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Abstract

Background
Phoebe zhennan, commonly known as “golden-thread nanmu,” is one of the most valuable and
protection tree species in China. An accurate understanding of the population genetic structure and its
environmental factors is of signi�cance for the protection and selection of new P. zhennan varieties.

Results
Sixteen nSSR and six cpSSR markers were used to determine the genetic diversity and population
structure of P. zhennan and the effect of environmental factors on the genetic structure. Low inbreeding
(F = 0.237) and high genetic diversity (I = 2.294, h = 0.412) were observed in P. zhennan populations. The
genetic differentiation was mainly detected within populations (only 28% and 13% of the variance being
between populations according to the nSSR and cpSSR datasets). Among them, the HNSZX (h = 0.469)
and SCSZZ (I = 1.943) populations exhibited the highest level of genetic diversity, while the HNXXT (h = 
0.041) and SCLJS (I = 0.943) populations exhibited the lowest level of genetic diversity. The average
genetic differentiation coe�cient (Fst) and gene �ow (Nm) were 0.022–0.128 and 1.698–11.373,
respectively, which indicated a moderate level of genetic differentiation and a high level of gene �ow.
STRUCTURE, neighbor-joining clustering, and principal coordinate analysis divided 543 individuals into
two or three categories based on the nSSR or cpSSR datasets. Four temperature, three precipitation, �ve
chemical, �ve physical, and one soil texture variable showed signi�cant effects on the genetic structure
and distribution of P. zhennan populations. Compared to nSSR, the genetic differentiation among
populations based on cpSSR datasets conformed to the geographic isolation model, suggesting that
geographic and genetic distances should be considered for further genetic conservation and breeding
utilization. The importance of in situ conservation units, such as populations with a high level of genetic
diversity, more private alleles, and haplotypes (e.g., population SCGTS, SCYFS, and YNYJX), should be
emphasized. Additionally, breeding, along with arti�cially assisted population regeneration and
restoration, should also be carefully planned, taking into account climate and soil properties at the same
time.

Conclusions
In conclusion, this study provided genetic background information for the genetic conservation,
management, and utilization of P. zhennan.

Introduction
Phoebe zhennan is unique and valuable tree species in China, which mainly distributed in subtropical
evergreen broad-leaved forests below 1500 m above sea level with warm and humid environment [1]. P.
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zhennan is naturally distributed in Sichuan, Guizhou, Chongqing, Yunnan, Hunan, and Hubei province,
China, of which Sichuan is the main distribution and production area [1, 2]. The P. zhennan is the main
source of “golden-thread nanmu” and its wood has very high economic valuable with the characteristics
of attractive visible golden thread pattern, unique fragrance, and high durability [2–4]. Due to these
qualities, P. zhennan has been utilized in the production of furniture, various high-class furnishing
materials, cosmetics, and health products before 221 BBC [2, 3]. During the pre-Qin period, the
distribution area of P. zhennan was mainly located at N28–35° and E103–121°, whereas the current
distribution area has moved southward by more than 1° latitude based on the coldness of China’s
historical climate and the southward movement of the subtropical north boundary. Due to the change of
climate, indiscriminate deforestation, pilferage, and war damage, especially during the Ming and Qing
Dynasties, the distribution range of P. zhennan natural population decreased sharply. As a result of
habitat loss and logging, serious population isolation, and obvious habitat fragmentation, P. zhennan
current sporadic distributed in Sichuan basin and its surroundings [5, 6]. Although some ancient trees
(more than 100 years old) are preserved at scenic spots, temples, and villages, however, these trees are
often poorly maintained. Therefore, P. zhennan has been listed as endangered in the Chinese Plant Red
Book because the drastically decreased of population [6]. Although there is an increased of the area of
arti�cial cultivation due to its immense ecological and economic value, scant information is available on
the population genetic structure. Thus, it is necessary to assess the genetic diversity, population
structure, and the variation under environmental change scenarios. This information of genetic
background will contribute to the development of protection strategy, breeding program, and genetic
resource conservation.

