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Abstract: Sophora moorcroftiana (Benth.) Baker is an endemic woody species distributed in the
Qinghai-Tibet Plateau (QTP), a part of the world characterized by high altitude and cold weather. In
this study, the genetic diversity of S. moorcroftiana was evaluated based on 300 representative samples
of 15 populations using 20 polymorphic SSR markers, and its potential distribution was predicted
according to 19 bioclimatic factors using MaxEnt modeling. Results showed the population genetic
diversity of S. moorcroftiana was generally not high (around 0.5), and the range of variation was small
(0.437-0.539). Altitude, rather than other environmental factors, was the key factor affecting the
present genetic diversity. Moreover, due to climate change in the QTP, the suitable area is increasing
and will continue to increase by 48.35%, 84.44%, 101.98%, and 107.30% in the four future periods
of 2030s, 2050s, 2070s, and 2090s, respectively, compared to the present, which is beneficial for
S. moorcroftiana. These results will provide a theoretical basis for the development of germplasm
conservation strategies for S. moorcroftiana and enrich information on the impacts of climate change
on plants in the QTP.

Keywords: Sophora moorcroftiana; genetic structure; the Qinghai-Tibet Plateau; MaxEnt; ecological

niche model; bioclimatic factors; environmental variables

1. Introduction

The global climate temperature has continuously increased for nearly 100 years.
According to the Intergovernmental Panel on Climate Change (IPCC) report, the global
average surface temperature has increased by 0.8 °C over the past 130 years and will
continue to increase in the future [1]. Climate change is the most serious environmental
challenge for living creatures, which will lead to higher rates of extinction, lower species
diversity, and more fragile regional ecosystems [1]. In addition, precipitation patterns have
changed and extreme climate events have increased, which have affected the growth and
distribution of plants [2,3]. These changes have also driven plant diversity alteration and
posed a serious threat to biodiversity [4]. During the long process of species evolution, gene
and climate have formed a stable interaction relationship. The climate would inevitably
change the genetic material and then cause changes to genetic diversity [5]. Furthermore,
it might lead to population shrinkage and interrupt the exchange of genetic material
between populations, thereby resulting in constant inbreeding within the species and
genetic diversity loss [5,6]. By contrast, it could also increase genetic diversity and thus
lead to population growth and expansion [7].

The Qinghai-Tibet Plateau (QTP), known as the “Roof of the World”, is the highest,
largest, and youngest plateau in the world. However, it has been recognized as an early
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warning and sensitive area of global climate change due to its unique geographical environ-
ment [8]. Because of the high altitude (average above 4000 m), cold weather, and uneven
distribution of precipitation [1], plants in the QTP have been reported to be sensitive to
climate change, and their evolution is closely related to the change [9]. Studies have shown
that the average annual temperature of the QTP will rise by 1.3-4.2 °C in the next 100 years;
in this regard, woody plants will migrate to the northwest and enter the QTP interior,
gradually replacing herbaceous plants [9]. At present, the impact of the change on plant
distribution and diversity in the QTP is the focus of academic attention [8].

The unique environment of the QTP has produced many endemic species [10]. Sophora
moorcroftiana (Benth.) Baker is one of them. It is a low perennial shrub with blue-purple
flowers in the leguminous family [10]. This species is mainly distributed in the reaches of
the Yarlung Tsangpo River basin with an altitude of 2800-4400 m in the QTP [11]. It has
ecological, ornamental, medicinal, and animal feeding values [12,13]. However, in recent
years, it has been found that the distribution is fragmented and the number of resources
has been reduced. Therefore, it urgently needs to be conserved. Genetic evolution of plant
species in the QTP has been influenced by climate change [11]. Although S. moorcroftiana is
a valuable endemic species there, it is at risk of isolation and extinction, and whether its
genetic status is affected by climate change remains unclear.

With the increasing availability of climatic data and the development of analytical
methods, species distribution modeling has brought a new perspective to genetic diversity.
The possible effects of climate change on plant diversity can be explored based on the
simulation of species distribution [14]. Some previous studies on plant species distributed
in the QTP and its adjacent regions have focused on the impact of historical and future
climate change on plant species distribution patterns [8,9], which has helped us better
understand the past and future of the species in the QTP. However, whether the genetic
diversity of species is affected by climate factors in the QTP is unknown. Applying genetic
diversity research to resource conservation is critical. Considering the particularity of the
QTP and its sensitivity to climate change, it is of great significance to study the genetic
diversity and predict the distribution variation of S. moorcroftiana under climate change for
the conservation of this endemic species in the QTP.

