OE-4, OE-3, OE-1, and wild-type increased by 332.73%,
147.45%, 101.56% and 84.54%, respectively. The results showed that the Pro content in
overexpression lines increased significantly under stress, indicating that overexpression of
the SpsNAC005 gene protects the membrane system of cells in plants to some extent, slows
down the degradation of intracellular proteins, and enhances the adaptability to stress.

3.10. Up-Regulated Expression of SOS1, MPK6, HKT1, P5CS1, and PRODH1 Genes in
Transgenic P. hopeiensis under Stress

To analyze the possible regulatory pathways of SpsNAC005 genes, changes in the
expressions of three genes, SOS1, MPK6, and HKT1, were examined. Under salt and
drought stress, the expression levels of SOS1, MPK6, and HKT1 were significantly higher
in the overexpression lines than in wild-type. Under salt stress, the relative expression of
SOS1 genes in the OE-4, OE-3, OE-1, and wild-type plants was 9.51, 8.16, 6.89, and 5.14,
respectively. Under drought stress, the relative expression of SOS1 genes in the OE-4, OE-3,
OE-1, and wild-type plants was 17.60, 15.22, 13.17, and 5.81, respectively. These results
indicate that the expression of the SOS1 gene under stress was increased compared with
that under the water treatment, but the expression pattern of the overexpression lines was
significantly higher than that of wild-type plants under the same treatment (Figure 10A).
Therefore, SpsNAC005 promoted the expression of the SOS1 gene, maintained the dynamic
balance of Na+/H+ in the transgenic line under stress, and improved the stress resistance
of transgenic P. hopeiensis.
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Figure 9. Changes in physiological indicators of P. hopeiensis transgenic lines under salt and drought
stress. (A) SOD activity of P. hopeiensis under stress treatment. (B) POD activity of P. hopeiensis
under stress treatment. (C) MDA content in P. hopeiensis under stress treatment. (D) Pro content in
P. hopeiensis under stress treatment. Values are the mean ± standard deviation of three independent
experiments. The significance of differences was determined using t-test and F-test. *** p < 0.001,
extremely significant; ** 0.001 ≤ p < 0.01, very significant; * 0.01 ≤ p < 0.05, significant.

241



Forests 2022, 13, 971
Forests 2022, 13, 971 21 of 28 
 

 

 

*

**

*

*

*

*

0

5

10

15

20

Normal Salt DroughtRe
la

tiv
e 

ex
pr

es
sio

n 
le

ve
l 

SOS1 WT OE-4 OE-3 OE-1
(A) 

** **

*
**

* **

0

2

4

6

8

Normal Salt DroughtRe
la

tiv
e 

ex
pr

es
sio

n 
le

ve
l 

MPK6 WT OE-4 OE-3 OE-1(B) 

(C) 

*

***

*

***

*

* **

0

2

4

6

8

10

Normal Salt DroughtRe
la

tiv
e 

ex
pr

es
sio

n 
le

ve
l 

HKT1 WT OE-4 OE-3 OE-1

Figure 10. Cont.

242



Forests 2022, 13, 971
Forests 2022, 13, 971 22 of 28 
 

 

 
Figure 10. Expression analysis of SOS1, MPK6, and HKT1 genes in transgenic lines of P. hopeiensis 
under salt and drought stress: (A) SOS1 gene expression in wild-type and overexpression lines of 
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Figure 10. Expression analysis of SOS1, MPK6, and HKT1 genes in transgenic lines of P. hopeiensis
under salt and drought stress: (A) SOS1 gene expression in wild-type and overexpression lines of
P. hopeiensis under salt and drought stress; (B) MPK6 gene expression in wild-type and overexpression
lines of P. hopeiensis under salt and drought stress; (C) HKT1 gene expression in wild-type and
overexpression lines of P. hopeiensis under salt and drought stress; (D) P5CS1 gene expression in
wild-type and overexpression lines of P. hopeiensis under salt and drought stress; (E) PRODH1 gene
expression in wild-type and overexpression lines of P. hopeiensis under salt and drought stress. Values
are the mean ± standard deviation of three independent experiments. The significance of differences
was determined using t-test and F-test. *** p < 0.001, extremely significant; ** 0.001 ≤ p < 0.01, very
significant; * 0.01 ≤ p < 0.05, significant.

An analysis of MPK6 expression in overexpression lines showed that the expression of
the transgenic lines was 3–6 times higher than that of wild-type under salt stress. Under
drought stress, the expression of the transgenic lines was 4–5 times higher than that of wild-
type. Based on the results of qRT-PCR, the expression of the MPK6 gene under stress was
increased compared to level with water treatment, and the expression of the transgenic lines
was significantly higher than that of wild-type plants under the same treatment (Figure 10B).
Therefore, the MPK6 gene was activated under salt and drought stress, which eventually
affected the redox status of the plant cells. The expression of SpsNAC005 increased the
relative expression of the MPK6 gene, making transgenic P. hopeiensis significantly more
resistant to stress than wild-type.

The analysis of HKT1 expression in transgenic lines showed that the relative expression
in OE-4, OE-3, OE-1, and wild-type plants increased 4.81-fold, 3.90-fold, 2.08-fold, and
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1.45-fold, respectively, under salt stress compared with water treatments. Under drought
stress, the relative expression in OE-4, OE-3, OE-1, and wild-type plants increased 7.97-fold,
6.47-fold, 2.11-fold, and 1.48-fold, respectively, compared with water treatments. The results
indicate that the expression of the MPK6 gene in all transgenic lines was significantly higher
than that in the wild-type plants under the same stress treatment (Figure 10C). Therefore,
SpsNAC005 upregulated the expression of the HKT1 gene, which enabled the plants to
maintain the sodium–potassium ratio during osmoregulation and improved the tolerance
of transgenic P. hopeiensis to stress.

The expression analysis of P5CS1 in overexpression lines showed that the relative
expression level in transgenic lines under salt stress was 3–5 times higher than that in
wild type. Under drought stress, the relative expression level in transgenic lines was
2–4 times higher than in wild type. The results showed that expression of the P5CS1 gene
in overexpression lines was up-regulated under stress and that its relative expression
in transgenic lines was significantly higher than in wild-type under the same treatment
(Figure 10D). The expression analysis of PRODH1 in overexpression lines showed that the
relative expression level in transgenic lines under salt stress was 2–3 times lower than in
wild type. Under drought stress, the expression level in transgenic lines was 2–4 times
lower than in wild type. The results showed that the relative expression of the PRODH1
gene was down-regulated under stress and that its relative expression in transgenic lines
was significantly lower than in wild-type under the same treatment (Figure 10E). Therefore,
the P5CS1 and PRODH1 genes can be induced by salt and drought stress, promote the
synthesis of proline in plants, and protect plants from injury under stress.

4. Discussion
4.1. SpsNAC005 Gene Promotes the Growth and Development of Plants

The SpsNAC005 gene promotes the growth and development of woody plants. The
SpsNAC005 gene is an orthologous gene with ANAC032 (AT1G77450.1), Potri.005G069500.1,
and Sapur.005G052900.1 [40]. ANAC032 overexpression of Arabidopsis causes plants to
accumulate more biomass, and their leaf area was significantly larger than that in the control
and chimeric repressor lines [41]. The NAC transcription factor HaNAC1 was isolated from
Haloxylon ammodendron, and ectopic expression in Arabidopsis promoted the growth of
Arabidopsis [10]. Among 74 NAC transcription factors obtained from the whole Solanum
lycopersicum genome, SNAC4-9 genes were involved in the growth and development of
S. lycopersicum [42]. In this study, the SpsNAC005 gene was overexpressed in P. hopeiensis,
and a significant increase in plant height and ground diameter was found in transgenic
lines. At the same time, the results showed that the leaf area of plants increased, which
was consistent with the phenotype of ANAC032 overexpression plants in Arabidopsis. NAC
genes can positively regulate plant growth and development. So, we think the SpsNAC005
gene had a role in promoting plant growth and development in woody plants.

4.2. SpsNAC005 Gene Enhances Stress Tolerance and Antioxidant Capacity of Transgenic
P. hopeiensis

The SpsNAC005 gene can enhance plant tolerance under stress. As demonstrated
in other NAC-related gene studies, numerous NAC transcription factors are involved in
the expression of drought, salinity, low temperature, and high temperature responsive
genes, which play an important role in plant resistance to stress [43]. Through microar-
ray analysis, ANAC032 was isolated from Arabidopsis thaliana under multiple biological
stresses (salt, drought, and cold stress). ANAC032 was identified as a valuable candidate
gene that could be used to cultivate feed crops resistant to multiple biological stresses
through genetic modification of a single gene [41]. The overexpression of OSNAC10 [44]
and OSNAC045 [45] genes in Oryza sativa improved resistance. The Tartary buckwheat NAC
transcription factor FtNAC17 responds to abiotic stresses such as drought, low temperature,
and salt [46]. Transient genetic transformation of the LoNAC18 gene in Larix olgensis indi-
cated that the gene was involved in regulating the response of L. olgensis to PEG simulated
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drought stress [47]. HaNAC20 was cloned in Haloxylon ammodendron, and an in-depth
analysis verified that this gene can respond to abiotic stress [48]. The PsnNAC030 gene was
cloned, and it was verified through relevant experiments using Populus simonii × P. nigra
as experimental material that the gene’s expression could be effectively induced by salt,
drought, and high and low temperature [49]. In Populus simonii × P. nigra overexpressing
ERF76, Potri.005G069500.1 was significantly up-regulated under NaCl, KCl, CdCl2, and
PEG stress, indicating that Potri.005G069500.1 had a synergistic effect on improving the
tolerance of transgenic plants [50]. In our study, we found that the height, leaf area, and
growth rate of the transgenic lines were significantly higher than in wild-type during stress.
Under salt and simulated drought treatment, the overexpression lines remained alive, and
the antioxidant capacity of transgenic poplar was significantly higher than that of wild-type.
In conclusion, the overexpression of SpsNAC005 enhanced the tolerance of P. hopeiensis to
the stress treatments.

The SpsNAC005 gene enhanced the antioxidant capacity of P. hopeiensis. In related
studies, the cloned sweet potato IbNAC72 gene showed significantly higher SOD activity,
significantly lower MDA content, and significantly higher drought resistance in transgenic
plants under prolonged drought conditions [51]. In a study on drought tolerance genes
in Zea mays, ZmNAC33 participated in the regulation of ABA signaling pathway genes
by regulating the expression of drought tolerance genes in plants, improving the activity
of antioxidant enzymes and the content of osmotic protection substances in plants, and
enhancing the drought tolerance of plants [52]. In Tamarix chinensis, overexpression of
ThNAC12 lines enhanced antioxidant enzyme activities and improved salt tolerance in
transgenic plants under salt stress [53]. In this study, the SOD and POD activities of the over-
expression lines were significantly higher than those of wild-type, and the MDA contents
were significantly lower under salt and simulated drought stress. These results indicate that
overexpression of the SpsNAC005 gene in P. hopeiensis enhanced the antioxidant capacity
of P. hopeiensis. The SpsNAC005 gene high expression line had higher SOD and POD and
lower MDA; these results further indicate that the antioxidant capacity of the SpsNAC005
gene high expression line was stronger, and that the expression of the SpsNAC005 gene
was positively correlated with the antioxidant capacity of poplar. The abovementioned
studies fully demonstrated that SpsNAC005 could enhance the antioxidant enzyme activity
in transgenic P. hopeiensis and mitigate the extent of damage to plant lipid membranes from
osmotic stress.

4.3. SpsNAC005 Gene Regulates Tolerance to Stress through Na+ Transporters Pathway

The SpsNAC005 gene enhanced the expression of the SOS1, MPK6, and HKT1 genes.
SOS1, which encodes a plasma membrane Na+/H+ reverse transporter protein, is a major
member of the ion homeostasis regulatory pathway during plant salt stress signal trans-
duction [54]. Moreover, overexpression of the SOS1 gene in Arabidopsis and Chrysanthemum
resulted in enhanced salt tolerance [55,56]. In our study, we found that the expression level
of the SOS1 gene was significantly higher in overexpression lines of P. hopeiensis than in
wild-type under stress. The overexpression of the SpsNAC005 gene in this study likely
regulated the SOS1 gene directly or indirectly to attenuate the toxic effects of osmotic stress
on transgenic lines by regulating the ion concentration around the cell membrane and
improved the resistance of transgenic P. hopeiensis to stress.

MPK is a large family of serine/threonine protein kinases and is one of the biological
signal transduction systems [57]. When plants are subjected to abiotic stress, plant cells
can activate defense genes that affect the redox status, ultimately leading to the activation
of MPK with a series of metabolic changes [58]. Arabidopsis activates MPK6 under salt
stress [59]. In the present study, the expression of the MPK6 gene was significantly increased
under both salt and drought stresses. The MPK6 gene was positively correlated with the
expression of the SpsNAC005 gene under stress conditions, indicating that the SpsNAC005
gene may positively regulate the MPK6 gene, thus activating the defense mechanism of the
plant and making transgenic P. hopeiensis more tolerant of osmotic stress.
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HKT is a protein transporter with a high affinity for K+ that is also capable of trans-
porting Na+, which maintains a normal sodium–potassium ratio in plants when they are
subjected to osmoregulatory stress and ion partitioning [60]. The salt tolerance of the HKT1
gene has been verified in Triticum aestivum [61], Hordeum vulgare [62], Oryza sativa [63],
and Vitis vinifera [64], which reduced the accumulation of Na+ in plants and reduced the
osmotic imbalance to the greatest extent. When subjected to stress, the expression of the
HKT1 gene was significantly higher in overexpression lines than in wild-type. The present
study showed that under stress, SpsNAC005 overexpression in P. hopeiensis may alleviate
the accumulation of Na+ in plants by regulating the expression of the HKT1 gene in the
medium, attenuating the toxic effect of Na+ on plants and enhancing the tolerance of
transgenic P. hopeiensis.

4.4. SpsNAC005 Gene Responds to Stress by Regulating Proline Synthesis

Under different stress conditions caused by factors such as drought, salinization, heavy
metals and ultraviolet radiation, proline accumulation in plants can be induced, playing a
protective role in plants. In higher plants, proline synthesis has two pathways, with glu-
tamic acid and ornithine as precursors, respectively. Among them, the glutamate pathway
is mainly responsible for proline accumulation under stress conditions [65]. Pyrroline-5-
carboxylic acid synthase (P5CS) catalyzes the first step of the glutamate synthesis pathway
and is the key enzyme in proline synthesis pathway [66]. PRODH is the rate-limiting en-
zyme in the proline decomposition pathway [67]. Early studies have improved drought and
salt tolerance in Arabidopsis by antisense inhibition of the PRODH gene [68]. In Arabidopsis,
the P5CS1 gene is expressed in most organs and is induced by high salt, drought and ABA
stress, but not in rapidly dividing cells [69]. The stress tolerance of transgenic AtP5CS1
plants was analyzed, showing that under the stress of 150 mmol/L NaCl and 15% PEG6000,
the proline content was significantly increased, and AtP5CS1 transgenic plants had a better
phenotype than the control; that is, the expression of AtP5CS1 gene in Brassica oleracea
significantly improved the salt tolerance and drought tolerance of transgenic plants. In our
study, under salt and simulated drought stress, the P5CS1 gene of SpsNAC005 transgenic
lines was significantly up-regulated, the PRODH1 gene was significantly down-regulated,
and the proline content was significantly increased. These results indicate that overexpres-
sion of the SpsNAC005 gene may directly or indirectly regulate P5CS1 and PRODH1 genes
under pressure stress and improve the resistance of transgenic Populus hopeiensis to stress
by catalyzing the glutamate synthesis pathway and limiting proline decomposition.