The protection of the evolutionary potential of plant species, i.e., the ability to evolve and adapt to new
environments, is changing, and understanding the amount and distribution of genetic variation will be
key in developing conservation and utilization strategies. Genetic diversity is a key component of
biodiversity and plays important role in determination the plant origins, adaptability, and suitable
distribution areas [7]. Analyzing genetic diversity and variation is the key to effectively and continuously
protect and utilize plant genetic resources [8]. Genetic diversity can be evaluated using various
approaches, including phenotypic characteristics, physicochemical indictors, as well as molecular
markers [9]. Of which, molecular markers serve as a robust and dependable approach for conducting
genetic analyses, enabling researchers to identify and examine genetic diversity directly at the DNA level
[10]. By using these markers, scientists can accurately pinpoint differences in genetic sequences, which
is essential for understanding the complexities of genetics. This method of molecular marker not only
enhances the precision of genetic studies but also contributes signi�cantly to the �eld of genomics by
offering insights into genetic diversity. Of these, simple sequence repeat (SSR) markers with the
characteristics of excellent repeatability, high polymorphism, and robust stability, are widely used in
population genetic diversity analysis, breeding research, and kinship identi�cation in plants, e.g., P.
sheareri [11], Ginkgo biloba [12], Juglans mandshrica [13], Vicia amoena [14], and Pandanus odorifer [15].
Moreover, the SSR loci found in chloroplast DNA (cpSSR) offer bene�ts such as high conserved
genomes, maternal transmission, and a degree of independent evolutionary progression. Proven to be
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effective in examining genetic diversity, phylogeny, and evolution, cpSSR has emerged as a valuable and
essential tool for plant species assessment [10, 16–18]. Currently, signi�cant advancements have been
achieved in research on the genetic diversity and population structure analysis, as well as in the
classi�cation of populations and their biogeographic distribution within the plant species through cpSSR
markers, such as Paeonia suffruticosa [10], Physalis angulate [19], and Cupressaceae species
(Platycladus orientalis, Sabina chinensis, Juniperus formosana, and Cupressus torulosa) [20].
Consequently, the combination of nSSR and cpSSR markers is preferred, given that nSSRs provide
excellent genome coverage and exhibit signi�cantly polymorphic patterns both within and between plant
species [15, 21]. And, cpSSR markers exhibit more sequence variation compared to coding regions, and
are distinguished by a slow evolutionary rate and a nearly absent recombination rate [20, 22].

As P. zhennan is considered vulnerable, it requires conservation. An previous investigation into genetic
diversity, which utilized ampli�ed fragment length polymorphisms (AFLPs) in P. zhennan (92 resources),
revealed a low level of genetic diversity and notable divergence [23]. In contrast, high level of genetic
diversity along with a moderate degree of genetic differentiation were detected within the P. zhennan
breeding population (102 resources) in our previous study through SSR and phenotypic markers [1]. The
results of restriction site-associated DNA sequencing (RAD-seq) indicated ring diversi�cation of P.
zhennan populations (72 individuals in 12 populations) with the barrier of Sichuan basin to gene �ow [3].
However, the sample sizes of the populations and sample types limit the acquisition of comprehensive
genetic information, and it remains uncertain if historical climate variations signi�cantly in�uenced the
genetic diversity. Therefore, much genetic information about natural P. zhennan populations has yet to be
revealed. A better understanding of its population genetics is necessary to guide appropriate protective
actions, sustainable management, and resource utilization. This study used nSSR and cpSSR markers to
analyze the population genetic structure and genetic differentiation in 27 P. zhennan populations (543
individuals) across their entire distribution area and to speculate on the potential driving factors of the
population structure. The purposes of this research are: (1) to determine the level of genetic diversity
and population structure of P. zhennan; and (2) to identify the environmental factors that affect
population structure.

Materials and methods

Plant materials and DNA isolation
Leaves were gathered from 27 distinct natural populations that span the distribution range of P. zhennan
throughout China (Fig. 1, Table S1). Among these, the populations from Sichuan Province are the core
distribution area, while those from Chongqing, Yunnan, and Guizhou, constitute the northwest regional
distribution area. The populations of Hubei and Hunan Provinces constitute the southeastern regional
distribution area. The distance between each population was at least 1.0 km, and the number of sampled
individuals in each population ranged from 4 to 30, totaling 543 individuals. The 543 individuals were
collected in the �eld. DNA was extracted from frozen leaves using a modi�ed CTAB method, and the
DNA quality and concentration was determined through electrophoresis on 0.8% agarose gel and with a
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NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scienti�c, Wilmington, DE, USA). DNA sample
concentration was normalized for all samples.