In this study, 20 SSR markers were used to analyze the genetic diversity of 15 natural
populations (300 loci) of S. moorcroftiana, and niche models were employed to comprehen-
sively study the distribution of S. moorcroftiana. The specific objectives were as follows: to
illustrate the present genetic diversity of S. moorcroftiana, to determine whether the genetic
diversity is affected by climate change, and to determine whether climate change will have
a positive or negative impact on S. moorcroftiana distribution in the QTP. The results will
provide a theoretical basis for the development of germplasm conservation strategies of
S. moorcroftiana and also enrich information on the impacts of climate change on plants in
the QTP.

2. Materials and Methods
2.1. Materials and Data Sources

Plant materials were sampled from 15 populations in the sand-generating locust
distribution area of the Yarlung Tsangpo River basin of Tibet (Figure 1) from Nyingchi in
the east to the west through Shannan, Lhasa, and then to Shigatse with increasing altitude
(29314087 m) in 2019. Twenty representative individuals without diseases and pests were
randomly sampled from each population, and the distance between individuals was no
less than 100 m. The individual numbers and sampling information of each population
are shown in Table 1. Additional distribution information was collected from published
articles and the global biodiversity information network (GBIF) (http://www.gbif.org/
(accessed on 06 April 2021)) to improve the prediction accuracy. The longitude and latitude
of all 60 geographical distribution data are listed in Table S1. The environmental data of
19 bioclimatic factors in two past periods (Last Glacial Maximum (LGM) and mid-Holocene
(MH)), the present (1970-2000), and four future periods (2020-2040, 2040-2060, 20602080,
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and 2080-2100) were obtained from Worldclim (http://www.worldclim.org (accessed on
24 March 2021)) (Table S2).
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Figure 1. Fifteen sampling population sites of S. moorcroftiana in Qinghai-Tibet Plateau for genetic diversity analysis. All
abbreviations in Figure 1 are defined as follows: Sajia County (S]), Linzhou County (LZ), Xietongmeng County (XTM),
Nanmulin County (NML), Bailang County (BL), Renbu County (RB), Nimu County (NM), Caina County (CN), Gongga
County (GG), Lazi County (LZX), Sangri County (SR), Jiacha County (JC), Wolong County (WL), Jindong County (JD), and

Mirui County (MR).

2.2. DNA Extraction, Primer Screening, and PCR Amplification

Genomic DNA was extracted from the germinating radicles of S. moorcroftiana seeds
using the cetyltrimethylammonium bromide (CTAB) method [15]. DNA concentration
and purity was detected by an ultramicro spectrophotometer (Thermofisher, Singapore).
The DNA was diluted to 100 ng/pL and stored at —20 °C for later experiment. A total
of 123 SSR primers were designed, screened by agarose gel electrophoresis, and detected
by 8% polyacrylamide gel electrophoresis. Twenty SSR primers (Table S3) with stable
polymorphic bands were screened for subsequent capillary electrophoresis analysis. PCR
was performed with a total volume of 25 pL containing 12.5 pL of 2x Taq PCR Mix, 1 uL
each of forward and reverse primers, 1 puL of template DNA, and 25uL. ddH,O complement.
The reaction procedure comprised initial denaturation at 94 °C for 3 min, followed by 30 s
at 94 °C; annealing using descending PCR starting at 63 °C with 0.2 °C per cycle for 30's,
35 cycles at 72 °C for 1 min, followed by final extension cycle at 72 °C for 5 min; and then
preserving at 4 °C for subsequent capillary electrophoresis analysis.

Then, 300 representative samples of S. moorcroftiana were amplified by PCR using
20 pairs of screened fluorescent marker SSR primers. The PCR products were genotyped
according to fragmentation length using high-performance capillary electrophoresis (Emil-

ion, China) [16]. A data matrix was created, recorded, saved using computer software, and
used for subsequent analysis.
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Table 1. Geographic information and climatic data of S. moorcroftiana samples in Qinghai-Tibet Plateau.