5. Conclusions

We obtained seven transgenic lines using an Agrobacterium-mediated transformation
technique, and their expression levels were determined. The three lines with the highest rel-
ative expression were selected for phenotypic observation and subsequent stress treatment,
and it was found that the height and leaf area of the transgenic plants were significantly
increased compared with the wild-type plants, and the growth rates of their plant height
and ground diameter were significantly higher than those of the wild-type. The fresh
weight and dry weight of wild-type were significantly lower than their control. Under salt
and drought stress, the SOD activities, POD activities and Pro contents in the transgenic
plants were significantly increased, the accumulation of MDA was significantly lower
than that in the wild type, and the transgenic strains clearly showed tolerance to salt and
drought. Meanwhile, it was found that the expressions of SOS1, MPK6, and HKT1 genes
were also up-regulated by quantitative measurements. The expression of the PRODH1 gene
was down-regulated based on quantitative measurements. In conclusion, overexpression
of the SpsNAC005 gene in transgenic plants can promote plant growth and development
and improve tolerance to salt and drought.
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Abstract: Walnut oil is a high-value oil product. Investigation of the variation and the main climatic
factors affecting the oil’s chemical composition is vital for breeding and oil quality improvement.
Therefore, the fatty acid, micronutrients, and secondary metabolites compositions and contents in
walnut oil were determined in three species: Juglans regia L. (common walnut), J. sigillata Dode (iron
walnut), and their hybrids (Juglans sigillata Dode × J. regia L.), which were cultivated aat different
sites. The major fatty acids were linoleic (51.39–63.12%), oleic (18.40–33.56%), and linolenic acid
(6.52–11.69%). High variation in the contents of fatty acids, micronutrients, and secondary metabolites
was found between both species and sites. Interestingly, myristic, margaric, and margaroleic acid
were only detected in the hybrids’ walnut oil, yet α-tocopherol was only detected in common and iron
walnut oil. Climatic factors significantly affected the composition and content of fatty acid, whereas
δ-tocopherol was mostly dependent on the genetic factors. The average relative humidity explained
the most variation in the fatty acids, micronutrients, and secondary metabolites, which showed a
significant positive and negative effect on the monounsaturated fatty acids and polyunsaturated fatty
acids, respectively. These findings contribute to the provision of better guidance in matching sites
with walnut trees, and improvement of the nutritional value of walnut oil.

Keywords: walnut oil; fatty acid; micronutrients; secondary metabolites; variation; genetic effect;
climatic factors

1. Introduction

Walnut (Juglans spp.) is one of the four famous tree nuts (walnut, almond, chestnut,
and cashew) that have been consumed as rich nutritious food in many countries around
the world [1]. Walnut oil is a high-value oil product that is used widely in food and health
care [2]. Walnut oil is naturally rich in polyunsaturated fatty acids (PUFAs), mainly linoleic
and linolenic acids, and is consequently poor in monounsaturated fatty acids (MUFAs),
represented by oleic acid, and saturated fatty acids (SFAs) [3–5]. The fatty acid profile
indicates that nutritionally, unsaturated fatty acid has a significant effect on the regulation
of blood lipid, cleaning of thrombus, and immunoregulation [6]. Walnut oil is also rich in
micronutrients and secondary metabolites, such as tocopherol, flavone, and polyphenols,
which have been reported to exhibit numerous beneficial effects, such as antidiabetic,
antioxidative, anti-inflammatory, and anti-proliferative effects in cancer [7,8]. With the
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increasing emphasis on health care, walnut oil has become more popular among consumers
for its particular health functions [2]. The nutritional value of walnut oil is mainly related to
the species and genotypes of Juglans, and the environment factors [2,6]. Many researchers
that have described the major and minor compositions of vegetable oils, which have
been produced and published in standard texts [1–3,6,9–12]. The oil composition and
content are determined by genetic control of plants [13]. For instance, the concentrations
and compositions of tocopherol in almond oil are under genetic control [10]. Significant
variation in the linoleic, linolenic, and oleic acid contents also exists naturally due to the
genotypes in walnut oil [14]. Despite genetic control, environmental factors, such as latitude,
temperature, and drought, may also affect the oil composition and concentration [3]. Much
of the variation recorded in the fatty acid profile was associated with the cultivated site [14].
An increase in the oleic/linoleic acid rate with increasing temperature has been widely
reported in several oil crops, such as sunflower [15], soybean [16], and walnut [3]. Hot
summers also induce higher concentrations of tocopherol in almond and many other plant
species [17]. However, little information has been reported about the combined effects
of environmental factors during the maturing stage on different species or genotypes of
walnut oil, such as temperature, rainfall, altitude, and latitude, etc.

Changes in the oil composition and content are currently the goal of many oilseed
crop breeding programs [3]. The genus Juglans includes approximately 21 species that
are widely distributed around the world [2,18]. Common walnut (J. regia L.) and iron
walnut (J. sigillata Dode) are the two main species that are cultivated for nut production
in China [19]. The two species can be used to extract and produce walnut oil. There are
significant differences in the lipid composition and minor composition contents between
common walnut and iron walnut [2]. Mating between the common walnut and iron walnut
is compatible, and their hybrids are also widely cultivated in China. The hybrids may
have a wider range of cultivation and higher quality of oil than the parents according to
heterosis. There are different interaction strength effects of the genetic or environmental
factors on the compositions and concentrations of vegetable oil. For instance, the site was
the main effect on γ-tocopherol and δ-tocopherol, but for α-tocopherol, the site effect was
dependent on the genotype [10]. The walnut species may affect the fatty acid composition,
and the temperature affects the fatty acid content in walnut oil [2,3]. Therefore, compre-
hensive analysis of the differences in the fatty acid composition and content of walnut oil
between species/genotypes and cultivation sites is important for breeding programs and
cultivation (matching sites with species or varieties). Consequently, the aim of this work
was (i) to distinguish walnut oil from different species/genotypes, (ii) determine the effect
of genotypes and climatic factors on walnut oil, and (iii) evaluate the effect of the main
climatic factors during nut development on the fatty acid.

2. Materials and Methods
2.1. Plant Materials and Experimental Area

The walnut samples consisted of Juglans regia L. (Common walnut), J. sigillata Dode
(Iron walnut), and J. sigillata Dode × J. regia L. at nine cultivation sites. The commercial
cultivar was ‘Yanyuanzao’ (a hybrid of J. sigillata Dode × Juglans regia L., widely cultivated
in China), which was cultivated at six sites (the main distribution area of ‘Yanyuanzao’)
under Hengduan Mountains. J. regia was cultivated at three sites, and J. sigillata Dode
was cultivated at two sites. Information of the accessions and cultivation sites is shown in
Table 1. In 2019, 3 replicates of 50 nuts were randomly collected from around the canopy
of a healthy tree after open pollination for each accession at each site. The meteorological
data (minimum, average, and maximum daily temperature; accumulated precipitation;
sunshine duration; average and minimum relative humidity during fruit development) for
each site were obtained from meteorological stations at the cultivated site.
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Table 1. Geographic site and cultivated species/genotypes of the walnut samples.

Cultivation Site Species Longitude/◦ Latitude/◦ Altitude/m

Batang, Ganzi, China (RBT) Common walnut (J. regia L.) 99.013 29.778 2493
Derong, Ganzi, China (RDR) Common walnut (J. regia L.) 99.376 29.047 3196
Jiulong, Ganzi, China (SJL) Iron walnut (J. sigillata Dode)

101.723 28.528 2304Jiulong, Ganzi, China (SRJL) Hybrids (J. sigillata Dode × J. regia L.)
Leibo, Liangshan, China (SLB) Iron walnut (J. sigillata Dode)

103.434 28.258 989Leibo, Liangshan, China (SRLB) Hybrids (J. sigillata Dode × J. regia L.)
Xiangcheng, Ganzi, China (RXC) Common walnut (J. regia L.) 99.467 29.087 2814

Dechang, Liangshan, China (SRDC) Hybrids (J. sigillata Dode × J. regia L.) 102.017 27.050 1596
Luding, Ganzi, China (SRLD) Hybrids (J. sigillata Dode × J. regia L.) 102.017 29.050 1412

Mianning, Liangshan, China (SRMN) Hybrids (J. sigillata Dode × J. regia L.) 102.683 28.033 2004
Yanyuan, Liangshan, China (SRYY) Hybrids (J. sigillata Dode × J. regia L.) 101.050 27.033 2527

Note: Common walnut and iron walnut were cultivated by seedlings, J. sigillata Dode × J. regia L. was cultivated
by grafting with a commercial cultivar of ‘Yanyuanzao’.

2.2. Fatty Acid Composition

The nuts were immediately transported to the laboratory after harvest, dried in an
oven at 45 ◦C for 3 days, and dehusked using a hammer. The walnut oil was extracted from
the kernels using the Soxhlet method [20]. The fatty acid was analyzed using an 8890 gas
chromatograph (GC) (Agilent, Shanghai, China) and a CP-Sil 88 FAME capillary column
(0.20 µm, 100 m × 0.25 mm, Agilent, Santa Clara, CA, USA). The operating conditions
were as follows: nitrogen as the carrier gas with a linear velocity of 0.7 mL/min, flame
ionization detector (FID) temperature of 280 ◦C and inlet temperature of 270 ◦C, split ratio
of 100:1, and injection volume of 1.0 µL. The oven was held at 100 ◦C for 13 min and then
programmed at 10 ◦C/min to 180 ◦C and held for 6 min, then programmed at 1 ◦C/min
to 200 ◦C and held for 20 min, and finally increased to 230 ◦C at 4 ◦C/min and held for
10.5 min. The samples were identified by comparing the retention times of the sample
peaks with those of a mixture of FAME standards. The fatty acid contents were expressed
as the relative in terms of the percentage of individual fatty acids.

2.3. Micronutrients and Secondary Metabolites Determination

In total, 4.00 g of oil was weighted and diluted with 4 mL of n-hexane in a 10 mL
volumetric flask and the content of tocopherols determined by high-performance liquid
chromatography [21]. The ultraviolet detector was performed using high-performance liq-
uid chromatography (LC-20A, Shimadzu, Tokyo, Japan) installed with a Waters Spherisorb
Silica Column (250 mm × 4.6 mm, 5 µm). The injection volume of the sample was 10 µL,
the column temperature was 20 ◦C, and the mobile phase was methanol with a rate of
0.8 mL/min. A determining wavelength of 294 nm was used. Through comparison of the
standards, α-, β-, γ-, and δ-tocopherols were identified and quantified. The tocopherol
compositions were the mean values of three replicates from each sample and were ex-
pressed as mg/kg oil. The polyphenols and flavone contents of walnut oil were determined
using Folin’s reagent and the aluminum nitrate-sodium nitrite colorimetric method, re-
spectively [20]. The absorbance of the solution was measured at 510 nm for flavone and
765 nm for polyphenols. The flavone and polyphenols contents were the mean values of
three replicates from each sample and were expressed as mg/kg oil.

2.4. Statistical Analysis

Statistical analysis was performed using R version 4.0.5 (https://www.r-project.org/,
accessed on 31 December 2021). The functions of the Shapiro test and Bartlett test were used
to calculate the normal distribution and the homogeneity of variance test. Then, one-way
ANOVA was used to determine the difference in the chemical composition of walnut oil
between different cultivation sites. The mean separation was assessed with the LSD test at
p ≤ 0.05. Further, two-way ANOVA based on the data of two sites (Jiulong and Leibo) of
two species (iron walnut and hybrids) was used to explore the effect of species, cultivation
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sites, and the species–sites interaction on the chemical composition and content of walnut
oil (Table 1). Pearson correlation coefficients between the chemical characteristics were
calculated (α = 0.05). The correlation between sites/species was assessed by Pearson’s test
according to the chemical compositions of walnut oil. The correlation between the variation
in the chemical composition of walnut oil and climatic factor variables was calculated by
linear regression analysis. Further, to assess the relative importance of each climatic factor
to explain the variation in walnut oil, full subset regression analysis and multiple regression
models were implemented using ordinary least squares (OLS). All variables of the climatic
factors were standardized before conducting the regression analysis.

3. Results
3.1. Fatty Acid Composition

Data on oil the fatty acid compositions and contents are reported in Figure 1. In all
samples, the oil was mainly composed of five fatty acids: palmitic acid (C16:0, 4.01–5.41%),
stearic acid (C18:0, 2.41–3.10%), oleic acid (C18:1, 18.40–33.56%), linoleic acid (C18:2,
51.39–63.12%), and linolenic acid (C18:3, 6.52–11.69%). Polyunsaturated acids (PUFAs)
were the main group of fatty acids in the walnut oil in all three species, followed by mo-
nounsaturated fatty acids (MUFAs). The results of the one-way ANOVA showed that
the content of PUFAs, MUFAs, linoleic, and linolenic acid were significantly different
in the three walnut species. The contents of linoleic and linolenic acid in the hybrids
(J. sigillata × J. regia) were significantly higher than common walnut (J. regia). Therefore,
the PUFAs content of the hybrids was significantly higher than common walnut (F = 27.62,
p < 0.001), which would be due to the heterosis of iron and common walnut. Oleic acid
(C18:1) was the major MUFA, and the content of oleic acid in common walnut was signif-
icantly higher than that in hybrids and iron walnut (F = 9.81, p < 0.001). Notably, there
was a negative correlation between the content of oleic (C18:1) and linoleic acid (C18:2)
(r = −0.979, p < 0.001) (Figure 2). PUFA showed a significant negative correlation with
the content of oleic acid (C18:1) and MUFAs but a significant positive correlation with
the content of linoleic acid (C18:2). A significant positive correlation between the content
of margaroleic acid (C17:1) and myristic (C14:0) and margaric acid (C17:0) was observed.
There was a significant negative correlation between the content of eicosenoic acid (C20:1)
and palmitic (C16:0) and palmitoleic acid (C16:1). Saturated fatty acids (SFAs) were the
lesser group in walnut oil, ranging from 6.91% to 8.91%, with palmitic acid (C16:0) and
stearic acid (C18:0) the two main SFAs present, totaling, on average, 4.31% and 2.63%, re-
spectively (Figure 1). It should be noted that the hybrids’ walnut oil contained some minor
fatty acids, such as myristic acid (C14:0, 0.01–0.02%), margaric acid (C17:0, 0.02–0.03%),
and margaroleic acid (C17:1, 0.02%), that were not detected in the common and iron walnut
oil. We studied the effects of species, climatic factors, and the genotype–environment
interaction on the fatty acid composition and content based on the design of two cultivation
sites (Jiulong and Leibo) of two species (iron walnut and hybrids). The results of two-way
ANOVA showed significant differences in the linolenic acid (C18:3) content between the
sites and species (Table 2). A significant difference between species was shown regarding
margaroleic acid (C17:1) (p < 0.001). The content of myristic acid (C14:0) was significantly
influenced by species, cultivation sites, and the species–sites interaction.
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Figure 1. Fatty acid composition and contents of walnut oils. Note: Values are the mean ± standard 
deviation, and different letters indicate significant differences (p ˂ 0.05) between different spe-
cies/sites. SFAs, saturated fatty acids (C14:0 + C16:0 + C17:0 + C18:0 + C20:0); MUFAs, monounsatu-
rated fatty acids (C:16:1 + C17:1 + C18:1 + C20:1); PUFAs, polyunsaturated fatty acid (C18:2 + C18:3), 
the same as below. 