nSSR and cpSSR genotyping
Sixteen nSSR and six cpSSR �uorescent-labeled primers were used to label and detect polymorphisms
(Table S2) [1]. For PCR ampli�cation, a 15-µL reaction mixture was prepared containing 2.4 µL of DNA
(100 ng/µL), 0.3 µL of primers, 4.5 µL of ddH2O, and 7.5 µL of PCR mix (Takara, Dalian, China), was

prepared. PCR was performed using a BIO-RAD T100 thermal cycler (Hercules, CA, USA) according to the
procedure described by Zhu et al. (2022). PCR product separation was performed using an ABI 3500
DNA capillary electrophoresis analyzer from Applied Biosystems (Foster, CA, USA).

Genetic analysis
For cpSSR markers, GeneAlEx software was used to calculate the genetic diversity parameters: the
number of alleles (Na), effective number of alleles (Ne), and Shannon’s information index (I) [24]. The
polymorphism information content (PIC) was calculated by PowerMarker ver. 3.25 [25]. The number of
haplotypes (A), number of private haplotypes (P), effective number of haplotypes (Neh), haplotypic

richness (Rh), genetic diversity (H), mean genetic distance between individuals (D2
sh), diversity due to

differentiation (Dst), and interpopulation differentiation coe�cient (Fst) were calculated by Haplotype
Analysis ver. 1.05 [26]. The haplotype network was determined by Network 10 with the median-joining
method. For nSSR markers, GenAlEx ver. 6.501 software was used to calculate the genetic diversity
parameters: Na, Ne, I, observed heterozygosity (Ho), expected heterozygosity (He), and �xation index (F),
and the PIC was calculated using Cervus version 3.0.7 [27].

Analysis of molecular variance (AMOVA) was used to estimate the distribution of genetic variation
between and within populations. The F-statistics, including the population-level inbreeding coe�cient
(Fis), total population inbreeding coe�cient (Fit), and Fst, and gene �ow (Nm), were estimated to
determine the actual proportion of genotypes in the population using GenAlEx ver. 6.501.

Population structure
First, the nSSR and cpSSR data were converted into the STRUCTURE data format by the CONVERT 1.31
program [28]. Then, the population genetic structure was determined using the model-based program in
STRUCTURE 2.3.4 software with a Bayesian approach [29]. The most likely number of populations (K)
was identi�ed as 1–10, and 10 interactions were performed for each K value. The length of the burn-in
Markov chain Monte Carlo (MCMC) replications was set to 100,000, with 100,000 MCMC replications in
each run. The optimal K capturing the major structure was determined using Structure Harvester [30],
and the results were plotted using CLUMPP [31] and DISTRUCT [32].

Analysis of potential environmental variables’ effect on
genetic structure
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Standard 19 bioclimatic variables were obtained from the WorldClim website
(https://www.worldclim.org/) for the period from 1970 to 2000 at a spatial resolution of 30 s under the
representative concentration pathway (RCP) 4.5 scenario. The soil datasets were provided by the
National Cryosphere Desert Data Center. (http://www.ncdc.ac.cn). The variance in�ation factor (VIF) was
used to remove environmental and soil factors with correlation coe�cients > 0.8 using the R package
“usdm.” The following environmental factors were retained as predictors: mean diurnal range (bio2),
temperature seasonality (bio4), maximum temperature of the warmest month (bio5), minimum
temperature of the coldest month (bio6), precipitation during the wettest month (bio13), precipitation
during the driest month (bio14), precipitation during the wettest quarter (bio16), precipitation during the
warmest quarter (bio18), and precipitation during the coldest quarter (bio19). The following soil
properties were retained as predictors: topsoil gravel content (T_GRAVEL), topsoil sand fraction
(T_SAND), topsoil silt fraction (T_SILT), topsoil clay fraction (T_CLAY), topsoil organic carbon (T_OC),
topsoil pH (H2O) (T_PH_H2O), topsoil CEC (clay) (T_CEC_CLAY), topsoil CEC (soil) (T_CEC_SOIL), topsoil
sodicity (ESP) (T_ESP), subsoil gravel content (S_GRAVEL), subsoil USDA texture (S_USDA_TEX), subsoil
organic carbon (S_OC), and subsoil CEC soil (S_CEC_SOIL). The contribution of environmental and soil
variables to the genetic structure of the population was determined by redundancy analysis (RDA).