Population Name Population Code Longitude Latitude Altitude (m) ,l': i:;:iﬁ:;irzgg) Pi:?pl;‘:;tﬁ)v:lalg;)
Jiding Township, Sajia County, Shigatse SJ 87°38'13" 29°05'12" 4087 3.6 242
Chawu Township, Lazi County, Shigatse LZX 87°34'80" 29°06'56" 4010 39 251
Dongga Township, Xietongmeng County, Shigatse XTM 88°50/90" 29°21'26" 3855 4.1 269
Bazha Township, Bailang County, Shigatse BL 89°02/20" 29°09/40" 3845 43 274
Aima Township, Nanmulin County, Shigatse NML 89°06'43" 29°18/49" 3819 5.1 279
Qiewa Township, Renbu County, Shigatse RB 89°37/30" 29°20'30" 3782 5.8 282
Nimu Township, Nimu County, Lhasa NM 90°10'40" 29°19/27" 3738 5.9 344
Kazi Township, Linzhou County, Lhasa LZ 91°17'34" 29°41/22" 3709 6.7 374
Caina Township, Lhasa CN 91°06’52" 29°44'59" 3622 6.9 412
Jiazhulin Township, Gongga County, Shannan GG 90°54/12" 29°17'28" 3590 7.3 396
Rong Township, Sangri County, Shannan SR 91°52/28" 29°15/53" 3582 7.4 377
Jiacha Township, Jiacha County, Shannan ]JC 92°35/52" 29°08/39" 3251 7.7 364
Wolong Township, Nyingchi WL 93°15'35" 29°00'14" 3157 7.9 492
Jindong Township, Nyingchi JD 93°19'55" 29°01/43" 3048 8.6 567
Mirui Township, Nyingchi MR 94°31/00"” 29°27'40" 2931 8.8 591

Climate data from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences.
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2.3. Genetic Diversity Analysis

Genetic diversity parameters, including the average number of alleles (Na), effective
number of alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), Nei's
gene diversity coefficient (H), Shannon’s diversity index (I), inbreeding coefficient (Fjs),
gene flow (Nm), and genetic differentiation index (Fsr), were calculated by PopGen v3.2
software [17,18]. The percentage of polymorphic loci (PPL) was calculated using Power-
Marker v3.25 [18]. Based on the result of Nei’s genetic distance, the principal coordinate
analysis (PCoA) of 300 individuals was conducted with Gene Alex v6.5 software [19].
Redundancy analysis (RDA) between genetic parameters (Na, Ne, Ho, He, PPL, F, and I)
and environmental factors (annual average temperature, annual average precipitation,
latitude, longitude, and altitude) was performed using the Canoco 5 software [20]. Bayesian
clustering analysis of S. moorcroftiana population genetic structure was conducted using
Structure v2.3.4 software [18]. The program was run with the admixture model and in-
dependent allele frequency using a burn-in period of 1 x 10° and 1 x 10° Markov chain
Monte Carlo (MCMC) replications. Twenty independent runs were performed for each
K value ranging from 1 to 20. The most likely number of clusters was evaluated using
AK, and the log-likelihood value was evaluated with Structure Harvester v0.6.94 [21]. All
analyses were based on the SSR data.

2.4. Niche Modelling for Past Two Periods, the Present, and Four Future Periods

Climatic data were obtained from the world climatic database (Worldclim. http:
/ /www.worldclim.org (accessed on 24 March 2021)). Climatic factors from LGM and
MH were selected as the two past climatic data, and MIROC-ESM was chosen as the
general circulation model. In addition, climatic factors from 1960 to 1990 were selected
as the present climatic data, and climatic factors from 2030s, 2050s, 2070s, and 2090s
were selected as future climatic data. BCC-CSM2-MR, CNRM-CM6-1, and MIROC-ES2L,
which were developed by the World Climate Database, were selected as three general
atmospheric circulation models. The 19 climatic factors were derived from the following
four parameters: minimum monthly temperature, maximum monthly temperature, mean
monthly temperature, and monthly precipitation. When built in the maximum entropy
model, the multicollinearity of the environment variables can lead to excessive fitting model
and further influence the accuracy of the fitting results. Therefore, preprocessing the climate
data is necessary before building the maximum entropy model. ENMTools software was
used to calculate the Pearson correlation coefficient matrix among the 19 present bioclimatic
factors (territory in China) [22]. The threshold value of 0.80 was used to determine whether
the correlation was significant. MaxEnt v3.3.3 software was used for premodeling to
obtain the percentage contributions of each factor to the model and the analysis results of
Jackknife. Each factor with contribution rate greater than 2.00 was retained, and the filtered
bioclimatic factors were used for the final building niche model [23]. The element types
and the regularization multiplier were optimized using the “Kuenm” language package in
R language [24].