Figure 1. Fatty acid composition and contents of walnut oils. Note: Values are the mean ± stan-
dard deviation, and different letters indicate significant differences (p < 0.05) between different
species/sites. SFAs, saturated fatty acids (C14:0 + C16:0 + C17:0 + C18:0 + C20:0); MUFAs, mo-
nounsaturated fatty acids (C:16:1 + C17:1 + C18:1 + C20:1); PUFAs, polyunsaturated fatty acid
(C18:2 + C18:3), the same as below.
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Figure 2. The correlation between the chemical characteristics of walnut oil. Note: *, **, and *** 
indicate significant correlations (p ˂ 0.05, 0.01, and 0.001) between the 19 chemical characteristics 
of walnut oil, respectively. 
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Figure 2. The correlation between the chemical characteristics of walnut oil. Note: *, **, and ***
indicate significant correlations (p < 0.05, 0.01, and 0.001) between the 19 chemical characteristics of
walnut oil, respectively.

Table 2. Two-way analysis of variance (two-way ANOVA) of fatty acid.

Source Sum of
Square

Mean
Square F Value Source Sum of

Square
Mean

Square F Value

C14:0 C18:1
Species 4.51 × 10−4 4.51 × 10−4 3464.16 *** Species 19.50 19.50 0.474

Sites 1.40 × 10−6 1.40 × 10−6 10.74 * Sites 179.00 179.00 4.348
Species × Sites 1.40 × 10−6 1.40 × 10−6 10.74 * Species × Sites 1.50 1.50 0.037

Residuals 1.00 × 10−6 1.00 × 10−7 Residuals 330.00 41.20
C16:0 C20:1

Species 1.55 × 10−1 1.55 × 10−1 1.551 Species 1.96 × 10−4 1.96 × 10−4 1.69
Sites 2.64 × 10−1 2.64 × 10−1 2.654 Sites 3.10 × 10−6 3.10 × 10−6 0.027

Species × Sites 2.44 × 10−1 2.44 × 10−1 2.449 Species × Sites 2.59 × 10−5 2.59 × 10−5 0.223
Residuals 7.97 × 10−1 9.96 × 10−2 Residuals 9.28 × 10−4 1.16 × 10−4

C18:0 MUFA
Species 5.20 × 10−3 5.20 × 10−6 0.073 Species 19.30 19.30 0.467

Sites 3.85 × 10−2 3.85 × 10−2 0.544 Sites 180.00 180.00 4.36
Species × Sites 1.82 × 10−1 1.82 × 10−1 2.569 Species × Sites 1.50 1.50 0.037

Residuals 5.66 × 10−1 7.08 × 10−2 Residuals 330.00 41.30
C20:0 C18:2

Species 9.18 × 10−6 9.18 × 10−6 0.317 Species 1.41 1.41 0.052
Sites 7.72 × 10−5 7.72 × 10−5 2.662 Sites 73.70 73.70 2.694

Species × Sites 2.64 × 10−6 2.64 × 10−6 0.091 Species × Sites 4.90 × 10−1 4.90 × 10−1 0.018
Residuals 2.32 × 10−4 2.90 × 10−5 Residuals 219.00 27.30

SFA C18:3
Species 6.32 × 10−2 6.32 × 10−2 2.425 Species 12.60 12.60 8.001 *

Sites 1.07 × 10−1 1.07 × 10−1 4.12 Sites 26.60 26.60 16.921 **
Species × Sites 4.20 × 10−3 4.20 × 10−3 0.161 Species × Sites 3.76 × 10−1 3.76 × 10−1 0.239

Residuals 2.09 × 10−1 2.61 × 10−2 Residuals 12.60 1.57
C16:1 PUFA

Species 2.98 × 10−4 2.98 × 10−4 3.516 Species 22.40 22.40 0.554
Sites 3.76 × 10−4 3.76 × 10−4 4.435 Sites 189.00 189.00 4.666

Species × Sites 3.74 × 10−5 3.74 × 10−5 0.442 Species × Sites 1.70 1.70 0.043
Residuals 6.77 × 10−4 8.47 × 10−5 Residuals 324.00 40.50
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Table 2. Cont.

Source Sum of
Square

Mean
Square F Value Source Sum of

Square
Mean

Square F Value

C17:1
Species 1.14 × 10−3 1.14 × 10−3 607.382 ***

Sites 8.20 × 10−6 8.20 × 10−6 4.375
Species × Sites 8.20 × 10−6 8.20 × 10−6 4.375

Residuals 1.50 × 10−5 1.90 × 10−6

Note: The data of two cultivation sites (Jiulong and Leibo) of two species (iron walnut and hybrids) were used
in two-way ANOVA. “*”, “**”, and “***” indicate significant differences (p < 0.05, 0.01, and 0.001) between
species/sites, respectively. The same as below.

3.2. Micronutrient and Secondary Metabolites Levels

The contents of tocopherol, polyphenols, and flavone in walnut oil are shown in
Figure 3. Three forms (α, γ, and δ) of tocopherol were detected. The total tocopherol values
ranged from 109.55 (RXC) to 428.81 mg/kg (SRLD). The results clearly indicated that the
predominant tocopherol form of walnut oil of iron walnut, common walnut, and the hybrid
walnut trees was γ-tocopherol (86.11–350.89 mg/kg), with a proportion of more than 70%.
The γ- and δ-tocopherol contents of the hybrid walnut oil were significantly higher than
that of common and iron walnut oil while α-tocopherol was only detected in the iron and
common walnut oil. The results of the correlation analysis showed a significant positive
correlation among the contents of δ-tocopherol, γ-tocopherol, and tocopherol (Figure 2).
We also studied the effects of species, climatic factors, and genotype–environment interac-
tion on the micronutrient and secondary metabolite contents based on the design of two
cultivation sites (Jiulong and Leibo) of two species (iron walnut and hybrids). The results
of the two-way ANOVA showed that only the species effect was significant, which indi-
cated that genetic determinism may be the main factor affecting the tocopherol content in
walnut oil (Table 3). The flavone content ranged from 0.60–5.78 mg/kg and showed similar
trends to tocopherol (Figure 3). The content of flavone was not influenced by the genotypic
variation or cultivation sites alone but was affected by the interaction of species × sites
(Table 3). The content of polyphenols was significantly influenced by the cultivation sites
and the interaction of species × sites and showed opposite trends to tocopherol and flavone
(Figure 3, Table 3). The polyphenols content of the common walnut oil was significantly
higher than that of the hybrid walnut oil (F = 17.63, p <0.001), and 1.2 times higher than
that of the iron walnut oil (F = 1.187, p >0.05) (Figure 3).

Table 3. Two-way analysis of variance (two-way ANOVA) of the micronutrients and secondary
metabolites.

Source Sum of Square Mean Square F Value

α-tocopherol
Species 47,926 47,926 9.432 *

Sites 1561 1561 0.307
Species × Sites 16,301 16,301 3.208

Residuals 40,648 5081
δ-tocopherol

Species 3029.9 3029.9 18.279 **
Sites 344.5 344.5 2.078

Species × Sites 300.8 300.8 1.815
Residuals 1326.1 165.7625

Tocopherol
Species 61,329 61,329 8.943 *

Sites 219 219 0.032
Species × Sites 22,853 22,853 3.332

Residuals 54,864 6858
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Table 3. Cont.

Source Sum of Square Mean Square F Value

Flavone
Species 0.0312 0.0312 0.419

Sites 0.2115 0.2115 2.842
Species × Sites 1.6337 1.6337 21.950 **

Residuals 0.5958 0.0744
Polyphenols

Species 182.1 182.1 2.823
Sites 745.1 745.1 11.550 **

Species × Sites 1176.7 1176.7 18.239 **
Residuals 516.1 64.5

“*” and “**” indicate significant differences (p < 0.05 and 0.01) between species/sites, respectively.
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3.3. Correlation Analysis

The results of correlation between sites/species also showed that high level of cor-
relations were found between the same species, even though cultivated in different sites
(Figure 4). For instance, a highly relationship existed between the cultivated site of Leibo
and Jiulong with the same species (SRLB vs. SRJL), yet a lowly relationship existed between
J. sigillata and J. sigillata × J. regia which cultivated in the same site (SRLB vs. SLB). Similarly
results also occurred in the cultivated site of Jiulong, the relationship between SRJL and SJL
was lower than SRJL vs. SRMN, SRJL vs. SRDC, and SRJL vs. SRYY.
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3.4. Climatic Factors and Fatty Acid Composition

The effects of climatic factors on the fatty acid composition throughout the fruit
development period from the end of flowering to physiological maturity were analyzed.
Precipitation showed a significant positive correlation with myristic acid (C14:0), palmitic
acid (C16:0), margaric acid (C17:0), and SFAs, and a significant negative correlation with
eicosenoic acid and polyphenols (Figure 5). Minimum relative humidity (MinRH) and
average relative humidity (AvgRH) showed a significant negative correlation with oleic
acid (C18:1) and MUFAs. Nevertheless, MinRH had a positive significant effect on linoleic
acid (C18:3) and PUFA. There was also significant negative correlation between palmitic
acid (C16:0), margaric acid (C17:0), and margaroleic acid (C17:1) and between average
relative humidity (AvgRH) and oleic acid (C18:1) and MUFAs. Further, after multiple
regression model comparison and averaging, the model explained 85%, 91%, and 65% of
the variation in oleic acid (C18:1), linoleic acid (C18:3), and linolenic (C18:2), respectively.
The average relative humidity (AvgRH) explained the most variation in both oleic (C18:1)
(positive) and linolenic acid (C18:2) (negative) (Figure 6). Latitude explained the most
in linoleic acid (C18:3), and other variables had a significant but small effect on linoleic
acid (C18:3). The model explained 83%, 85%, and 97% of the variation in PUFAs, MUFAs,
and SFAs, respectively, The AvgRH also explained the most variation in PUFAs (negative),
MUFAs (positive), and SFAs (positive). Other variables with a small effect included
temperature, precipitation, altitude, etc. Regarding the micronutrients and secondary
metabolites, AvgRH was most important (negative) in tocopherol and flavone, and latitude
explained the most variation (positive) in polyphenols. The model explained 52% and 61%
of the variation in polyphenols and flavone, respectively. Other variables had a small effect
on them, e.g., the estimated value of the minimum temperature (MinTem) on flavone was
11.33, which is lower than the absolute estimated value of AvgRH (193.62).
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Figure 6. Results of multiple regressions after the selection process of the climatic factors affecting
the fatty acid content of walnut oil. Note: Each variable was standardized before comparing effect
sizes (squares) to determine differences in the strength of the predictor variables. Variables were
selected based on a full set regression. Closed squares indicate significant effects (p < 0.05) and lines
indicate standard errors. * and ** indicate a significant difference (p < 0.05, 0.01), respectively.
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4. Discussion

The current results present the fatty acid, micronutrients, and secondary metabolites
analysis carried out on different species of walnut and as such are important for deter-
mining the nutritional value and potential uses of walnut oil. Similar to other results
reported in Juglans sigillata Dode and Juglans regia L., the walnut oil of Juglans sigillata Dode,
Juglans regia L., and Juglans sigillata × regia L. was mainly composed of palmitic, stearic,
and oleic acid, etc. [2]. In the current study, there were significant differences in the fatty
acid composition and content between species/genotypes. Consistent with the results of
our study, the fatty acid content in some vegetable oils was significantly different between
cultivars, varieties, and species, such as walnut and almond oil [2,5,6,9]. Gao et al. [1]
also reported that the species of walnut was an important factor affecting the fatty acid
composition of walnut oil [1]. The results of the comparative and relationship analysis
also indicated that genetic differences also play an important role in the regulation of the
compositions and contents of walnut oil, especially at the level of species. Walnut oil
from the same species mostly contained the same chemical compositions (Figure 1). The
interaction of gene differences among different genotypes resulted in differences in the
content of lipid components [22]. Hence, walnut species and genotypes may affect the
fatty acid composition and content in walnut oil. In three species, a significant negative
correlation was identified between the oleic and linoleic acid content, which was also found
in Olea europaea, Torreya grandis, J. regia, and J. sigillata oil [2,6,23,24]. The contents of oleic
and linoleic acid have a relative balance, because in the accumulation progress of fatty acid
in walnut kernels, there are two pathways in the production of oleoyl-ACP: hydrolysis
to produce oleic acid and ACP, and further dehydrogenation to produce linoleoyl-ACP
(C18:2-ACP) [24]. There were also interspecific differences in the composition of minor
fatty acids, for instance, C14:0, C17:0, and C17:1 were only detected in the hybrid walnut
oil. Similar results were also reported in common walnut oil from northeastern Italy and
northwestern, southwestern, and eastern China [3,6]. However, C17:0 has previously been
detected in common and iron walnut oil from Yunnan Province in China and northeast
Portugal [2,5], and C17:1 has previously been detected in common walnut (J. regia) oil [5].
Gao et al. (2019) reported that C16:1 was not detected in common walnut. However, C16:1
has previously been detected in common walnut oil [25] and in this study. The levels of
gene expression related to fatty acid biosynthesis are regulated by the growth environment
during the process of fruit development [26]. Therefore, we hypothesized that climatic
factors would play an important role in the fatty acid composition of walnut oil. Further-
more, the results of the two-ANOVA showed that the composition and content of fatty acid
were significantly influenced by the climate of the cultivation sites and interspecific genetic
differences. Crews et al. [12] and Gao et al. [6] reported similar results in that differences in
the geographic environment led to differences in the fatty acid composition and content.
Therefore, the climate of the cultivation area of walnut may the main factor affecting the
composition and content of fatty acid in walnut oil, especially for minor fatty acids.

Tocopherol is a term used to refer to a group of minor but ubiquitous lipid-soluble
compounds [27]. The γ-tocopherol content of iron walnut oil was significantly higher
than that of common walnut oil, whereas Gao et al. [2] found that common walnut oil
provided higher tocopherols than iron walnut oil. The cultivars also affect the tocopherol
content of the walnut oil [2,28]. After combining the analysis of the two-way ANOVA of
α-tocopherol, δ-tocopherol, and tocopherol, we speculated that genotypic variation was
the main factor that led to the differences in the tocopherol contents between the three
Juglans species. Polyphenols can inhibit the oxidation activity of low-density lipoprotein,
and the polyphenols of walnut oil have significant effects as antioxidants [7,29]. It was
found that the polyphenols content of the iron walnut in our study was higher than that in
Yunnan Province, China [2], but similar to Xinjiang Uygur Autonomous Region, China [1].
Therefore, the planting conditions may affect the polyphenols content in walnut oil in
China. A similar conclusion can be advanced in the case of the two-way ANOVA of
polyphenols; the species effect was not significant, but the significant site and species × site
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interaction shows that the content of polyphenols is mainly affected by the cultivation
climatic conditions depending on the species.