Results

Characterization of cpSSR and nSSR markers
The number of alleles (Na) of cpSSR locus ranged from 2 to 5, with an average of 1.8 (Table 1). The
effective number of alleles (Ne) varied from 1.538 (cpSSR4) to 2.002 (cpSSR10), with an average of
1.716. The average value of shannon’s information index (I) and genetic diversity (H), which re�ecting the
level of genetic diversity, were 0.671 and 0.412, respectively. Of which, cpSSR2 had the highest I value
(0.903), cpSSR10 had the highest H value (0.500), while the lowest values of I and H were recorded at
0.567 for cpSSR12 and 0.350 for cpSSR4 and cpSSR18. The average value of PIC was 0.344, which
varied from 0.296 to 0.427. A total of 451 Na was detected by 16 pairs of nSSR markers (Table 2). The
Na and Ne ranged from 13 to 55 and 2.481 to 23.823 with the average value of 28.188 and 8.540,
respectively. The observed heterozygosity (Ho) and expected heterozygosity (He) were 0.624 (0.369–
0.861) and 0.821 (0.597–0.958), respectively. I averaged 2.294, with a minimum at SSR17 (1.379) and a
maximum at SSR16 (3.471). The average F value was 0.237, with a minimum at site SSR3 (− 0.090) and
a maximum at SSR2 (0.573). In addition, the 16 nSSR locus showed high informative scores with an
average value of 0.803 (0.577–0.957 > 0.500).
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Table 1
Characteristics of six cpSSR markers based on genotyping results of natural Phoebe zhennan

populations
cpSSR marker Na Ne I H PIC

cpSSR2 5 1.845 0.903 0.458 0.427

cpSSR4 5 1.538 0.587 0.350 0.296

cpSSR7 2 1.764 0.625 0.433 0.339

cpSSR10 3 2.002 0.715 0.500 0.380

cpSSR12 2 1.610 0.567 0.379 0.307

cpSSR18 3 1.539 0.631 0.350 0.314

Mean 3 1.716 0.671 0.412 0.344

Note: Na: Number of different alleles; Ne: Number of effective alleles; I: Shannon’s information index;
H: Genetic diversity; PIC: Polymorphism information content. The same below.
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Table 2
Characteristics of nSSR markers based on genotyping results from natural Phoebe zhennan

populations
nSSR marker Na Ne I Ho He F PIC

MN-g3 49 17.899 3.213 0.798 0.944 0.155 0.942

MN-g5 39 10.533 2.782 0.388 0.905 0.571 0.899

MN-g18 21 11.689 2.633 0.861 0.914 0.059 0.909

MN-g30 54 13.954 3.141 0.808 0.928 0.129 0.925

CL20730Contig1 21 3.915 1.722 0.483 0.745 0.351 0.708

Unigene29601 13 4.104 1.755 0.449 0.756 0.407 0.729

MN-e96 16 2.481 1.389 0.444 0.597 0.257 0.577

CL4747Contig1 18 3.986 1.858 0.559 0.749 0.254 0.722

SSR17 14 2.837 1.379 0.595 0.648 0.080 0.607

SSR2 20 7.355 2.269 0.369 0.864 0.573 0.851

SSR3 25 3.960 1.759 0.815 0.748 −0.090 0.714

SSR1 20 6.161 2.156 0.579 0.838 0.309 0.822

SSR19 26 3.749 1.851 0.612 0.733 0.165 0.701

SSR20 40 10.616 2.813 0.566 0.906 0.376 0.900

SSR21 20 9.578 2.512 0.820 0.896 0.084 0.888

SSR16 55 23.823 3.471 0.846 0.958 0.117 0.957

Mean 28.188 8.540 2.294 0.624 0.821 0.237 0.803

Note: Ho: Observed heterozygosity; He: Expected heterozygosity; F: Fixation index. The same below.