According to the four Representative Concentration Pathways (RCP) published in the
IPCC Fifth Assessment Report (IPCC5, 2015), RCP 4.5 climate scenarios were selected to
represent high CO, concentrations in the future according to the principles of representabil-
ity and priority. The original climatic data layers were extracted by DIVA-GIS software, and
the climatic data layers of 19 bioclimatic variables in the region (28°10'00"”-34°88'00" N,
77°39'45"-98°60'69" E) were obtained. The layers were transformed into the climatic data
layer in ASCII format by DIVA-GIS to construct the MaxEnt model. MaxEnt v3.3.3 software
was used to build the niche model for the past two periods and the present period and then
to project the three kinds of general circulation models (BCC-CSM2-MR, CNRM-CM6-1,
and MIROC-ES2L) and RCP 4.5 to the next four future periods (2030s, 2050s, 2070s, and
2090s). Finally, the prediction results were averaged.

The data information table of 60 distribution points in the csv format and the selected
bioclimatic factors were imported into MaxEnt v3.3.3 software. For the distribution point


http://www.worldclim.org
http://www.worldclim.org

Forests 2021, 12, 1106

6 of 15

data, 70% was randomly selected for model building, and the remaining 30% was used
as the test data. A 10-fold subsample was applied to generate multimodel means and
quantify uncertainties associated with subsample model variance over 10 replicate runs. A
10% omission threshold and 5000 bootstrap iterations were specified, and the remaining
parameters were set as default. The analysis results were generated in grd format in the
MaxEnt niche model and could be converted to a raster layer in DIVA-GIS [25]. In addition,
the threshold value of suitable area classification could be obtained from the results of
MaxEnt, and the suitable areas of S. moorcroftiana under the past, present, and future
periods were calculated by R language package and a series of mathematical formulas. The
MaxEnt prediction results were evaluated. The AUC value of the ROC curve represents
the accuracy of the prediction results, and the AUC value is the area of the ROC curve
and the X-axis. A large AUC indicates a good prediction result. The prediction result is
excellent when AUC ranges from 0.90 to 1.00, good when AUC ranges from 0.80 to 0.90,
general when AUC ranges from 0.70 to 0.80, poor when AUC ranges from 0.60 to 0.70,
and failed when AUC ranges from 0.50 to 0.60 [26]. Based on the present distribution of S.
moorcroftiana, the ROC curve of the MaxEnt model showed that the training AUC value
was 0.9736 £ 0.0037, and the test AUC value was 0.9821 £ 0.0113. The prediction result
of the MaxEnt model was excellent according to the AUC evaluation index. Hence, the
prediction result of the model was reliable.

3. Results
3.1. Genetic Diversity Analysis
3.1.1. Genetic Diversity Analysis of SSR Loci

A total of 96 Na were detected in 300 samples using 20 primer pairs (corresponding
to 20 loci, represented by Sm). The average allele number of each population was 4.803.
Twelve loci (Sm6, Sm8, Sm10, Sm11, Sm12, Sm14, Sm15, Sm16, Sm17, Sm18, Sm19, and
Sm20) were less than four alleles, and eight loci (Sm1, Sm2, Sm3, Sm4, Sm5, Sm7, Sm9,
and Sm13) were more than three alleles. Ne was 57.562. The Ne of a single locus ranged
from 1.003 (Sm8) to 8.122 (Sm2) with an average of 2.878. I ranged from 0.008 (Sm8) to
2.188 (Sm2) with an average of 0.994. Ho ranged from 0.000 (Sm18) to 1.000 (Sm1) with an
average of 0.568. He ranged from 0.003 (Sm8) to 0.860 (Sm2), and the average expected
heterozygosity was 0.489. The fixed index (F) ranged from —0.598 (Smé6) to 1.000 (Sm18),
and the average was —0.069. Only Sm4, Sm13, Sm17, Sm18, and Sm19 had positive values,
and the others had negative values, indicating the presence of more heterozygotes in the
S. moorcroftiana population (Table S4). The average polymorphic information content was
more significant than 0.5, implying abundant polymorphism. The genetic diversity of
Sm18 was the lowest, and those of Sm1, Sm2, Sm3, and Sm5 were relatively high. The
diversity index differed for each locus, indicating that the genetic diversity of varying loci
also varied.

3.1.2. Genetic Diversity of S. moorcroftiana Population

At the population level, 20 primer pairs revealed that polymorphic loci (PPL) ranged
from 80% (LZX) to 95.00% (NML and SJ). Na ranged from 3.70 (MR) to 5.50 (SJ) with an
average of 4.80. Ne ranged from 2.266 (MR) to 3.250 (RB) with an average of 2.878. I ranged
0.816 (MR) to 1.118 (S]) with an average of 0.994. Ho ranged from 0.516 (MR) to 0.648 (JC)
with an average of 0.568. He ranged from 0.437 (MR) to 0.539 (S]) with an average of 0.489.
Only one population, SJ, had a positive F with an average of —0.120 (Table 2).