Environmental factors, such as temperature, drought, and latitude, may affect the oil
composition of most oil crops [3]. A number of recent studies indicated that temperature
was one of the main factors affecting the oil composition of oil crops such as sunflower [15],
soybean [16], walnut [3], and almond oil [10]. Poggetti et al. (2018) observed a significant
positive correlation between the daily minimum temperature and oleic acid content in
wild walnuts (J. regia L.). This differs from the findings presented here showing that no
significant relationship was found between any fatty acid content and temperature (average
temperature, maximum temperature, and minimum temperature) and sunshine duration.
These results indicated that the temperature and sunshine duration at the cultivation sites
were not the main climatic factors affecting the chemical composition of walnut oil. A
possible explanation for this might be that the level of genetic differences among the species
and its effect on the fatty acid composition and contents was higher than daily temperature.
The relative humidity regulated the MUFA and PUFA contents, which control the content of
oleic and linoleic acid, evidencing a similar effect model and positive/negative significant
correlation between relative humidity and oleic acid and linoleic acid. Furthermore, for
most of the fatty acids, micronutrients, and secondary metabolites in walnut oil, relative
humidity was the most important factor among the climatic factors. Therefore, the relative
humidity was the key climatic factor in the assessment of the adaptable varieties at the
cultivation sites, especially for the selection of the species level. The mechanisms through
which relative humidity influences MUFAs and PUFAs deserve further research, given
that knowledge of the climatic factors affecting fatty acid synthesis, accumulation, and
material transformation is helpful for elite germplasm selection and new breeding genotype
development [3].

5. Conclusions

These findings clearly indicate that walnut oil from different species can be distin-
guished by their fatty acid compositions, micronutrients, and secondary metabolites. Com-
mon walnut had a lower PUFA content but higher MUFA content than iron and hybrid
walnut. Hybrids walnut oil contained C14:0, C17:0, and C17:1, which was not detected in
common and iron walnut oil. In addition, the contents of micronutrients and secondary
metabolites of the hybrid walnut oil were higher than those of common and iron walnut
oil, but α-tocopherol was only detected in common and iron walnut oil. These findings
could be used to help walnut breeding and for efficient utilization of walnut oil. Genetic
and climatic factors and their interaction emerged as reliable predictors of the fatty acid,
micronutrient, and secondary metabolite compositions and contents of walnut oil, espe-
cially interspecies genetic differences. Climatic factors play an important role in walnut oil
quality, and relative humidity, mainly average relative humidity (AvgRH), was the most
important factor regulating the composition and content of walnut oil. Overall, this study
strengthens the idea that interspecies genetic differences were the chief genetic factor, and
relative humidity was the chief climatic factor for matching sites with walnut trees, which
could contribute to the obtainment of raw materials of walnut kernels with high values of
oil nutrients.
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Abstract: In the present study, the effects of nitrogen (N) supply on water uptake, drought resis-
tance, and hormone regulation were investigated in Populus simonii seedlings grown in hydroponic
solution with 5% polyethylene glycol (PEG)-induced drought stress. While acclimating to drought,
the P. simonii seedlings exhibited a reduction in growth; differential expression levels of aquaporins
(AQPs); activation of auxin (IAA) and abscisic acid (ABA) signaling pathways; a decrease in the
net photosynthetic rate and transpiration rate; and an increase in stable nitrogen isotope composi-
tion (δ15N), total soluble substances, and intrinsic water use efficiency (WUEi), with a shift in the
homeostasis of reactive oxygen species (ROS) production and scavenging. A low N supply (0.01 mM
NH4NO3) or sufficient N supply (1 mM NH4NO3) exhibited distinct morphological, physiological,
and transcriptional responses during acclimation to drought, primarily due to strong responses in the
transcriptional regulation of genes encoding AQPs; higher soluble phenolics, total N concentrations,
and ROS scavenging; and lower transpiration rates, IAA content, ABA content, and ROS accumu-
lation with a sufficient N supply. P. simonii can differentially manage water uptake and hormone
modulation in response to drought stress under deficient and sufficient N conditions. These results
suggested that increased N may contribute to drought tolerance by decreasing the transpiration rate
and O2

− production while increasing water uptake and antioxidant enzyme activity.

Keywords: gene; water deficit; fertilization; aquaporins; auxin; abscisic acid; poplar

1. Introduction

Drought is a major limiting factor for plant growth on the Loess Plateau [1]. Forests in
such areas often suffer from drought stress due to continued deficit of rain [2]. Increased
forest mortality may be due to persistent drought stresses around the world [3]. In the past
few decades, drought stress has caused widespread die-off of Populus tremuloides [4]. To
ensure the sustainable development of forest plantations, it is essential to better understand
the responses of woody species growing on poor soils.

P. simonii is an important poplar species on the Loess Plateau of China and is widely
used for afforestation. However, the soil is often poor and water deficiency is also frequent
in these regions [4]. Recently, we found that drought stress stunts nitrogen assimilation
and N deficiency stimulated root development in P. simonii. However, how water uptake
responds to N supply and drought stress remains unclear.
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Drought stress often leads to physiological and molecular responses in plants [5,6].
A schematic model of responses to drought in plants has been well documented [7–9].
Poplar species (Populus spp.) are very sensitive to water availability and drought stress
often decreases photosynthesis, alters root morphology, and inhibits enzyme activities. For
instance, drought-induced stomatal closure often leads to an inhibited CO2 assimilation
rate [10,11]. Drought stress also can trigger the overproduction of reactive oxygen species
(ROS) and eventually lead to oxidative damage. Against the harmful effects of ROS,
plants’ defence systems can rely on the oxygen scavenging systems (SOD, APX, POD, and
CAT) and osmotic adjustment compounds (soluble sugars, soluble phenolics, and amino
acid compounds) [12,13]. In addition, water stress triggers signal transduction pathways,
including the abscisic acid (ABA) and auxin (IAA) signaling pathway [14,15]. The enzyme
9-cis-epoxycarotenoid dioxygenase (NCED) and the protein phosphatase 2C (PP2C) play
key roles in ABA biosynthesis and ABA-mediated signaling pathways [8,16]. In auxin
biosynthesis, flavin-containing monooxygenase (YUCC) and tryptophan aminotransferase
(TAA) are essential components. Transcriptional regulation of the key genes involved in
the ABA and/or IAA signal transduction chains are important for detecting changes in
soil water availability [7,17]. Furthermore, plants transport water by apoplastic and/or
cell-to-cell (symplastic and transmembrane) pathways, and aquaporins (AQPs) play crucial
roles in transmembrane water uptake [18]. The expression levels of AQPs, including the
plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), and small
basic intrinsic proteins (SIPs) can be modulated to regulate the water uptake in various soil
water availability [19,20]. However, the role of AQPs in water transport under drought
condition and N supply is unclear.

Previous studies have found that carbon and nitrogen metabolism can be altered
by drought stress. Indeed, soluble sugars, soluble phenolics, total C, and total N can be
altered and play important roles in osmoregulation in response to drought stress [8,21]. In
addition, N uptake is often coupled with water uptake because NH4

+ and/or NO3
− must

be dissolved in water, and then absorbed by roots [8]. The N supply (via irrigation) affects
plant growth under drought conditions by increasing soluble sugars and the activities of
antioxidant enzymes [22].

P. simonii is widely distributed on the Loess Plateau, and the soil in this area suffers
from drought and N deficiencies. In a previous study, it was found that an increase in
N contributed to drought tolerance by increasing NH4

+ uptake and decreasing nitrogen
metabolism in P. simonii [2]. We investigated several morphological (root characteristics),
physiological (photosynthesis, C metabolism, N metabolism, ROS accumulation, and scav-
enging), and molecular (transcript levels of representative genes involved in water uptake
and hormone metabolism) changes in response to N supply under drought condition. We
hypothesized that the negative effects of drought stress on water uptake and hormone
metabolism could be eased by a high N supply.

2. Materials and Methods
2.1. Plant Materials and Treatments

P. simonii cuttings (approximately 15 cm in length and 20 mm in diameter) were
rooted in fine sandy soil and vermiculite (1:1). The plants were cultivated in a greenhouse
as described previously [23]. One sprout was left for each plant. After 4 weeks, the
substrate were removed and similar saplings (approximately 20 cm) were cultivated under
hydroponic conditions in Hoagland solution (10 µM EDTA·FeNa, 0.5 µM H2MoO4, 30 µM
H3BO3, 1 µM CuSO4·5H2O, 1 µM ZnSO4·7H2O, 5 µM MnSO4·H2O, 1 mM MgSO4·7H2O,
1 mM KH2PO4, 1 mM Na2SO4, and 1 mM CaCl2) containing 0.01 mM NH4NO3 (low
N supply) or 1 mM NH4NO3 (sufficient N supply), and the pH was adjusted to 5.5 for
each solution. Subsequently, a total of 36 plants were subjected to drought stress via the
addition of 5% PEG-6000 (osmotic stress, −0.362 MPa) to the modified Hoagland’s nutrient
solution; 36 plants that had been grown in the nutrient solution without PEG-6000 served
as the control. During the experiment, the aerated nutrient solutions were renewed every
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two days. The treatments were maintained under hydroponic cultivation for 4 weeks prior
to harvest.

2.2. Measurement of Gas Exchange, Photosynthetic Pigments, and Root Growth

Gas exchange was determined on three mature leaves (leaf plastochron index = 8–10)
with a portable photosynthesis system (Li-Cor-6400, Li-Cor, Inc., Lincoln, NE, USA). The
measurements of net photosynthetic rates (A), stomatal conductance (gs), and transpiration
rates were carried out from 9:00 to 11:00. The instantaneous water use efficiency (WUEi)
was calculated as the ratio between A and gs. The chlorophyll content was measured with
a portable chlorophyll meter (SPAD 502 Meter, Minolta Corporation, Tokyo, Japan).

Parts of roots (approximately 2 g) were excised from the root system, scanned with
a scanner (HP Scanjet G4050), and analyzed with a WinRHIZO root analyzer system
(WinRHIZO version 2007b, Regent Instruments, Quebec, QC, Canada). Six leaves from
each plant were submerged in water for 24 h to measure the leaf saturated weight (SW).
The remaining roots and leaves were wrapped with tinfoil, ground into fine powder in
liquid N with a mortar and pestle, and stored at −80 ◦C. Frozen powder (c. 100 mg) from
each plant was dried at 60 ◦C for 72 h to determine dry biomass and the fresh mass to dry
mass ratio.

2.3. RWC, MDA Content, and Rate of Superoxide Anion Radical (O2
−) Production

The RWC was defined according to Guo et al. [23]. RWC (%) = (FW − DW)/
(SW − DW) × 100%, where FW, DW, and SW are the dry weight, fresh weight, and
saturated weight, respectively.

The rate of O2
− production was quantified according to Meng et al. [10]. Fine powder

(100 mg) was homogenized in 50 mM potassium phosphate buffer (pH 7.8). After centrifu-
gation (10,500× g, 20 ◦C,10 min), 1 mL of 1 mM hydroxylamine hydrochloride and 0.5 mL
of 50 mM phosphate buffer (pH 7.8) were added to 1 mL supernatant and the mixture was
incubated at 25 ◦C for 60 min. Then, 1 mL of 17 mM sulfanilamide and 1 mL of 7 mM
α-naphthylamine were added to the mixture. After 20 min, the O2

− concentration was
quantified spectrophotometrically at 530 nm.

The MDA content was determined according to the methods of Dhinsa and Ma-
towe [24]. The fine powder (100 mg) was extracted in 10% (w/v) trichloroacetic acid (TCA)
and centrifuged (10,000× g, 20 ◦C, 10 min). Then, 2 mL of TCA containing 0.6% (w/v)
thiobarbituric acid (TBA) was added and mixed with 1 mL of the supernatant. After
incubating at 95 ◦C for 30 min, the mixture was centrifugated (10,000× g, 4 ◦C, 10 min).
The absorbance of the supernatant was measured at 532 and 600 nm.

2.4. Determination of Soluble Sugars, Soluble Phenolics, and Amino Acid Compounds

The concentration of total soluble sugars was analyzed using the anthrone method [12].
Briefly, approximately 100 mg fine powder was homogenized in 4 mL of 80% ethanol.
The mixture was incubated at 80 ◦C for 30 min. After centrifugation (6000× g, 25 ◦C,
10 min), 10 mg of activated charcoal was added for 30 min at 80 ◦C to decolorize the
supernatant. Then, 5 mL of anthrone reagent was added. The mixture was incubated in
boiling water for 10 min. After the mixture was cooled to room temperature, the absorbance
of the supernatant was determined spectrophotometrically at 620 nm (Shimadzu, UV-3600,
Kyoto, Japan).

The soluble phenolics in the plant materials were determined as described by
Pritchard [25]. Approximately 100 mg fine powder was extracted in 1.5 mL of 80% methanol
and shaken (150 rpm, 25 ◦C, 12 h) in the dark. After centrifugation (12,000× g, 25 ◦C,
10 min), the supernatant was collected. The soluble phenolics were determined spectropho-
tometrically at 765 nm.

The soluble amino acid compounds were determined as described previously [26]. A
total of 100 mg of the powder was extracted in an extraction solution (methanol/ chloroform
(7:3, v/v), 20 mM HEPES, 5 mM ethylene glycol tetraacetic acid, 10 mM NaF, pH 7.0) and
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incubated on ice for 30 min. Then, the mixture was extracted with distilled water, freeze-
dried (Alpha 2–4, Christ, Osterode, Germany), and finally dissolved in lithium citrate buffer
(pH 2.2). Free amino acids in the samples were analyzed using an automated amino acid
analyzer (L-8900, Hitachi High-Technologies Corporation, Kyoto, Japan).

2.5. Analysis of Total C, Total N, 13C, and 15N

The samples were dried in an oven at 80 ◦C. The isotopic ratio was analyzed using an
elemental analyzer (NA 1110, CE Instruments, Rodano, Italy) coupled to a GVI IsoPrime
isotope ratio mass spectrometer (IRMS).

The stable C isotope composition was calculated as:

δ13C = (Rsac − Rsdc)/Rsdc × 1000 [‰]

where Rsac and Rsdc are the ratios of 13C to 12C in the sample and the standard, respectively.
The stable N isotope composition was calculated as:

δ15N = (Rsan − Rsdn) /Rsdn × 1000 [‰]

where Rsan and Rsdn are the ratios of 15N to 14N in the sample and the standard, respec-
tively. The reference standard was N2 in air.

2.6. Antioxidant Enzymes Activities

Due to space limitations, the detailed methods for determining antioxidant enzyme ac-
tivities (SOD, POD, CAT, and APX) are provided in Supplementary Materials and Methods.

2.7. IAA and ABA Contents

IAA and ABA were extracted, purified, and quantified according to the method de-
scribed by Diego [27]. The fine powder (approximately 0.5 g) was extracted in 4.0 mL of iso-
propanol/hydrochloric acid and shaken for 30 min at 4 ◦C before 10 mL of dichloromethane
was added. The mixture was shaken again for 30 min at 4 ◦C. After centrifugation
(13,000 rpm, 5 min, 4 ◦C), the lower organic phase was dried under N2, dissolved in
150 µL of methanol (0.1% methane acid), and passed through a 0.22 µm membrane. Then,
the filtrate was subjected to high-performance liquid chromatography–tandem mass spec-
trometry (HPLC–MS/MS) using a ZORBAX SB-C18 (Agilent Technologies, Santa Clara,
CA, USA) column. The MS conditions were as follows: the spray voltage was 4500 V; the
pressure of the air curtain, nebulizer, and aux gas were 15, 65, and 70 psi, respectively; and
the atomizing temperature was 400 ◦C.

To quantify ABA, endogenous ABA was extracted from 50 mg of each sample using
0.5 mL of homogenization buffer (70% methanol and 0.1% formic acid); as an internal
standard, 2 ng of ABA-d6 (Olchemim, Olomouc, Czech Republic) was added to the extracts.
The mixture was diluted two times with deionized water, and the ABA content was
analyzed with the ultrahigh performance liquid chromatography-triple TOF 5600+ system
(Sciex, Concord, ON, Canada).