Genetic diversity parameters among populations
The Na and Ne of cpSSR in 27 populations varied from 1.167 to 2.667 and 1.054 to 1.974 (Table 3, Table
S3). The highest level of diversity exhibited in YNYJX (I = 0.729, H = 0.456) and HNSZX (I = 0.722, H = 
0.469). The Na and Ne of nSSR in 27 populations varied from 3.438 (GZCSS) to 10.688 (SCSZZ) and
from 2.399 (SCLJS) to 6.377 (SCSZZ), respectively (Table 4, Table S4). The minimum and maximum Ho
of 0.532 and 0.744 were obtained for SCLYS and GZCSS populations, respectively. The lowest and
highest He were obtained for populations SCXFS (0.490) and SCSZZ (0.802), respectively. The F value
was greater than 0, except in four populations (CQWGS, SCLJS, GZCSS, and HNXXT), indicating that
there was a loss of heterozygosity in these populations. In contrast to the cpSSR results, the highest
level of genetic diversity exhibited in SCSZZ with the highest I value of 1.943.
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Table 3
Characteristics of cpSSR markers in populations

Populations N Na Ne I H

SCXFS 22 2.000 1.503 0.458 0.291

SCGTS 21 2.000 1.570 0.453 0.283

SCLYS 22 1.833 1.272 0.315 0.187

SCPZS 26 2.000 1.614 0.482 0.314

SCJFS 21 2.000 1.721 0.521 0.339

SCYFS 24 2.167 1.583 0.505 0.311

CQWGS 22 2.167 1.640 0.535 0.340

CQYCQ 22 2.167 1.340 0.383 0.223

SCBZL 22 1.833 1.517 0.436 0.284

SCJJL 25 1.667 1.282 0.289 0.183

SCLJS 4 1.167 1.167 0.116 0.083

SCSSS 17 2.000 1.668 0.520 0.344

SCXYX 15 1.333 1.299 0.221 0.157

GZTZX 14 1.167 1.142 0.109 0.077

GZCSS 10 1.333 1.073 0.108 0.060

SCSZZ 16 2.333 1.775 0.644 0.413

YNYJX 20 2.667 1.897 0.729 0.456

HNSZX 7 2.333 1.974 0.722 0.469

HNHYZ 18 2.333 1.632 0.546 0.341

HNYLX 12 2.333 1.547 0.526 0.317

HNJDX 11 2.000 1.464 0.450 0.281

HNYSX 11 1.500 1.210 0.211 0.132

HNXXT 7 1.167 1.054 0.068 0.041

HNAHX 7 1.333 1.108 0.137 0.082

HBLFX 20 1.667 1.383 0.329 0.216

GZQDN 6 1.333 1.128 0.150 0.093

GZSNX 7 1.667 1.497 0.373 0.245
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Table 4
Characteristics of nSSR markers in populations

Populations Na Ne I Ho He F

SCXFS 5.813 2.604 1.015 0.593 0.490 0.026

SCGTS 8.313 4.193 1.443 0.558 0.619 0.172

SCLYS 5.625 3.298 1.192 0.532 0.598 0.194

SCPZS 6.125 3.090 1.234 0.613 0.616 0.006

SCJFS 6.375 2.999 1.284 0.549 0.638 0.164

SCYFS 10.125 4.991 1.656 0.676 0.698 0.031

CQWGS 9.063 4.431 1.578 0.716 0.693 -0.049

CQYCQ 9.688 5.457 1.788 0.640 0.760 0.144

SCBZL 8.750 3.973 1.571 0.561 0.707 0.196

SCJJL 10.625 5.063 1.832 0.651 0.767 0.144

SCLJS 3.188 2.399 0.943 0.692 0.547 -0.189

SCSSS 9.750 5.532 1.802 0.661 0.762 0.136

SCXYX 6.750 4.452 1.507 0.601 0.697 0.137

GZTZX 5.188 2.858 1.197 0.605 0.608 0.011

GZCSS 3.438 2.686 1.022 0.744 0.588 -0.250

SCSZZ 10.688 6.377 1.943 0.650 0.802 0.190

YNYJX 8.688 3.994 1.574 0.569 0.711 0.191

HNSZX 4.625 3.332 1.276 0.632 0.659 0.040

HNHYZ 10.188 5.048 1.828 0.648 0.774 0.154

HNYLX 5.000 3.350 1.287 0.656 0.661 0.023

HNJDX 5.938 3.707 1.367 0.630 0.650 0.029

HNYSX 7.438 5.306 1.686 0.707 0.751 0.061

HNXXT 4.375 3.429 1.150 0.607 0.574 -0.092

HNAHX 5.188 3.822 1.371 0.606 0.679 0.100

HBLFX 6.500 3.413 1.329 0.642 0.648 0.014

GZQDN 4.000 3.165 1.149 0.617 0.608 0.003

GZSNX 5.375 4.086 1.452 0.708 0.710 0.015
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Chloroplast DNA haplotype variation
Seventy-eight haplotypes (2–15 haplotypes per population) were detected in 27 population, while 35
private haplotypes inhibited across populations (Table 5). Among the studied populations, the YNYJX
population had the most private haplotypes. Neh and Rh ranged from 1.324 to 14.222 and 0.571 to 2.950,