3.1.3. Genetic Differentiation and Gene Flow among Populations of S. moorcroftiana

The genetic differentiation coefficient (Fst) among S. moorcroftiana natural populations
ranged from 0.017 to 0.179 with an average of 0.078. Genetic differentiation was the
largest between JD and XTM (Fst = 0.179) populations and the smallest between LZX and
NML (Fst = 0.017) populations (Table S5). Gene flow (Nm) varied from 0.181 to 4.303
with an average of 0.917, with the maximum (Nm = 4.303) found between LZX and NML
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populations and the minimum (Nm = 0.181) between JD and XTM populations (Table S6).
AMOVA for the S. moorcroftiana natural populations showed that 12% of genetic variation
existed between populations and 88% within individuals (Table S7). Consistent with the
genetic differentiation coefficient (Fst = 0.078), the degree of differentiation was small
between populations and large between individuals. In addition, the gene flow (Nm)
between populations was 0.917, indicating extensive gene exchange among populations
and genetic differentiation among individuals caused by the geographical environment.
Genetic parameters such as PPL, Na, Ne, Ho, He, F, and [ are indicators of population
genetic diversity. He is currently the most widely used parameter as it is less affected by
sample size and can represent population genetic diversity. RDA results (Figure 2) showed
that the angle between altitude, latitude, and He was obtuse angle, indicating a positive
correlation, and the attachment length to the origin of altitude was longer than the latitude.
Therefore, altitude was the key environmental variable to affect the genetic diversity of
S. moorcroftiana.

<
p—

Lo
l.a Ne

PPL

He Na

<

—
| t t t t

-1.0 1.0

Figure 2. Redundancy analysis (RDA) of genetic diversity parameters and environmental factors for

S. moorcroftiana. All abbreviations in the Figure 2 are defined as follows: altitude (A), latitude (La),

precipitation (P), longitude (Lo), temperature (T), average number of alleles (Na), effective number

of alleles (Ne) Shannon’s diversity index (I), observed heterozygosity (Ho), expected heterozygosity
(He), percentage of polymorphic loci (PPL), and fixed index (F).

Table 2. Genetic diversity statistics in 15 populations of S. moorcroftiana.

Pop N Na Ne 1 Ho He PPL (%) F
BL 20 4.65 2.808 0.986 0.563 0.491 85.00% —0.104
CN 20 4.05 2.485 0.868 0.543 0.445 90.00% —0.128
GG 20 5.45 3.240 1.116 0.639 0.534 90.00% —0.167
JC 20 4.50 2.727 0.967 0.648 0.497 90.00% —0.276
JD 20 4.45 2.606 0.944 0.523 0.477 85.00% —0.043
LZ 20 4.40 2.769 0.944 0.541 0.471 90.00% —0.107
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Pop N Na Ne I Ho He PPL (%) F
LZzX 20 5.35 3.196 1.062 0.573 0.500 80.00% —0.146
MR 20 3.70 2.266 0.816 0.516 0.437 90.00% —0.132
NM 20 4.50 2.702 0.907 0.551 0.448 90.00% —0.186
NML 20 4.90 2.719 0.969 0.560 0.469 95.00% —0.154
RB 20 5.55 3.250 1.095 0.585 0.512 90.00% —0.087
SJ 20 5.50 3.043 1.118 0.576 0.539 95.00% 0.003
SR 20 5.25 3.214 1.076 0.570 0.513 90.00% —0.074
WL 20 4.75 2.867 1.014 0.568 0.502 90.00% —0.100
XTM 20 5.05 3.279 1.024 0.566 0.493 90.00% —0.092
mean 20 4.80 2.878 0.994 0.568 0.489 89.33% —0.120

N, number of individuals; Na, average number of alleles; Ne, effective number of alleles; I, Shannon’s diversity index; Ho, observed
heterozygosity; He, expected heterozygosity; PPL, percentage of polymorphic loci; F, fixed index.

3.1.4. Genetic Distance and Clustering Analysis among Populations of S. moorcroftiana

The genetic distance among S. moorcroftiana populations ranged from 0.033 to 0.472
with an average of 0.191 (Table S8). The genetic consistency ranged from 0.624 to 0.967
with an average of 0.831 (Table S9). Among the populations, JD and XTM had the largest
genetic distance (0.472) and the lowest genetic consistency (0.624), and this finding was
consistent with the minimum gene flow (Nm = 0.181) between these two populations. By
contrast, LZX and NML populations had the smallest genetic distance (0.033) and the
highest genetic consistency (0.967), and these trends were consistent with the maximum
gene flow (Nm = 4.303) between these two populations.