2.8. Analysis of Transcript Levels

Total RNA was extracted and purified with a plant RNA extraction kit (R6827, Omega
Bio-Tek, Norcross, GA, USA); trace genomic DNA was digested by DNase I (E1091, Omega
Bio-Tek); and 1 µg of total RNA was used to synthesize cDNA with the PrimeScript RT
reagent kit (DRR037S, Takara, Dalian, China). Quantitative PCR was performed in a 20 µL
solution reaction volume using 10 µL 2× SYBR Green Premix Ex Taq II, 2 µL of cDNA,
and 0.2 µM primers (Supplementary Table S1) in a real-time platform (LightCycler 96
System, Roche, Basel, Swiss). The conservative actin2/7 was used as a reference gene [28].
Key genes involved in water uptake and hormone modulation were selected for the gene
transcription analysis [8,17]. Primers were designed using the Primer 3 online tool. The
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qRT-PCR experiments were performed in triplicate for each sample. The efficiencies of the
PCR reactions ranged between 95 and 105% (Supplementary Table S1).

2.9. Data Processing and Statistical Analysis

Statistical tests were performed with the SPSS software (version 20.0, SPSS Inc.,
Chicago, IL, USA). The effects of N supply and drought treatments on variables were
analyzed by two-way analysis of variance (ANOVA). The means were compared on the
basis of least significant differences (p = 0.05). The gene expression heatmap was generated
by the command heatmap.2() using the ‘gplots’ package in R, as described by Luo et al. [13].

3. Results
3.1. Growth Parameters

Drought stress led to serious growth inhibition (decreased height and biomass) under
both 0.01 mM NH4NO3 and 1 mM NH4NO3 (Supplementary Table S2 and Figure S1).
Drought stress also markedly reduced the total length, surface area, and volume of the
roots. N availability had a different effect on plant growth under drought stress and control
conditions (Supplementary Table S2 and Figure S1). Under drought stress, the plants sup-
plied with sufficient N had a greater biomass, chlorophyll content, and root development
as compared with the plants supplied with less N (Supplementary Table S2 and Figure S1).
Unexpectedly, plants under 0.01 mM NH4NO3 grew better under control conditions (with-
out drought stress), exhibiting greater height and increased root development when they
were supplied with 0.01 mM NH4NO3 than when they were supplied with 1 mM NH4NO3.

3.2. RWC, Photosynthesis, MDA, and the Rate of O2
− Production

Drought stress significantly decreased the RWC, net photosynthetic rates, stomatal
conductance, and transpiration rate under both 0.01 mM and 1 mM NH4NO3 (Table 1). The
WUEi, MDA, and O2

− in leaves increased significantly in response to drought stress in the
plants under 0.01 mM NH4NO3, whereas these variables were not significantly affected in
the plants under 1 mM NH4NO3 (Table 1). Drought stress increased the root MDA content
under both 0.01 mM and 1 mM NH4NO3 (Table 1).

Table 1. The RWC, photosynthesis, MDA, and the rate of O2
− production of P. simonii as affected by

drought and nitrogen supply.

N
Supply
(mM)

Drought
Treatment

RWC
(%)

A (µmol
CO2 m−2

s−1)

gs
(mmol

m−2

s−1)

E (mmol
H2O m−2

s−1)

WUEi
(µmol CO2

mol−1

H2O)

MDA in
Roots
(µmol

g−1 FW)

MDA in
Leaves
(µmol

g−1 FW)

O2− in
Roots

(nmol g−1

FW min−1)

O2− in
Leaves

(nmol g−1

FW min−1)

0.01 Control 88.65 ±
0.95a

11.9 ±
0.4a

221.67
± 9.10a

4.85 ±
0.15a

53.87 ±
2.51b

12.18 ±
1.90b

11.22 ±
1.47c 0.11 ± 0.02a 0.04 ± 0.01b

Drought 77.57 ±
1.34b 2.7 ± 0.2c 33.33 ±

4.22b
1.28 ±
0.16b

83.54 ±
6.44a

35.75 ±
3.65a

28.62 ±
2.12a 0.12 ± 0.01a 0.14 ± 0.02a

1 Control 90.41 ±
1.29a 9.8 ± 0.2b 255.00

± 9.92a
4.97 ±
0.19a

38.48 ±
1.63bc

15.23 ±
3.09b

15.57 ±
1.07bc 0.14 ± 0.02a 0.04 ± 0.01b

Drought 80.01 ±
1.10b 2.4 ± 0.4c 71.67 ±

7.49b
0.26 ±
0.02c

33.60 ±
4.77c

30.32 ±
2.08a

20.63 ±
1.65b 0.12 ± 0.01a 0.06 ± 0.00b

p-values N ns * *** ** *** ns ns ns **
D *** *** *** *** ** *** *** ns ***

N × D ns ns ns ** *** ns ** ns **

Data indicate mean ± SE (n = 6). Different letters in the same column indicate significant differences. p-values of
the ANOVAs of drought, nitrogen supply, and their interaction are indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001;
ns, not significant.

Under control conditions, N supply had minor effect on RWC, photosynthesis, elec-
trolyte leakage, MDA, and ROS (Table 1). However, under PEG-induced drought stress,
0.01 mM NH4NO3 resulted in significant increases in transpiration rate, WUEi, MDA, and
O2

− in leaves as compared with 1 mM NH4NO3 (Table 1).
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3.3. Soluble Sugars, Soluble Phenolics, and Amino Acid Compounds

Soluble sugars and phenolics were significantly increased in response to drought stress
in both the roots and leaves (Figure 1). N level had no significant effect on soluble sugars
in roots, whereas 0.01 mM NH4NO3 decreased foliar soluble sugars (Figure 1A,B). Soluble
phenolics (particularly in the leaves) were increased in response to 0.01 mM NH4NO3,
regardless of the drought treatment (Figure 1C,D).
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action of N supply and drought treatment. **, p < 0.01; ***, p < 0.001; ns, not significant. 

The total amino N concentrations and the composition of amino compounds changed 
in response to osmotic stress and N concentration (Supplementary Table S3). The 17 com-
mon amino acids were sorted into five groups based on biosynthetic origin [26]. In the 
0.01 mM NH4NO3 treatment, the increase in the total amino acid content in response to 
osmotic stress in the roots was primarily due to a significant increase in the aspartate 

Figure 1. Soluble sugars and soluble phenolics in roots (A,C) and leaves (B,D) of Populus simonii as
affected by nitrogen supply and drought stress. Data indicate mean ± SE (n = 6). Different letters
in the same column indicate significant differences. N, N supply; D, drought treatment; N × D,
interaction of N supply and drought treatment. **, p < 0.01; ***, p < 0.001; ns, not significant.

The total amino N concentrations and the composition of amino compounds changed
in response to osmotic stress and N concentration (Supplementary Table S3). The
17 common amino acids were sorted into five groups based on biosynthetic origin [26].
In the 0.01 mM NH4NO3 treatment, the increase in the total amino acid content in response
to osmotic stress in the roots was primarily due to a significant increase in the aspartate
group (Figure 2A). This proportional increase in the aspartate group (from 28% to 37%)
was compensated by a proportional decrease in the glutamate group (from 31% to 25%).
Asparagine and glutamine were the main components of the aspartate group and the
glutamate group, respectively (Figure 2A). Similarly, the total amount of amino compounds
was higher in response to osmotic stress in the roots of plants grown with 1 mM NH4NO3,
and the increase was primarily due to the changes in the aspartate, alanine, and glutamate
groups. The proportion of aspartate compounds increased (from 28% to 39%), whereas
the proportions of alanine compounds and glutamate compounds decreased (from 15% to
11% and from 34% to 29%, respectively) under drought conditions (Figure 2A); under both
drought and control conditions, 0.01 mM NH4NO3 decreased the total amino acid content
but had a little effect on the relative proportion of groups (Figure 2A).
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In the leaves, the serine group showed a higher absolute (1.5-fold) and proportional 
(from 6% to 14%) content in response to drought stress under 0.01 mM NH4NO3 (Figure 
2B). Osmotic stress also increased the total amino acid content of most biosynthetic groups 
(except the tryptophan group) under 1 mM NH4NO3 (Figure 2B). Under 1 mM NH4NO3, 

Figure 2. Amino compounds in roots (A) and leaves (B) of Populus simonii as affected by nitrogen
supply and drought stress. Amino acids deriving from the same pathway are grouped together. The
percent distributions of these biosynthetic groups are presented, as well as the mean values of sums
of amino compounds of each group of three plants and SE. (Striped) aspartate, threonine, isoleucine,
methionine, lysine; (black) serine, glycine, cysteine; (white) glutamate, histidine, arginine, proline;
(light grey) phenylalanine, tyrosine; (dark grey) alanine, leucine, valine.

In the leaves, the serine group showed a higher absolute (1.5-fold) and proportional
(from 6% to 14%) content in response to drought stress under 0.01 mM NH4NO3 (Figure 2B).
Osmotic stress also increased the total amino acid content of most biosynthetic groups
(except the tryptophan group) under 1 mM NH4NO3 (Figure 2B). Under 1 mM NH4NO3,
the proportions of the serine group and the glutamate group increased (from 7% to 16% and
from 11% to 24%, respectively), whereas the proportion of the tryptophan group decreased
(from 22% to 8%) in response to drought stress (Figure 2B). Under the control conditions, N
supply had no significant effect on the total amino acid concentration and relative content
(Figure 2B). However, under the drought treatment, the total amino concentrations were
higher for all biosynthetic groups under the 1 mM NH4NO3 treatment than under the 0.01
mM NH4NO3 treatment (Figure 2B).

3.4. Total C, Total N, 13C, and 15N

Drought stress significantly decreased the total C in roots, whereas it had no effect on
foliar total C and δ13C under 0.01 mM and 1 mM NH4NO3 (Figure 3). The total C and δ13C
in roots and leaves were not affected by N levels (Figure 3).
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Figure 3. Total C concentration and δ13C in roots (A,C) and leaves (B,D) of Populus simonii as affected
by nitrogen supply and drought stress. Data indicate mean ± SE (n = 6). Different letters in the same
column indicate significant differences. N, N supply; D, drought treatment; N × D, interaction of N
supply and drought treatment. ***, p < 0.001; ns, not significant.

Drought stress had little effect on the total N concentration of roots, while the foliar
total N concentration under 1 mM NH4NO3 decreased in response to the drought treatment
(Figure 4A,B). There was a significant increase in δ15N under the drought treatment as
compared with the control in both roots and leaves (Figure 4C,D).

The N levels also affected the total N concentration of both roots and leaves (Figure 4A,B).
Generally, the total N concentration of both roots and leaves was lower under 0.01 mM
NH4NO3 as compared with that under 1 mM NH4NO3 under both drought stress and
control conditions (Figure 4A,B). In contrast, 0.01 mM NH4NO3 led to higher δ15N in
roots (Figure 4C), 0.01 mM NH4NO3 also led to higher δ15N in the leaves under control
conditions, whereas it had no significant effect on δ15N under drought stress (Figure 4D).

3.5. Antioxidant Enzymes Activities

The SOD activity in roots was not affected by drought stress, whereas drought stress
significantly increased SOD activity under both 0.01 and 1 mM NH4NO3 treatments
(Figure 5A,B). Drought stress also led to increased APX activity in both roots and leaves,
except, root APX activity under 0.01 mM NH4NO3 remained unaltered in response to
drought stress (Figure 5C,D).

Root SOD activity was not affected by N availability under either drought or control
conditions (Figure 5A). N levels also had no impact on SOD activity in the control treatment;
however, the 1 mM NH4NO3 treatment led to a higher SOD activity under drought stress as
compared with the 0.01 mM NH4NO3 treatment (Figure 5B). Similar results were observed
for root APX activity (Figure 5C). The APX activity in leaves was not affected by N levels
under either drought or control conditions (Figure 5D).
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Drought stress increased CAT activity in roots and leaves under the 1 mM NH4NO3
treatment but had no effect under 0.01 mM NH4NO3 (Figure 5E,F). The POD activity in roots
and leaves was also stimulated by drought stress, except, the root POD activity remained
unchanged under 0.01 mM NH4NO3 (Figure 5G,H). In the PEG-treated plants, CAT and
POD activities increased significantly when the N supply was increased. However, CAT
and POD activities were not affected by N availability in the control plants (Figure 5E,H).

3.6. IAA and ABA Concentrations

Drought stress had no effect on root IAA concentration under 0.01 mM NH4NO3
(Figure 6A). However, the root IAA concentration under 1 mM NH4NO3 was increased
under the drought stress (Figure 6A). IAA concentration was decreased by drought stress
under 0.01 mM NH4NO3 but remained unaltered under 1 mM NH4NO3 (Figure 6B). ABA
concentrations in both roots and leaves were higher under drought stress as compared with
the control conditions (Figure 6C,D).
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The 0.01 mM NH4NO3 treatment induced a higher IAA concentration in both PEG-
treated and control plants (Figure 6A,B). Additionally, ABA concentrations in both roots
and leaves were higher in response to 0.01 mM NH4NO3 under the control conditions
(Figure 6C,D). Under drought stress, root ABA concentration was not influenced by N supply;
however, 0.01 mM NH4NO3 significantly increased foliar ABA concentration (Figure 6C,D).

3.7. PCA of Morphological and Physiological Responses

PC1 and PC2 accounted for 49 and 18% of the variation, respectively (Figure 7 and
Supplementary Table S4). PC1 uncoupled the effect of drought, and PC2 clearly separated
the variation due to N supply. Root ABA content and the soluble sugar content of roots
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and leaves were key contributors to PC1, whereas both total N concentration and the IAA
content of roots and leaves were important factors influencing PC2.
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3.8. Transcript Levels of AQPs and Representative Genes Involved in IAA and ABA
Signaling Pathways

The cluster analysis separated the effects of drought stress and N availability based
on the responsiveness of transcript levels (Figure 8). Under 1 mM NH4NO3, the mRNA
levels of most genes (except TIP1;6) in roots were upregulated in response to drought
stress (Figure 8A). The transcript abundance of NCED3, PIP2;1, TIP2;1, PP2C, and PIP1;2 in
roots was similarly increased by drought conditions under 0.01 mM NH4NO3 (Figure 8A).
However, under the 0.01 mM NH4NO3 treatment, YUCCA1, YUCCA3, and TIP1;6 were
suppressed, whereas TAA1 and SIP1;2 remained unchanged in response to drought stress
in roots (Figure 8A). Additionally, the mRNA levels of genes related to auxin biosynthesis
(TAA1, YUCCA1, and YUCCA3) increased under 0.01 mM NH4NO3 as compared with
under 1 mM NH4NO3 under control conditions, whereas this effect was not significant
under drought conditions (Figure 8A).

In the leaves, the transcript abundances of almost all of the investigated genes (except
NCED3 and TAA1) was also increased by drought stress under the 1 mM NH4NO3 treatment
(Figure 8B). Under the 0.01 mM NH4NO3 treatment, drought stress also upregulated the
expression of TIP2;1, PIP2;1, TIP1;6, and PP2C but had little effect on the mRNA levels
of other genes in the leaves (Figure 8B). Under control conditions, 0.01 mM NH4NO3
resulted in a significant decrease in the PP2C and TIP1;6 transcript levels in the leaves.
However, the mRNA levels of YUCCA1 were increased by 0.01 mM NH4NO3 under control
conditions (Figure 8B). Under drought conditions, the transcript abundances of almost all
of the investigated genes (YUCCA1, NCED3, and TAA1) was higher under 1 mM NH4NO3
than under 0.01 mM NH4NO3 (Figure 8B).
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4. Discussion

Plants have developed strategies to adapted to drought stress. For instance, the
inhibition of physiological activity may change the redistribution of limited resources and
improve plant survival [29,30]. Consistent with many previous studies, drought stress
has detrimental effects on the root morphology and photosynthesis of P. simonii [31–33].
Quite unexpectedly, under control conditions (no drought stress), nitrogen deficiency
stimulated the root growth of P. simonii (Supplementary Table S2 and Figure S1). Generally,
high nitrogen supply significantly increases root growth parameters in plants [2,30]. In
this study, however, P. simonii seedlings showed better root development under 0.01 mM
NH4NO3 under control conditions, exhibiting a greater root biomass and root surface area.
These results may be explained by adaptation to the environment that P. simonii often
grows on the Loess Plateau under conditions of nitrogen deficiency in Northwest China.
P. simonii may have developed a mechanism (such as root development) to take up nitrogen
efficiently, even from nutrient-deficient soil [2]. However, the PEG-treated plants showed
improved growth when the N level was increased, suggesting that an increased N supply
may help P. simonii survive under drought stress.