respectively, with averages of 6.023 and 2.076, respectively. The H value varied from 0.286 (HNXXT) to
0.992 (SCSZZ), and D2

sh exhibited more variability, ranging from 4.762 (HNXXT) to 284.127 (HNSZX),
with a mean value of 86.387. The majority of haplotypes were identi�ed in a single individual, leading to a
more uniform distribution across the populations (Fig. 2). Especially, there were six haplotypes (haplo-52,
haplo-64, haplo-67, haplo-68, haplo-69, and haplo-70) shared by more than 20 individuals, and 32
haplotypes were present in a single individual. There were 32 haplotypes contained in only one sample
and 13 haplotypes contained in two samples (Fig. 2, 3). Haplo-64 was found in the most samples, with
51 samples from 14 populations, ranging from 1 (SCJFS, SCBZL, SCJJL, and HNHYZ) to 9 samples
(GZTZX). Haplo-67 ranked second, with 42 samples from 11 populations, ranging from 1 (SCPZS and
CQWGS) to 9 (SCJJL).
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Table 5
Haplotype diversity in 27 natural Phoebe zhennan populations based on six cpSSR markers

Population A P Neh Rh D2
sh

SCXFS 13 2 6.914 2.463 85.786

SCGTS 11 1 8.647 2.589 101.206

SCLYS 8 0 3.408 1.828 63.276

SCPZS 14 0 9.941 2.632 118.205

SCJFS 14 0 10.756 2.726 137.778

SCYFS 14 2 9.000 2.603 110.326

CQWGS 14 3 9.308 2.638 153.535

CQYCQ 8 0 4.321 2.042 62.987

SCBZL 14 0 6.050 2.383 116.378

SCJJL 7 0 4.085 1.921 54.111

SCLJS 2 0 2.000 1.000 11.111

SCSSS 13 1 10.704 2.785 106.618

SCXYX 4 0 3.571 1.806 24.762

GZTZX 2 0 1.849 0.869 8.242

GZCSS 3 0 1.515 0.800 18.148

SCSZZ 15 7 14.222 2.950 136.410

YNYJX 15 8 10.526 2.733 238.947

HNSZX 6 5 5.444 2.714 284.127

HNHYZ 12 3 9.000 2.662 127.233

HNYLX 10 1 9.000 2.818 113.131

HNJDX 8 1 5.261 2.439 77.576

HNYSX 4 0 2.574 1.500 21.818

HNXXT 2 0 1.324 0.571 4.762

HNAHX 3 0 1.815 1.143 11.111

Note: A: Number of haplotypes; P: Number of private haplotypes; Neh: Effective number of
haplotypes; Rh: Haplotypic richness; D2

sh: Mean genetic distance between individuals.
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Population A P Neh Rh D2
sh

HBLFX 7 1 4.545 2.064 54.386

GZQDN 2 0 1.385 0.667 22.222

GZSNX 6 0 5.444 2.714 68.254

Note: A: Number of haplotypes; P: Number of private haplotypes; Neh: Effective number of
haplotypes; Rh: Haplotypic richness; D2

sh: Mean genetic distance between individuals.

Private alleles
To examine the genetic variation among populations, we detected locally common alleles (frequency ≥ 
5%) in 25% or fewer of the populations, locally common alleles (frequency ≥ 5%) in 50% or fewer of the
populations, and private alleles which identi�ed in just one population (Fig. 4). The results showed that
most locally common alleles (frequency ≥ 5%) were presented in 25% or fewer populations. A total of 77
private alleles were detected in 15 nSSR loci (Table S7). Nine populations, of which six populations were
from Sichuan (including SCXFS, SCGTS, and SCLYS), two populations were from Chongqing (CQWGS and
CQYCQ), and one population was from Hunan Province (HNYLX), contained private alleles. The SCYFS
population contained the most private alleles (1.063), followed by CQYCQ (0.813), SCJFS (0.688), and
SCPZS (0.688).