PCoA results showed that the first, second, and third principal components accounted
for 27.12%, 15.31%, and 9.32% of the total variation, respectively. The first and second
principal components are shown in the PCoA chart (Figure 3). According to the principal
components based on the K-means [21], the left and right sides of the first principal
component were clustered into one category, and the upper and lower right sides were
clustered into two categories. A close chart indicated high genetic similarity. In addition,
the genetic similarity among populations was high, and genetic difference among groups
was obvious.

+BL
CN

A GG
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+«ID
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ALZX

o MR

o NM

= NML

A RB

e SJ
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XT™M
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Figure 3. Principal component analysis based on the SSR data of 300 S. moorcroftiana individuals.
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3.1.5. Bayesian-Inference-Based Genetic Structure Analysis

According to Delta K results, K = 2 is the most suitable number of taxa (Figure 4).
The cluster analysis graphs of the 15 populations were obtained under this value. Ten S.
moorcroftiana populations (CN, JC, LZX, NM, NML, RB, SR, WL, and XTM) were gathered
into a class (red), and the five remaining populations (BL, GG, JD, LZ, and SJ) were
grouped into another class (green). Except for SJ, each cluster was relatively pure, which
was consistent with PCoA results (Figure 3).

=

AK'=mean ([L"(K)]) / (L(K)) ~12,000f L(K) (mean+SD)
13,000

i EERSTILLIIN

—15,000 +

y

Ln prob of data

~17,000 |
-18,000 |

Mean of Est

—19,000

-20,000F

BL

CN GG IC D 1LZ 1ZX MR NM NML RB SJ SR WL XTM

Figure 4. Bayesian-model-based clustering STRUCTURE analysis of 300 individuals of S. moorcroftiana. (A) AK values for
different numbers of clusters (K); (B) mean log-likelihood (Ln(K) £ SD) against the number of K; (C,D) estimated population
structure of 300 S. moorcroftiana individuals on K = 2; (C) bar plot sorted by Q-value in a single line; (D) bar plot grouped by
population ID in multiple lines.

3.2. Niche Modelling and Analysis
3.2.1. Screening of Critical Environmental Variables

The following bioclimatic factors have an important contribution to S. moorcroftiana
distribution: precipitation of the wettest month (mm) (Bio 14), annual mean temperature
(°C) (Bio 01), precipitation of the coldest quarter (mm) (Bio 19), isothermality (Bio 03),
mean diurnal range (°C) (Bio 02), mean temperature of the coldest quarter (°C) (Bio 11),
mean temperature of the driest quarter (°C) (Bio 09), and mean temperature of the warmest
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quarter (°C) (Bio 10). After the results of Pearson correlation and the contribution rate of
bioclimatic factors, the following four critical environmental variables were selected (Table
S10): precipitation of the wettest month (mm) (Bio 14), annual mean temperature (°C) (Bio
01), isothermality (Bio 03), and mean temperature of the warmest quarter (°C) (Bio 10),
with contribution rates of 49.9%, 33.5%, 10.1%, and 6.5%, respectively. These environmental
variables were used for the final modeling and subsequent analysis.

3.2.2. MaxEnt Model Prediction

The element type was linear quadratic product hinge feature (LQPH), and the regular-
ization multiplier was 1.1. The threshold value of the classification of the species suitable
area was determined as 0.1431 using equal test sensitivity and specificity. Grading values
were as follows: unsuitable region (0.000-0.1431), lowly suitable region (0.1431-0.4287),
moderately suitable region (0.4287-0.7144), and highly suitable region (0.7144-1.000). For
the present period, receiver operating characteristic (ROC) curve analysis of the MaxEnt
model showed that the training area under the ROC curve (AUC) was 0.9736 £ 0.0037. The
test AUC value was 0.9821 + 0.0113 (Figure 5), indicating that the prediction result of the
MaxEnt model was reliable.

Average Sensitivity vs. 1 - Specificity for Sophora moorcroftiana Jackknife of AUC for Sophora moorcroftiana
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Figure 5. (A) ROC curve of MaxEnt model simulation results of all climate variables; (B) ROC curve of MaxEnt model
simulation results of the selected climate variables; (C) Jackknife test for evaluating the relative importance of all climate
variables on the distribution of S. moorcroftiana; (D) Jackknife test for evaluating the relative importance of the selected
climate variables on the distribution of S. moorcroftiana.