Drought stress often induces changes in cell membranes (increased permeability and
decreased stability) [34]. Thus, RWC was used to indicate the degree of dehydration
and membrane stability. In this study, decreased RWC was observed in the leaves of
P. simonii under drought stress, which could reduce turgor pressure and enhance membrane
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permeability. The increase in MDA and O2
− in leaves in response to drought stress

reflects oxidative damage to membrane lipids and other vital substances. These results
indicated that drought stress damaged sensitive biological macromolecules, impaired their
functions, and harmed membrane [35]. To maintain turgor pressure in the cytoplasm, the
accumulation of soluble substances plays an important role in osmoregulation. In our study,
the notable increase in soluble sugars, phenolics, and amino acids suggested that more
soluble substances were synthesized. Significant increases were observed in the aspartate,
serine, and glutamate biosynthesis groups in response to drought stress. Aspartate and
glutamine play important roles in the storage and/or transport of N from source to sink
tissues [26,36], an intensive N reallocation under stress. Cysteine (the precursor of which
is serine), glutamate, and glycine are used for the synthesis of glutathione (GSH) and
the elimination of free radicals under stress [37]. Additionally, proline (belonging to the
glutamate group) is a non-toxic osmoprotectant which is 300 times more soluble in water
than other amino acids and may play an important role in cell pressure adjustment [38].

In this study, 1 mM NH4NO3 compensated for the negative effects of drought on
osmolytes, O2

− production, and the MDA content of leaves. Many studies have also
found that nitrogen supply can decrease the MDA concentration, adjust osmotic pressure,
and increase membrane stability to prevent damage caused by drought stress [39,40]. For
example, N supply (100 and 200 kg/ha) prevented cell membrane damage and enhanced
osmotic regulation in Agrostis palustris Huds. under water stress [41]. Nitrogen fertilizer
could decrease MDA content of maize (Zea mays L.) under drought conditions [42]. These
results indicated that the detrimental effects of drought stress on P. simonii were somehow
eased by 1 mM NH4NO3.

After detecting reduced soil water availability, altered homeostasis of ROS production
and scavenging can occur in plants during acclimation to drought [43]. In the enzymatic
systems, SOD and APX can convert O2

− to H2O2 [44], and POD and CAT can decompose
H2O2 to H2O at different cellular locations. The ROS production and the activities of oxygen
scavenging systems determine whether oxidative signaling and/or damage will occur [45].
In this study, high activities of SOD, POD, CAT, and APX were observed (particularly under
the 1 mM NH4NO3 treatment) in response to drought stress. Under drought conditions,
the activities of most antioxidant enzymes were significantly increased in response to 1 mM
NH4NO3 as compared with 0.01 mM NH4NO3, indicating that N supply improved the
drought resistance of P. simonii.

Metabolites of C and N in plants can also act as osmoprotectants or signal molecules
under drought stress [12,46]. Water deprivation can lead to a reduction in total C concen-
tration as a result of decreased CO2 assimilation in plants [47,48]. In the present study,
long-term drought treatment also led to decreased concentrations of total C and N in
P. simonii. Plants face a dilemma under drought stress: On the one hand, plants must pre-
vent water loss via stomatal closure, and thus, the photosynthesis is limited. on the other
hand, they need photosynthates to support key processes necessary for survival [49,50].
Thus, plants must increase WUE during acclimation to drought conditions. The δ15N at
natural abundance levels acts as a tracer, and significant discrimination is positive in most
biological systems [8]. Plants retard their N uptake and assimilation processes and are
forced to utilize the 15N to meet N demands and are enriched in the tissues under 0.01 mM
NH4NO3. The δ13C and δ15N values show positive linear correlations with WUEi in plants
and δ13C and δ15N enrichment are closely associated with water consumption and can be
considered to be indicators of WUE [51,52]. The δ13C of roots and leaves was not affected
by drought stress. However, δ15N increased in the roots and leaves of P. simonii under
drought conditions as compared with the control. These results reflect the acclimation of
P. simonii to drought conditions via increased WUE.

The transcriptional regulation of PIPs is crucial for water transport across the plasma
membrane and acclimation to drought in poplar plants [53–55]. Most of the AQP genes
in roots and/or leaves have been reported to be upregulated in response to drought
stress, suggesting that these AQPs can play key roles in facilitating water movement and
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redistribution under dynamic environmental water conditions. However, AQPs have been
reported to be upregulated, downregulated, or unchanged in various poplar genotypes
in response to drought stress [8,53,56]. In this study, the mRNA levels of AQPs (especially
PIP1;2 and TIP2;1) in P. simonii were significantly upregulated in response to drought stress
and similar results were found in Populus cathayana [8]. These results indicate that P. simonii
has developed the AQPs expression modulation strategy to acclimate to drought stress on
the Loess Plateau and PIP1;2 and TIP2;1 may play decisive roles in the strategy.

Poplar plants can perceive changes in soil water availability via the IAA and ABA
signaling pathways [9]. At physiological concentrations, auxin induces the opening of
stomata [57,58]. To minimize water loss, root auxin concentrations are often increased and leaf
auxin concentrations are often decreased during acclimation to drought conditions [59,60].
Indeed, in the present study, the root IAA concentrations under 1 mM NH4NO3 were
increased, whereas the IAA concentrations were decreased by drought stress. In addition,
0.01 mM NH4NO3 induced higher IAA concentrations in the roots and leaves of P. simonii
under both drought and control conditions, which was consistent with the root growth
stimulated by N deficiency. In auxin biosynthesis, TAAs and YUCs play essential roles:
The TAA of amino transferases converts tryptophan to indole-3-pyruvate (IPA), and then
the IPA is converted to IAA by the YUCCA (YUC) family of flavin monooxygenases [61].
Indeed, the representative genes (TAA1, YUCCA, 1 and YUCCA3) in P. simonii were induced
by drought stress in the roots of P. simonii under 1 mM NH4NO3. However, the mRNA
levels of these genes in leaves (except YUCCA1) under 0.01 mM NH4NO3 were significantly
decreased by drought stress and were consistent with the IAA concentration. In particular,
the high levels of TAA1, YUCCA1, and YUCCA3 observed under 0.01 mM NH4NO3 suggest
that P. simonii might be sensitive to N deficiency and thus, may accelerate IAA synthesis to
stimulate root development, which is consistent with the observed root characteristics.

Additionally, the ABA concentrations in both roots and leaves of P. simonii were higher
under drought stress as compared with control conditions. The ABA concentrations in
poplars are often increased by drought stress and can recover to previous levels after
re-watering [62–64]. The significant increase in ABA concentration in response to drought
stress may be an important mechanism for transmitting a chemical signal that indicates the
water status of the soil and leads to a cascade of reactions via regulation of leaf stomatal
conductance [65]. Accordingly, NCED and PP2C, which are key genes involved in the ABA
signaling pathway, were downregulated in response to drought treatment. A similar result
was reported in Populus euramericana and Populus cathayana, which suggests that NCED3
and PP2C may play decisive roles in the ABA signaling pathway during acclimation to
limited water availability [65].

In summary, P. simonii demonstrated decreased height; differential expression of
aquaporins (AQPs); activation of the IAA and ABA signaling pathways; decreased net
photosynthetic rate and transpiration rate; increased δ15N, total soluble substances and
WUEi; and altered homeostasis of reactive oxygen species (ROS) production and scavenging
(Figure 9). These data suggest that P. simonii slows the process of water acquisition during
acclimation to drought stress. Moreover, plants with a sufficient N supply exhibited
more soluble compounds and greater antioxidant enzyme activities, lower transpiration
rates (E), IAA content, ABA content and ROS production, and greater responsiveness of
transcriptional regulation of 10 genes involved in water uptake and hormone modulation
than plants with a low N supply under drought stress (Figure 9). These results suggest
that P. simonii can differentially manage water uptake and hormone modulation under
different N supply conditions. This is important when selecting poplar species for different
soil conditions.
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Abstract: Pot experiments were performed to comparatively study the differences in 16 salt tolerance
indices between the seedlings of six Salix matsudana clones under the stress of various concentrations
of NaCl (0, 0.1%, 0.3%, 0.5%, and 0.7%), including the salt injury index, shoot fresh weight, root fresh
weight, leaf water content, relative conductivity, malondialdehyde content, and antioxidant enzyme
activity. The salt-tolerant clones and key indices of salt tolerance were selected. Transcriptome
sequencing analysis was performed on the selected salt-tolerant and salt-sensitive clones under
salt stress, and the links between the physiological indices of salt tolerance and gene expression
were analyzed. Results: (1) Superoxide dismutase (SOD), peroxidase (POD), chlorophyll, and net
photosynthetic rate were closely related to the salt tolerance of Salix matsudana at the seedling stage.
The regression equation was constructed as follows: salt tolerance index (y) = 0.224x10 + 0.216x11

+ 0.127x12 + 0.191x7 − 0.187 (x10 = chlorophyll, x11 = SOD, x12 = POD, x7 = net photosynthetic
rate). (2) The number of differentially expressed genes between the seedlings of salt-tolerant and
salt-sensitive clones varied with the time of exposure (0 h, 4 h, 12 h, and 24 h) to 200 mmol·L−1 NaCl
stress. The most differentially expressed genes in Sm172 were detected upon 24 h vs. 4 h of salt
treatment, while the most in Sm6 were in the 24 h vs. 0 h comparison. Gene Ontology analysis and
Kyoto Encyclopedia of Genes and Genomes analysis showed that several differentially expressed
genes were involved in carotenoid biosynthesis and plant mitogen-activated protein kinase signaling
pathways. The nine highly expressed transcription factor genes (Sm172-f2p30-2392, Sm172-f2p28-2386,
Sm6-f8p60-2372, Sm6-f2p39-2263, Sm6-f16p60-2374, Sm6-f3p60-931, Sm6-f2p60-1067, Sm172-f3p54-1980,
and Sm172-f3p54-1980) were closely correlated with the four key indices of salt tolerance. These genes
could become genetic resources for salt tolerance breeding of Salix matsudana.

Keywords: Salix matsudana; NaCl stress; salt tolerance index; salt tolerance gene; transcriptome
sequencing

1. Introduction

The coastal saline-alkali land of the Yellow River Delta suffers frequent natural dis-
asters, soil salinization, and great difficulty in afforestation, which restricts the growth of
many tree species [1–3]. The selection of salt-tolerant afforestation tree species is a key
measure to improving the outcome of afforestation. Willow (Salix matsudana) is a native
arbor species naturally distributed in this area that has a certain tolerance to salt. Selection
and breeding of improved willow varieties could greatly help with the construction of
shelter forests in the Yellow River Delta.
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Early studies on salt resistance in willows have focused on their salt resistance ability
and physiological characteristics. Salix matsudana can grow in a culture medium with a NaCl
concentration of 0.1–0.2 g L−1, whereas the salt stress caused by 0.4 g L−1 NaCl significantly
inhibits its growth [4]. Salt stress damages the stems and leaves of willow [5]; reduces its
growth increment, biomass, and leaf water content [6]; and causes ion toxicity, osmotic
stress, and secondary oxidative stress to the plant, thereby hindering its photosynthesis,
growth, and metabolism [7]. When osmotic stress occurs, osmotic adjustment substances
(soluble sugars and soluble proteins) accumulate in plant cells to maintain a higher water
potential [8,9]. Osmotic stress and the toxicity of excessive Na+ will cause the accumulation
of reactive oxygen species in plants [10]. The antioxidant enzyme system (including
superoxide dismutase (SOD) and peroxidase (POD)) in plants will be activated [11], which
scavenges peroxide ions and reduces the oxidative damage to the cells [12,13].

As molecular biology techniques have advanced, research on the salt tolerance of
willows has advanced to the molecular level. Qiao et al. analyzed the salt-stress-responsive
proteome of Salix matsudana [14]. Zhou et al. discovered significantly different miRNA
expressions between salt-sensitive and salt-tolerant Salix matsudana under various salt
stress conditions [15]. Chen et al. identified candidate genes for salt stress response in Salix
matsudana [16]. Shan et al. found that the physiological and metabolic processes of plants
could be regulated by controlling salt-stress-related genes [17]. Yang et al. [18] found that
in a high-salt environment, the upregulation of H+-ATPase gene expression in vacuoles led
to cytoplasmic sequestration of Na+ [19]. Plants also respond to salt stress by regulating
the expression of salt-tolerance-related transcription factors such as WRKY, MYB, and basic
helix-loop-helix (BHLH) [20–22].

With the gradual maturation of sequencing technology, research based on transcrip-
tome sequencing has expanded from animals to plants. Transcriptomic research in plants
has mainly focused on stress resistance, regulation of physiological mechanisms, and nu-
trient utilization. Studies on stress resistance mainly focus on salt and alkali tolerance,
disease resistance, and drought resistance [23–26]. Transcriptome sequencing plays an
increasingly important role in mining the salt tolerance genes of plant species, such as
Jatropha curcas, citrus, cotton, wheat, and rose [27–32]. The application of third-generation
single-molecule sequencing technology reduces the difficulty of analyzing the nonpara-
metric transcriptome and allows for the easy sequencing of the complete genome and
full-length transcripts, making the in-depth study of transcription mechanisms more conve-
nient. However, there have been few studies on the relationship between the physiological
salt-stress-responsive indices and the molecular mechanism of salt tolerance that have used
third-generation sequencing technology and have applied the findings to the breeding of
salt-tolerant varieties.

The present study examined 16 salt-tolerance-related indices in seedlings of Salix matsudana.
On this basis, correlation analysis, grey cluster analysis, principal component analysis, and
stepwise regression analysis were performed to screen out the key indices, pick the salt-tolerant
and salt-sensitive Salix matsudana clones, and derive the equation that accurately reflected the
salinity resistance of Salix matsudana. Transcriptome analysis was carried out on the selected
salt-tolerant and salt-sensitive clones. The pathways involved in the salt tolerance of Salix
matsudana and their relevant genes were identified on the basis of the differentially expressed
genes and the key indices of salt tolerance. Eventually, an identification method of salt tolerance
that was stable and efficient in both the physiological and molecular aspects was established
for Salix matsudana at the seedling stage. This study might provide a theoretical and technical
basis for the selection and breeding of improved varieties that can tolerate the salinity of coastal
saline-alkali land.