Genetic differentiation of P. zhennan natural populations

Based on the cpSSR data, the 28% of genetic variation existed among the populations, while 72% of the
genetic variation was detected within populations, indicating that the genetic variation mainly occurred
among individuals within the population in P. zhennan populations (Table 6). A similar result was
obtained from the nSSR data. Genetic differentiation mainly took place among individuals within the
population, and only 13% of the genetic variation occurred among populations. Interpopulation
differentiation coe�cient (Fst) analysis showed that 12.8% (nSSR) and 2.2% (cpSSR) of genetic variation
occurred among populations. The inbreeding coe�cient was predicted to be moderate (Fis = 0.230).
Diversity due to differentiation was also predicted to be moderate (Dst = 0.217). The gene �ow (Nm)
derived from the nSSR and cpSSR data was 1.698 and 11.373, respectively, suggesting relatively high
gene �ow among P. zhennan populations.
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Table 6
Analysis of molecular variance (AMOVA) within and among populations

  Source of
variation

df SS MS Variance
component

Percentage of
variance (%)

cpSSR Among
populations

26 22840.061 878.464 47.833 28

  Within
populations

402 49661.626 123.536 123.536 72

  Total 428 72501.688   171.370 100

  Fst 0.022        

  Dst 0.217        

  Nm 11.373        

nSSR Among
populations

26 1089.683 41.911 0.870 13

  Among
individuals
within
populations

516 3748.195 7.264 1.358 20

  Within
individuals

543 2470.000 4.549 4.549 67

  Total 1085 7307.878   6.776 100

  Fst 0.128        

  Fis 0.230        

  Fit 0.329        

  Nm 1.698        

Note: df: Degrees of freedom; SS: Sum of squares; MS: Mean square; Dst: Diversity due to
differentiation; Fst: Interpopulation differentiation coe�cient; Fis: Inbreeding coe�cient at the
population level; Fit: Inbreeding coe�cient of total populations; Nm: Gene �ow.

Genetic relationship among populations
Principal coordinate analysis (PCoA) revealed obvious genetic variation among P. zhennan populations
(Fig. 5A, C). Similar to PCoA, the Nei’s genetic distance between 27 populations ranged from 0.005
(SCBZL and YNYJX) to 0.828 (SCLJS and GZTZX) and from 0.003 (HNXXT and HNAHX) to 0.971 (SCJFS
and HNXXT) based on nSSR and cpSSR markers, respectively (Tables S5 and S6). Based on UPGMA
analysis, all populations were separated to two or three categories base on the Nei’s genetic distance
using nSSRs and cpSSRs (Fig. 5B, D). For UPGMA clustering of nSSRs, the �rst major category included
19 populations (including SCJJL, HNHYZ, CQWGS, YNYJX, HBLFX, and GZSNX) from six provinces. The
second category comprised six populations (SCXFS, SCGTS, SCJFS, SCYFS, SCLYS, and SCPZS), which
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were all from Sichuan Province. SCLJS and HNYLX were in the third category, although there was a long
geographical distance between them. For the UPGMA cluster of cpSSR, the members of the �rst
category from 15 populations in similar regions, such as SCXFS, CQWGS, and GZTZX, were distributed in
three regions adjacent to Sichuan, Chongqing, and Guizhou Provinces. The second category mainly
contained populations from Hunan Province, including HNHYZ, HNSZX, and HNJDX. There was one
population each from Yunnan (YNYJX), Sichuan (SCSZZ), and Hubei Provinces (HBLFX), and two
populations were from Guizhou Province (GZQDZ and GZSNX).

Mantel test between genetic distance and geographic
distance
There was no correlation between genetic distance and geographic distance in P. zhennan populations
based on nSSR data (r = 0.03, P = 0.290) (Fig. 6). The genetic distance of neither the northwest (core
distribution populations) nor southeastern regional populations was signi�cantly correlated with
geographic distance (Fig. S1). In contrast, a signi�cant correlation was detected between genetic
distance and geographic distance based on cpSSR data (r = 0.477, P = 0.010) (Fig. 6). Additionally, the
Mantel test indicated a signi�cant positive correlation between genetic distance and geographic
distance (r = 0.434, P = 0.010) within the core distribution populations (northwest regional), whereas no
such correlation (r = 0.022, P = 0.730) was determined among the populations of southeastern regional
(Fig. S2).