3.2.3. Distribution Trend of S. moorcroftiana during two Past Periods, the Present, and Four
Future Periods

The distribution of S. moorcroftiana (Figure 6) in two past periods, the present, and
four future periods was obtained using the MaxEnt model. In the past two periods, S.
moorcroftiana was mainly distributed in east of the QTP during LGM but gradually moved
from the eastern to western region during MH. In the present and four future periods, S.
moorcroftiana was primarily concentrated in the reaches of Yarlung Tsangpo River and east
of the QTP.
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®  Data distribution region
= Unsuitable region
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(d) 2090s-RCP-4.5
In the four future periods
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Figure 6. Suitable distribution area of S. moorcroftiana in China. (A) Suitable regional distribution and 60 data point
distributions of S. moorcroftiana in the present period; (B,C) suitable regional distribution of S. moorcroftiana in the past two
periods and four future periods by the RCP 4.5 pathway:.
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3.2.4. Prediction of the Potentially Suitable Areas of S. moorcroftiana in Four Future Periods

The potential suitable distribution areas were calculated using the MaxEnt model
(Table S11). At present, the total suitable area of S. moorcroftiana is 71.31 x 10* km?, the
highly suitable area is 3.42 x 10* km?, and the moderately suitable area is 12.96 x 10* km?.
According to the species distribution changes in the four future periods from 2030s to 2090s,
the total suitable area will increase to 74.17 x 10* km?2, 84.43 x 10* km?, 90.21 x 10* km?,
and 87.35 x 10* km2. The increase rate of the moderately (113.14%, 136.24%, 149.66%, and
154.59%) and highly (148.35%, 184.44%, 201.98%, and 207.30%) suitable areas is higher than
that of the total suitable area (104.01%, 118.39%, 126.50%, and 122.48%).

4. Discussion

Genetic parameters such as Ho, He, F, PPL, Na, Ne, and I are indicators of population
genetic diversity [11]. He and H are currently the most widely used parameters, and He
is less affected by sample size and can represent population genetic diversity [16]. He
of all populations of S. moorcroftiana in this study was generally not high (around 0.5),
with the He being the lowest for population MR and the highest for population SJ. MR
had the lowest altitude and SJ had the highest, thus indicating that altitude is a major
environmental factor affecting the population genetic diversity of S. moorcroftiana. This may
be because there are many mountains with different altitudes in the QTP, which makes the
microclimate environment different there, resulting in it becoming the main influencing
factor of the plateau plant distribution and gene exchange [27]. However, the result of
population genetic diversity of S. moorcroftiana in this study was not quite consistent with
a previous study [11], where the He ranged from 0.2956 to 0.3382 compared to 0.437 to
0.539 in this study. This may have been caused by the use of different molecular marker
techniques. In the previous study, population genetics was studied using high-throughput
genotyping by sequencing (GBS), while SSR markers were used in this study. In addition,
there were differences in the representative sample collection in the two studies, although
the results of the small range of population genetic diversity variation was consistent.

Fsr and Nm can describe the degree of differentiation among natural populations [16,19].
The greater the Fst among populations, the smaller the Nm and the greater the differences
among populations. N is one of the main reasons for the homogeneity of the population
genetic structure. Some scholars believe that when Nm >1, the gene exchange between
populations is extensive to resist the genetic differentiation of populations caused by genetic
drift [19]. However, the Nm among S. moorcroftiana populations was greater than 1.000
and less than 1.000, with an average of 0.917, which indicated the high and low frequency
gene flow among S. moorcroftiana populations. Moreover, the genetic differentiation among
individuals was greater due to geographical environment and other factors [6].

All populations in this study were divided into two groups by genetic structure
clustering, while the populations of S. moorcroftiana were clustered into five subgroups in
the previous study [11]. Overall, the two groups in this study did not conflict with the five
in the previous study. In fact, one of the groups in this study contained three subgroups
from the previous study, while another group contained two other subgroups from the
previous study. However, for the analysis of climatic factors affecting S. moorcroftiana, only
the wind direction was taken into account in the previous study, while five environmental
factors were used for comprehensive analysis in this study, which would be more conducive
for revealing the impact of the main climatic factors on S. moorcroftiana. The RDA results
showed that altitude, rather than other climatic factors, was the key environmental variable
affecting the present genetic diversity of S. moorcroftiana, that is, the present climate change
did not affect the genetic diversity. This may be due to the present distribution being too
narrow in the QTP.