2. Materials and Methods
2.1. Experimental Materials

The research objects included a total of five willow clones: the improved salt-tolerant
varieties Luliu 2 and Luliu 6, which were registered by the Shandong Academy of Forestry
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Sciences, as well as three unapproved clones with good traits (preliminarily named Jinan 1,
Jinan 2, and Binzhou 1) in the experimental forest of Jinan, Shandong Province. The widely
popular Willow No. 172 was used as the control. We numbered Luliu 2, Luliu 6, Jinan 1,
Jinan 2, Binzhou 1, and Willow No. 172 as Sm2, Sm6, SmA, SmB, SmC, and Sm172 for this
paper, respectively. The branches used in this study were collected from the experimental
forest of Xicang Village, Changqing District, Jinan City, Shandong Province.

2.2. Experimental Methods

(1) Pot experiment: In April 2017, potted seedlings were cultivated with sieved soil.
The soil was taken from the Forestry Experimental Station of Shandong Agricultural
University. Before loading, it was screened to remove impurities and homogenized. The
soil is sandy loam with a pH of 7.05 ± 0.03, a total nitrogen content of 1.27 ± 0.14 g·kg−1,
the hydrolyzable nitrogen content of 94.36 ± 13.89 mg·kg−1, the available phosphorus
content of 32.01 ± 4.10 mg·kg−1, the available potassium content of 56.72 ± 7.83 mg·kg−1,
and the organic matter content of 16.27 ± 2.39 g·kg−1. The cuttings of Salix matsudana
clones Sm6 and Sm172 were selected and planted into greenhouse flowerpots at the Forestry
Experimental Station of Shandong Agricultural University. The upper diameter of the
flowerpots was 30 cm, the lower diameter was 20 cm, and the height was 25 cm. The weight
of the soil in each pot was 10 kg. After planting, each cutting protruded approximately 2 cm
above the soil surface. Regular watering management was conducted during the study.
After the cuttage seedlings survived, the weak seedlings were eliminated in July 2017,
while the seedlings that grew well and had no obvious diseases and pests were selected
for experiments. The greenhouse was equipped with a water curtain, fan, and other
temperature control equipment. During the experiment, the day and night temperatures in
the greenhouse were controlled at (25 ± 2) ◦C and (20 ± 2) ◦C respectively, and the relative
humidity was 65–70%.

Soil salinity was determined by the gravimetric method. A soil salinity gradient (0.1%,
0.3%, 0.5%, and 0.7%) was prepared, and deionized water was used as the blank control.
First, the mass of NaCl needed for each stress level was calculated. NaCl solutions with the
corresponding concentrations were prepared in deionized water and added three times in
equal amounts (irrigation once every 7 days). A tray was placed below each pot to prevent
the loss of salt. The physiological and biochemical indices were measured 15 days after the
last addition of the salt.

(2) Transcriptome analysis: Transcriptome sequencing was performed using a com-
bination of second-generation and third-generation sequencing technologies. Normally
growing Sm6 and Sm172 adult plants (one each) were selected. Several branches with
similar growth were cut at a length of approximately 15 cm. The cuttings were placed in
beakers filled with deionized water and cultivated in a constant-temperature light incubator.
After the branches took root and grew new leaves, various groups of branches were soaked
in 200 mmol·L−1 NaCl solution for 0, 4, 12, and 24 h. The leaves were collected from all
groups immediately after the soaking treatment. During sampling, leaves were collected
from 3 plants in each group and mixed. Immediately after collection, the samples were
placed in liquid nitrogen and then stored in a −80 ◦C freezer. The samples were saved for
procedures such as RNA extraction.

2.3. Determination of Salt Tolerance Indices and Data Analysis

We grouped the indices related to the salt tolerance of Salix matsudana into four
groups, salt injury indices, physiological and biochemical indices, biomass indices, and
photosynthetic indices (Table 1), and used them to establish the standard equation of salt
tolerance index. The root fresh weight (RFW), shoot fresh weight (SFW), relative leaf water
content (RWC), relative seedling height (RH), and relative diameter (RD) were determined
according to the method developed by Chen et al. [33]. The chlorophyll content was
measured following Wang et al. [34]. Using a portable photosynthesis system (CIRAS-
2), the net photosynthetic rate (Pn), stomatal conductance (GS), and intercellular CO2
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concentration (Ci) were measured between 9:00 a.m. and 11:00 a.m. at a saturated light
intensity of 1200 µmol·m−2s−1 and a leaf chamber temperature of 25 ◦C. The relative
conductivity (RC) and malondialdehyde (MDA) content were determined as described by
Qin et al. [35]. The activities of peroxidase (POD) and superoxide dismutase (SOD) were
determined following Li et al., and the contents of soluble sugar (SS) and starch (SST) were
determined according to Wang et al. [36,37].

Table 1. Indexes for standard equation construction.

Category Indexes Abbreviations Relative Value
Codes

Phenotype Salt injury index SII x1
Biomass Shoot fresh weight SFW x2

Root fresh weight RFW x3
Water content RWC x4

Seedling height growth RH x5
Ground diameter growth RD x6

Photosynthetic index Net photosynthetic rate Pn x7
Intercellular CO2

concentration Ci x8

Stomatal conductance GS x9
Chlorophyll Chl x10

Physiological and
biochemical index Superoxide dismutase SOD x11

Peroxidase POD x12
Malondialdehyde MDA x13

Conductivity EC x14
Soluble sugar SS x15
Soluble starch SST x16

All statistical analyses were conducted using Statistical Product Service Solutions for
Windows 22.0 (SPSS, Chicago, IL, USA).

2.4. Sequencing Method and Analysis

Leaf RNA was extracted, and a cDNA library was constructed. Second-generation
sequencing was performed on the Illumina HiSeq high-throughput sequencing platform.
The third-generation full-length transcriptome sequencing was performed by Anoroad
Gene Technology Co., Ltd. (Beijing, China) with the PacBio Sequel sequencer. Sequencing
quality was assessed using FastQC. Functional annotation was performed with Trinotate.
GO classification was performed with BLAST2GO. COG classification was performed
using eggNOG. Metabolic pathway analysis was performed using the KEGG. Differential
expression analysis was conducted with DESeq. The GO classification of the differentially
expressed Unigene and Pathway enrichment analysis were performed using GOseq.

2.5. Verification of the Differentially Expressed Genes

RNAs were extracted from Sm6 and Sm172 that had received salt treatment for 0, 4,
12, or 24 h. The RNAs were reverse-transcribed, and 12 randomly selected salt-tolerance-
related genes of Salix matsudana were subjected to real-time fluorescence quantitative
verification. The polymerase chain reaction (PCR) system (20 µL) was set up as follows:
SYBR Green 10 µL, forward primer (10 mM) 1 µL, reverse primer (10 mM) 1 µL, cDNA 2 µL,
and ddH2O to a total volume of 20 µL. The PCR conditions were as follows: predenaturation
at 95 ◦C for 30 s and 40 cycles of denaturation at 95 ◦C for 5 s and optimal annealing
temperature 60 ◦C for 30 s.
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3. Results
3.1. Comprehensive Evaluation of the Salt Tolerance of Salix matsudana Clones at the
Seedling Stage
3.1.1. Analysis of Variance of Salt Tolerance Index between NaCl Treatment Concentration
and Tree Species

Analysis of variance (Table 2) showed that all indexes showed significant or extremely
significant differences under different NaCl concentrations and among different clones.
Analysis of variance showed that the data of the indicators selected in this test were reliable.

Table 2. ANOVA analyses of effects of salt and clone treatments and their interaction on the growth,
biomass, photosynthetic, physiological, and biochemical of Salix matsudana.

Variables
Salt Treatment Clone Treatment Salt × Clones

F-Value p-Value F-Value p-Value F-Value p-Value

SFW 120.94 <0.001 8.793 <0.001 1.935 <0.05
RFW 47.081 <0.001 4.34 <0.01 2.902 <0.001
RWC 3.497 <0.05 3.898 <0.01 2.759 <0.001
RH 555.974 <0.001 16.797 <0.001 9.68 <0.001
RD 558.212 <0.001 4.719 <0.001 6.314 <0.001
Chl 249.154 <0.001 181.623 <0.001 31.436 <0.001
GS 44.091 <0.001 3.91 <0.01 1.944 <0.05
Pn 1293.128 <0.001 91.144 <0.001 11.486 <0.001
Ci 3.931 <0.01 1.539 0.191 1.141 0.336

MDA 532.732 <0.001 811.72 <0.001 40.707 <0.001
POD 97.785 <0.001 100.371 <0.001 16.692 <0.001
SOD 720.173 <0.001 818.479 <0.001 85.472 <0.001
EC 7.072 <0.001 3.505 <0.01 2.766 <0.001
SS 128.457 0 < 0.001 226.815 <0.001 66.527 <0.001

SST 0.518 0.723 4.314 <0.01 1.445 0.138

3.1.2. Analysis of the Correlation between Salt Resistance Capability and Salt
Tolerance Index

Correlation analysis of the 16 indices (Table 3) showed that there were various degrees
of correlation between the indices in Salix matsudana exposed to salt stress. The salt
injury index was positively correlated with the intercellular concentrations of CO2 and
malondialdehyde and negatively correlated with stomatal conductance, net photosynthetic
rate, chlorophyll, biomass, and growth weight. The range of change varied between the
indices, indicating that the results might be one-sided if single indices were used to evaluate
the salt tolerance of Salix matsudana. The salt tolerance of Salix matsudana is a complex
comprehensive trait.

3.1.3. Grey Relational Cluster Analysis of the Indices of Various Clones

The grey correlation degree was calculated from the membership function values
of the relative values of the 16 indices of the six varieties (Table 4), and the indices were
subjected to cluster analysis. At a fixed critical value r ∈ (0,1), the index xi and the index
xj were considered to be the same type of index when ξij ≥ r (i 6= j). In this experiment,
the critical value r = 0.57 was used to screen out two types of index clusters: C1 = {x4, x8,
x11, x12, x14, x15, x16} and C2 = {x1, x2, x3, x5, x6, x7, x9, x10, x13}. In the above classification,
leaf water content, intercellular CO2 concentration, SOD, POD, electrical conductivity,
soluble sugar, and soluble starch were classified into one category, while the salt injury
index, chlorophyll content, shoot fresh weight, root fresh weight, seedling height growth,
ground diameter growth, stomatal conductance, net photosynthetic rate, and malondialde-
hyde were classified into another category. Table 5 shows that these two types of indices
contributed different amounts to the comprehensive evaluation of salt tolerance.
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Table 4. Grey correlation degree of every single index.

Evaluation Item Correlation Degree Ranking

SOD 0.759 1
POD 0.728 2
EC 0.656 3

RWC 0.627 4
SST 0.623 5
SS 0.613 6
CI 0.574 7

RFW 0.562 8
MDA 0.554 9
RH 0.546 10
RD 0.54 11
Chl 0.537 12
SFW 0.532 13
GS 0.524 14
PN 0.523 15
SII 0.497 16

Table 5. Principal component eigenvalues, contribution rate, and cumulative contribution rate of C1

and C2 indicators.

Category Indexes Characteristic
Value

Contribution
Rate (%)

Cumulative
Contribution Rate (%)

C1 Pn 7.734 85.94% 85.94%
RH 0.431

SFW 0.344
SII 0.219
RD 0.106
GS 0.08
Chl 0.051

RFW 0.027
MDA 0.007

C2 SOD 5.49 87.15% 87.15%
POD 1.513
SST 1.245
SS 1.044

RWC 0.545
CI 0.354
EC 0.189

3.1.4. Principal Component Analysis of the Two Types of Indices

Since the cumulative variance contribution rates of the two types of indices were both
greater than 85% (85.94% and 87.15%, respectively), these indices could be subjected to prin-
cipal component analysis (Table 6). To evaluate the salt tolerance of the examined varieties,
the comprehensive salt tolerance value (S) of each variety was calculated from the scores of
the two types of indices obtained by principal component analysis (S = F1 ×W1 + F2 ×W2).
The scoring formula for the C1 comprehensive indices was F1 = hc1 × yc1, while the scor-
ing formula for C2 comprehensive indices was F2 = hc2 × yc2. The weight coefficient of
principal components (h) was generally expressed as the variance contribution rate (namely,
hc1 = 0.8594, hc2 = 0.8715). The linear combination of principal components of the C1 and
C2 indices was obtained through principal component analysis: yc1 = 0.113x3 + 0.116x10 +
0.124x5 + 0.123x1 + 0.118x9 + 0.121x6 + 0.123x2 + 0.128x7 + 0.112x13; yc2 = −0.15x8 − 0.21x4
+ 0.391x11 + 0.013x14 − 0.262x16 − 0.26x15 + 0.344x12. The weight coefficients of the index
clusters (w1 = 0.561 and w2 = 0.439) were calculated through the analytic hierarchy process.
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Table 6. Comparison of score calculated by principal components in six Salix matsudana.

Type Sm6 Sm2 SmA Sm172 SmC SmB

F1 1.593892412 1.739830574 1.61428782 1.63688199 1.506493542 1.407123631
F2 −0.005852612 −0.393786624 −0.444860471 −0.619278358 −0.474227168 −0.518359797
S 0.891604346 0.803172624 0.71032172 0.646427597 0.636957151 0.561836407

Sort by salt S
values 1 2 3 4 5 6

Notes: F1: Score of class C1 index; F2: Score of class C2 index; S: Consolidated values.

The S values are given in Table 6. On the basis of a cut-off value of 0.7, Sm6, Sm2, and
SmA of the six Salix matsudana varieties were salt-tolerant, whereas Sm172, SmC, and SmB
were salt-sensitive.

3.1.5. Screening of the Identification Indices of Salt Tolerance of Salix matsudana at the
Seedling Stage

Using the comprehensive salt tolerance value of the six varieties and the salt-stress-
related indices, a regression equation was established to identify the salt tolerance of
Salix matsudana at the seedling stage. The equation was used to screen out the identifica-
tion indices of salt tolerance at the seedling stage. An optimal regression equation was
established through stepwise regression analysis using the comprehensive S value as the
dependent variable and the relative values of the indices as the independent variables:
y = 0.224x10 + 0.216x11 + 0.127x12 + 0.191x7 − 0.187 (r = 0.949, R2 = 0.90), where y is the S
index, x10 is chlorophyll, x11 is SOD, x12 is POD, and x7 is Pn. The regressors x10, x11, and
x12 were extremely significantly correlated with y (p = 0.009, 0.000, and 0.002, respectively),
while x7 was significantly correlated with y (p = 0.034). According to the equation, chloro-
phyll, SOD, POD, and Pn could be used as key indices to identify the salt tolerance of
Salix matsudana at the seedling stage.

3.2. Transcriptome Analysis of Salix matsudana under NaCl Stress
3.2.1. Classification of the Salix matsudana Genes That Were Differentially Expressed in
Response to Salt Stress

The second-generation sequencing data were compared and quantified using the
full-length transcripts as a reference. The obtained read count was compared between
groups, yielding intergroup ratios. The genes with |log2Ratio| ≥ 1 and q < 0.05 were
considered significantly differentially expressed genes between two groups. The number
of differential genes varied with the duration of salt treatment (Table 7). The differential
genes were roughly divided into three major categories on the basis of the clustering results:
12 h salt treatment, 24 h salt treatment, and 0–4 h salt treatment (Figure 1). The results of
NT, NR, and BLASTX annotation showed that a greater number of differential genes were
annotated at 12 h vs. 0 h, 12 h vs. 4 h, 24 h vs. 0 h, and 24 h vs. 4 h (4362 genes on average).
According to the annotation results of the major databases, more than 98.33% of genes in
the NT and NR databases were annotated (Table 8).

3.2.2. Pathway Analysis of the Differentially Expressed Genes

All the metabolic pathways in the KEGG were subjected to enrichment analysis using
the hypergeometric test. The 20 KEGG metabolic pathways with the most significant
enrichment of the differentially expressed genes were identified (Table 9), which gave us
an intuitive understanding of the metabolic processes and signal transduction pathways al-
tered in Salix matsudana under salt stress. More differentially expressed genes were detected
after 12 h and 24 h of stress treatment, and more metabolic pathways were involved at these
times, such as amino acid biosynthesis, plant hormone signal transduction, amino acid
and nucleotide sugar metabolism, cysteine and methionine metabolism, mitogen-activated
protein kinase (MAPK) signaling pathway, and carbon metabolism. These findings indicate
that these metabolic pathways might play an important role in the salt stress response of
Salix matsudana.
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Table 7. Summary of differentially expressed genes.

Name Up Down Total Proportion

Sm172t24h-Sm172t12h 1554 674 2228 7.10%
Sm172t24h-Sm172t4h 2486 1519 4005 12.72%
Sm172t24h-Sm172t0h 1710 1118 2828 9%
Sm172t12h-Sm172t4h 1914 2515 4429 14.10%
Sm172t12h-Sm172t0h 1450 2584 4034 12.80%
Sm172t4h-Sm172t0h 223 195 418 1.30%
Sm6t24h-Sm6t12h 1795 1335 3130 9.90%
Sm6t24h-Sm6t4h 2284 2503 4787 15.20%
Sm6t24h-Sm6t0h 2494 2671 5165 16.40%
Sm6t12h-Sm6t4h 1743 3157 4900 15.60%
Sm6t12h-Sm6t0h 1977 2774 4751 15.10%
Sm6t4h-Sm6t0h 52 10 62 0.10%
Sm6t24h-Sm172t24h 48 66 114 0.30%
Sm6t12h-Sm172t12h 33 1 34 0.10%
Sm6t4h-Sm172t4h 497 253 750 2.30%
Sm6t0h-Sm172t0h 24 24 48 0.10%

Name: variance comparison combination; Up: upregulated gene; Down: downregulated gene; Total: sum of
differential genes; Proportion: the proportion of significantly different genes in this group in the total different
genes in this group.

Figure 1. Cluster map of DEGs.

3.2.3. Salix matsudana Genes Differentially Expressed in Response to Salt Stress and
Expression Verification

Analysis of the transcriptome data revealed that Salix matsudana adapted to and
resisted salt stress and conducted self-regulation mainly through participating in carotenoid
biosynthesis, MAPK signaling, phytohormone signal transduction, flavonoid biosynthesis,
starch metabolism, and sucrose metabolism. The differential genes were screened out using
a multiple of difference >2 and a corrected p < 0.01. Among the nine differential genes with
the most significant gene expression difference, Sm172-f2p30-2392, Sm172-f2p28-2386, Sm6-
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f8p60-2372, and Sm172-f2p39-2386 were involved in the synthesis of 9-cis-epoxycarotenoid
dioxygenase (NCED) and the regulation of NCED and abscisic acid (ABA) contents. Sm6-
f2p39-2263 participated in the synthesis of asparagine synthase and positively regulated the
response of Salix matsudana to salt stress. Sm6-f16p60-2374 was involved in circadian rhythm
and photosensitive processes. Sm172-f3p54-1980 was involved in ABA-activated signaling
pathways and was closely related to leaf senescence. Sm6-f3p60-931, Sm6-f2p60-1067, and
Sm172-f2p30-1863 were involved in MAPK metabolic pathway. Sm6-f2p60-1067 was related
to the PYL gene. It promoted the ABA signal response by inducing PYL overexpression.
Sm172-f2p30-1863 was related to the synthesis of protein phosphatase 2C (PP2C). Silencing
of Sm172-f2p30-1863 promoted the signal response of ABA. As a result of these changes,
Salix matsudana became more sensitive to ABA and more promptly regulated its own
response mechanism in the face of stress.

The expression of the nine selected genes was verified by fluorescence-based quan-
titative PCR. The genes numbered Sm172-f2p30-2392, Sm172-f2p28-2386, Sm6-f8p60-2372,
Sm6-f2p39-2263, Sm6-f16p60-2374, Sm6-f3p60-931, Sm6-f2p60-1067, Sm172-f3p54-1980, and
Sm172-f3p54-1980 were upregulated. The change trend of the expression of the nine genes
was consistent with the results of transcriptome sequencing (Figure 2).

Table 8. Gene annotations in databases.

Comparison
Combinations

Annotated
Number

The Proportion of Annotated Genes in Databases

NT NR BLASTX BLASTP PFAM eggNOG KEGG

Sm6t4h-Sm6t0h 62 98.39% 98.39% 88.71% 83.87% 74.19% 69.35% 41.94%
Sm6t12h-Sm6t0h 4751 99.64% 99.41% 87.77% 79.44% 73.08% 66.93% 34.50%
Sm6t12h-Sm6t4h 4900 99.61% 99.27% 87.98% 79.33% 73.08% 65.88% 33.16%
Sm6t24h-Sm6t0h 5165 99.59% 99.17% 88.02% 79.09% 73.20% 67.76% 35.28%
Sm6t24h-Sm6t4h 4787 99.56% 99.08% 87.61% 78.96% 73.05% 66.79% 33.61%

Sm6t24h-Sm6t12h 3130 99.55% 99.20% 87.73% 79.20% 70.93% 66.90% 30.83%
Sm172t4h-Sm172t0h 418 98.56% 98.33% 87.80% 78.47% 74.64% 59.33% 23.68%

Sm172t12h-Sm172t0h 4034 99.43% 99.23% 88.23% 79.33% 72.43% 66.04% 32.15%
Sm172t12h-Sm172t4h 4429 99.53% 99.32% 87.56% 79.25% 73.40% 65.39% 32.38%
Sm172t24h-Sm172t0h 2828 99.26% 98.76% 86.32% 76.59% 70.47% 65.56% 31.26%
Sm172t24h-Sm172t4h 4005 99.30% 98.90% 86.44% 77.60% 71.16% 65.99% 30.91%
Sm172t24h-Sm172t12h 2228 99.69% 99.15% 88.51% 80.30% 71.99% 66.47% 32.36%

Table 9. The top 20 KEGG pathways with the highest concentration of DEGs.

Metabolic Pathway ID Number of DEGs in this Pathway with Annotations
Pathway Annotation

Sm6 4 h–0 h 12 h–0 h 12 h–4 h 24 h–0 h 24 h–4 h 24 h–12 h

ko01230 0 79 67 77 60 0 Biosynthesis of amino acids
ko04075 0 0 61 79 86 55 Plant hormone signal transduction

ko00520 0 39 39 37 40 0 Amino sugar and nucleotide
sugar metabolism

ko00270 0 36 32 45 36 0 Cysteine and methionine metabolism
ko04016 0 0 0 55 55 32 MAPK signaling pathway-plant
ko01200 0 0 0 73 64 0 Carbon metabolism
ko00500 0 29 33 0 32 25 Starch and sucrose metabolism
ko04712 0 36 32 0 0 32 Circadian rhythm-plant
ko00941 0 29 31 16 17 0 Flavonoid biosynthesis
ko00280 0 18 19 23 26 0 Valine, leucine, and

isoleucine degradation
ko00071 0 17 21 22 24 0 Fatty acid degradation
ko00940 0 27 29 0 26 0 Phenylpropanoid biosynthesis

ko00260 0 26 0 28 26 0 Glycine, serine, and
threonine metabolism

ko00561 0 20 21 0 20 16 Glycerolipid metabolism
ko00052 0 15 16 16 14 12 Galactose metabolism
ko01212 0 0 24 25 22 0 Fatty acid metabolism
ko00620 0 0 0 34 31 0 Pyruvate metabolism
ko00053 0 19 22 0 18 0 Ascorbate and aldarate metabolism
ko00592 0 20 20 0 16 0 alpha-Linolenic acid metabolism
ko00906 4 13 14 0 13 0 Carotenoid biosynthesis
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Table 9. Cont.

Metabolic Pathway ID Number of DEGs in this Pathway with Annotations
Pathway Annotation

Sm172 4 h–0 h 12 h–0 h 12 h–4 h 24 h–0 h 24 h–4 h 24 h–12 h

ko04075 0 56 0 80 83 53 Plant hormone signal transduction
ko04712 0 35 32 17 27 29 Circadian rhythm—plant
ko04016 0 0 0 51 54 33 MAPK signaling pathway—plant
ko00500 0 34 27 20 0 22 Starch and sucrose metabolism
ko00940 0 29 24 18 24 0 Phenylpropanoid biosynthesis
ko00941 8 25 27 0 24 9 Flavonoid biosynthesis
ko00270 0 0 37 19 31 0 Cysteine and methionine metabolism
ko01230 0 0 69 0 0 0 Biosynthesis of amino acids
ko00561 0 18 17 15 0 13 Glycerolipid metabolism
ko00073 0 17 19 9 0 9 Cutin, suberine, and wax biosynthesis
ko00906 0 17 14 10 0 10 Carotenoid biosynthesis
ko00592 0 0 14 13 13 9 alpha-Linolenic acid metabolism
ko00280 0 0 16 13 17 0 Valine, leucine, and

isoleucine degradation
ko00450 0 11 13 10 11 0 Selenocompound metabolism
ko00196 0 20 15 9 0 0 Photosynthesis—antennal proteins
ko00944 3 10 13 0 11 6 Flavone and flavonol biosynthesis

ko00945 0 11 9 6 8 0 Stilbenoid, diarylheptanoid, and
gingerol biosynthesis

ko00330 0 0 0 16 18 0 Arginine and proline metabolism
ko00030 0 0 20 13 0 0 Pentose phosphate pathway
ko04626 0 0 0 0 32 0 Plant–pathogen interaction

Figure 2. Cont.
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Figure 2. Expression profiles of 9 key DEGs in two poplar cultivars. Note: Sm172 stands for willow
172; Sm6 stands for Luliu 6.

4. Discussion

This study analyzed the chosen indices using a combination of the analytic hierarchy
process and principal component analysis, which was more reasonable than directly doing
principal component analysis on all indices. SOD, POD, chlorophyll, and net photosynthetic
rate may be used as key indices to identify the salt tolerance of Salix matsudana at the
seedling stage [38–40]. Upon salt stress, the antioxidant enzymes such as SOD and POD
were activated in all clones of Salix matsudana, which led to the elimination of the toxicity of
free radicals. SOD prevents the formation of free radicals and the damage to cells mainly by
regulating the content of O2−. It is the first line of defense against cell damage [39,41]. POD
plays an important role in protecting cells from H2O2 stress [42]. In response to salt stress,
photosynthesis is reduced in Salix matsudana. The accumulation of photosynthetic products
is inhibited, which hinders the growth and development of plants and even causes plant
death [43]. As an important photosynthetic pigment, chlorophyll plays an important role
in absorption, transmission, and transformation of light energy [3,44,45]. Therefore, the
change in chlorophyll content is an important index of plant growth [46]. Salt stress leads
to ion toxicity, hinders the absorption of Mg2+ by plants, blocks the synthesis of chlorophyll,
reduces chlorophyll content, and thus seriously hinders photosynthesis [47–51]. Such
findings are consistent with the research results of Gong et al. [52,53].

Under salt stress, reactive oxygen species activate a variety of MAPK signaling cas-
cades, inducing specific cellular responses. This study found that in Salix matsudana
exposed to salt stress, the most strongly expressed MAPK signaling pathway was the
mitogen-activated protein kinase (MPK). This study showed that H2O2 phosphorylated
mitogen-activated protein kinase kinase 4/5 (MKK4/5) by activating ANP1 upstream of the
MPK cascade, thereby phosphorylating MPK3. This result is consistent with the findings
of Kim et al. [54] and Kovtun et al. [55]. H2O2 also directly activated MPK3 by inducing
the formation of nucleoside diphosphate kinase 2 (NDPK2), in line with the findings of
Moon et al. [56]. The serine-threonine protein kinase OXI1 (oxidative-signal-inducible 1)
was also activated by peroxide and responded through the downstream MPK3. In the
process of cell death caused by reactive oxygen species through the above three pathways,
MPK3 is significantly upregulated, and the level of reactive oxygen species (such as H2O2)
is increased [57], which eventually leads to cell death. When Salix matsudana is exposed
to low salt stress or short-term salt stress, the upregulation of MPK3 and the increase
in H2O2 lead to elevated activities of SOD and POD in the antioxidant system, which
allows the resistance to the damage of reactive oxygen species and maintenance of normal
physiological function of cells. Therefore, improving the activity of antioxidant enzymes
in plants and increasing the level of plant antioxidant metabolism are important ways to
enhance the salt tolerance of plants. Alleviation of the harm of salt stress to Salix matsudana
could be achieved by inhibiting the expression of the MPK3-related gene Sm6-f3p60-931,
which suppressed the activity of MPK3 and inhibited the production of reactive oxygen
species. This biological process played a certain positive role in the salt stress resistance of
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Salix matsudana and provided evidence that SOD and POD are key indices of salt tolerance
in Salix matsudana.

In addition, this study showed that MPK3 of the MAPK pathway cascade was signifi-
cantly upregulated under salt stress, which reduced the function of SPEECHLESS (SPCH)
and inhibited stomatal development. The basic helix-loop-helix (bHLH)-type transcrip-
tion factors that regulate stomatal development include three members: SPCH, MUTE,
and FAMA. These proteins are involved in the regulation of the initiation of the M cell
lineage, the formation of guard mother cells, and the symmetrical division of guard mother
cells [58,59]. SPCH has a region between the bHLH domain and the C-terminal region that is
rich in the acidic amino acids serine and threonine. It mediates the direct phosphorylation
of SPCH by MPK3 [60–62], which hinders stomatal development and directly hinders
photosynthesis. Therefore, physiological study of Salix matsudana showed that, with more
concentrated or longer salt treatment, the net photosynthetic rate was reduced in each Salix
matsudana clone. This finding provides evidence that the net photosynthetic rate is a key
index of salt tolerance in Salix matsudana.

Moreover, genes with large differences in expression levels are involved in the syn-
thesis of NCED. According to the metabolic pathway map of carotenoid biosynthesis,
carotenoid biosynthesis is related to ABA synthesis [54,63]. ABA plays a central role in
plant responses to stressful environments [64,65]. In the process of ABA synthesis, zeax-
anthin epoxidase catalyzes the conversion of carotene to violaxanthin. NCED further
catalyzes the conversion of 9-cis-flavin to xanthotoxin, which further leads to the produc-
tion of abscisic aldehyde. Abscisic aldehyde is eventually converted into ABA under the
action of an amine oxidase. These findings are consistent with the results of Li et al. [23].
NCED is a member of the carotenoid cleavage dioxygenase family. It is the most important
rate-limiting enzyme in the process of ABA biosynthesis in higher plants and belongs to a
class of key genes involved in the regulation of ABA biosynthesis [66,67]. NCED expression
level is positively correlated with ABA content in plants [68–70]. Therefore, the goal of
plant physiological self-regulation might be achieved through the control of the expression
of NCED synthesis-related genes such as Sm172-f2p28-2386, Sm172-f2p30-2392, Sm172-f2p39-
2386, and Sm6-f8p60-2372, which further control the expression of NCED and regulate the
content of ABA in plants. In future research on the salt tolerance of Salix matsudana, ABA
might become a key index.

These data provide a scientific basis for future research on the mechanism of Salix
matsudana salt tolerance, deliver a simpler method for the identification and breeding
of salt-tolerant Salix matsudana varieties, and can guide the selection of salt-tolerant tree
species in the coastal saline-alkali land of the Yellow River Delta.
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