In this study, the sampling sites of S. moorcroftiana were from east to west, from the
Nyingchi area to Shigatse, Tibet, with gradually increasing altitude. The genetic diversity
of Shigatse and Shannan were higher than Lhasa and Nyingchi, which is consistent with
previous reports [11]. S. moorcroftiana is a dry-tolerant species; therefore, the growth of
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S. moorcroftiana in Shigatse and Shannan area were better, and its genetic diversity was
higher than that in the other areas. In Lhasa and Nyingchi, although the temperature is
lower, the wet climate is conducive to the growth of S. moorcroftiana, which had lower
genetic diversity.

The results of distribution prediction in the past, present, and future periods showed
that the suitable area is increasing along with climate change and would continue to increase
in the future, especially under increasing temperature in the QTP, which is beneficial for
the conservation of S. moorcroftiana. According to the MaxEnt analysis, the temperature and
precipitation are the main environmental variables affecting the present distribution of S.
moorcroftiana in the Yarlung Tsangpo River, which is located in the south—central part of the
QTP [27]. The southwest monsoon in summer brings water vapor from the Indian Ocean
to the south part of the QTP via the Yarlung Tsangpo Grand Canyon and forms abundant
precipitation [28]. This may be the main reason the distribution area of S. moorcroftiana is
limited to the Yarlung Tsangpo River basin [29,30]. By contrast, water vapor is extremely
difficult to reach in the central and northern parts of the QTP due to the extremely high
altitude mountain barrier.

Increasing atmospheric CO; concentration in recent decades has led to global warming,
particularly in the QTP [1,8,30,31]. A previous study found that the expansion of Picea
purpurea in the QTP could be favorable under climate warming in the future [31]. Consistent
with P. purpurea, S. moorcroftiana distribution was found to have a similar changing pattern
in the four future periods in this study, that is, climate warming in the QTP will be
beneficial to the survival of S. moorcroftiana, and its moderately and highly suitable areas
will expand substantially.

Overall, given the genetic diversity of all populations of S. moorcroftiana in this study
was generally not high (around 0.5) and climate warming in the QTP will be beneficial
to the survival of S. moorcroftiana, we provide some suggestions about the conservation
and protection of the endemic S. moorcroftiana. Firstly, there should be tighter regulation to
reduce or avoid man-made damage and change to its original living environment. Then,
the seedling or small shrub should be raised, and appropriate tending measures should be
taken to improve its survival rate. In addition, as the wild resource is greatly destroyed,
artificial introduction and cultivation will have huge significance and influence. Moreover,
full use must be made of the S. moorcroftiana natural populations, where the results of this
study showed that 12% of genetic variation exists between populations and 88% within
individuals, to make genetic improvement. Besides, select germplasm resources that
are more adaptable to the environment and have better survival ability should be used
for breeding.

5. Conclusions

In this study, the genetic diversity of S. moorcroftiana was evaluated based on 300 rep-
resentative samples of 15 populations using 20 polymorphic SSR markers, and its potential
distribution was predicted according to 19 bioclimatic factors using MaxEnt modeling.
Results showed the population genetic diversity of S. moorcroftiana was generally not high
(around 0.5), and the range of variation was small (0.437-0.539). Moreover, altitude, rather
than other environmental factors, was the key environmental factor affecting the present
genetic diversity. However, the temperature in the QTP is increasing, and climate change
means the suitable area is increasing continuously and will continue to increase in the
future, which is beneficial for S. moorcroftiana. These results will provide a theoretical basis
for the development of germplasm conservation strategies for S. moorcroftiana and provide
a reference for other plant species in the QTP.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f12081106/s1, Table S1: Sixty geographic distribution points of S. moorcroftiana, Table S2:
Nineteen bioclimatic factors commonly used in the construction of niche models for S. moorcrof-
tiana, Table S3: Twenty pairs of SSR primers capable of amplifying stable polymorphic bands of S.
moorcroftiana, Table S4: Genetic diversity parameters of the 20 SSR markers in all tested individuals
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of S. moorcroftiana, Table S5: Pairwise population Fsr values among 15 natural populations of S.
moorcroftiana, Table S6: Pairwise population matrix of mean Nm values over loci among 15 natu-
ral populations of S. moorcroftiana, Table S7: Analysis of molecular variance (AMOVA) of natural
population of S. moorcroftiana, Table S8: Pairwise population matrix of Nei genetic distance among
15 natural populations of S. moorcroftiana, Table S9: Pairwise population matrix of Nei genetic identity
among 15 natural populations of S. moorcroftiana, Table S10: Bioclimical variables that contribute to
the distribution of the suitable area of S. moorcroftiana, Table S11: Suitable area for the present and the
four future periods of S. moorcroftiana.
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