Genetic structure among populations
The neighbor-joining (NJ) trees for P. zhennan individuals were constructed based on nSSR and cpSSR
datasets, and three and two clusters were identi�ed (Fig. 7A, B). For the nSSR analysis, cluster 1 (red)
mainly included individuals mainly from SCSSS, SCGTS, SCJFS, SCYFS, SCXFS, SCPZS, SCLYS, CQYCQ,
and CQWGS populations. Cluster 2 (yellow) mainly included individuals from HBLFX, HNYLX, HNHYZ,
HNSZX, HNJDX, HNYSX, GZQDN, and GZSNX populations. Individuals from SCBZL, CQWGS, HNHYZ,
HNJJL, HBLFX, GZCCS, HNAHX, SCXYX, GZTZX, YNYJX, SCSZZ, HNYSX, and HNXXT populations formed
the third cluster (green) (Fig. 7A). For cpSSR analysis, the individuals in cluster 1 (green) was mainly
came from Sichuan (nine populations, including SCXFS, SCGTS, and SCJFS), Chongqing (CQWGS and
CQYCQ), Guizhou (GZTZX and GZCSS), and Hunan Provinces (HNSZX). Individuals forming the second
cluster (red) were from populations from Hunan (six populations, including HNHYZ, HNYLX, and HNJDX),
Sichuan (six populations, including SCLYS, SCYFS, and SCLJS), Guizhou (GZQDN and GZSNX), Hubei
(HBLFX), and Yunnan Provinces (YNYJX) (Fig. 7B).

Similar to the results of NJ cluster analysis, the delta K value of STRUCTURE analysis reached a
maximum when K = 3 and K = 2 for nSSR and cpSSR datasets, respectively (Fig. S3). The 27 P. zhennan
populations could then be clustered to three groups based on the Bayesian clustering model for the
nSSR dataset. The �rst group (red) mainly comprised individuals from SCXFS, SCLYS, SCPZS, SCYFS,
and CQWGS populations. The second group (green) mainly included individuals from SCGTS, CQYCQ,
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SCBZL, SCYXY, YNYJX, HNSZX, and HNXXT populations. The third group (blue) was mainly composed of
individuals from SCJJL, SCLJS, SCSSS, GZTZX, GZCSS, SCSZZ, HNHYZ, HNYLX, HNJDX, HNYSX,
HNAHX, HBLFX, GZQDN, and GZSNX populations (Fig. 7C). The P. zhennan populations could be
clustered to two groups based on the cpSSR datasets. The individuals in �rst group (red) mainly came
from GZSNX, GZQDN, HBLFX, HNAHX, HNXXT, HNYSX, HNJDX, HNYLX, HNHYZ, HNSZX, HNSZX, YNYJX,
and SCSZZ, and the individuals in second group (green) was mainly came from Sichuan (including
SCXFS, SCGTS, and SCLYS), Chongqing (CQWGS and CQYCQ), and Guizhou Provinces (GZTZX and
GZCSS) (Fig. 7D).

The in�uences of potential environmental variables on
genetic structure
RDA was conducted to determine the in�uence of potential environmental factors on the genetic
diversity of P. zhennan populations. The percentage variances in the connection between environmental
factors and genetic parameters based on the nSSR datasets were 20.80 and 17.64% in RDA1 and RDA2,
respectively (Fig. 8A). Based on cpSSR datasets, the percentage variances in the connection between
environmental factors and genetic parameters were 56.19 and 17.57% in RDA1 and RDA2, respectively
(Fig. 8B). In RDA1 and RDA2, the percentage variances in the connection between genetic parameters
and soil variables were 19.20% and 18.14%, respectively, based on nSSR datasets (Fig. 8C) and 46.72
and 17.24%, respectively, based on cpSSR datasets (Fig. 8D). Consistent with the results of STRUCTURE
and cluster analysis, the results of RDA indicated that these soil variables and environmental factors also
signi�cantly divided 27 populations into two and three groups of nSSR and cpSSR datasets. The
contribution of each environmental factor and soil variable varied among the P. zhennan populations
both of which are based on the nSSR and/or cpSSR datasets. Three environmental factors (two
temperature factors: bio2 and bio5, and one precipitation factor: bio13) and four environmental factors
(two temperature factorss: bio4 and bio6, and two precipitation factors: bio14 and bio18) were
signi�cantly correlated with the genetic structure according to the nSSR and cpSSR datasets (Table S8).
For nSSR and cpSSR datasets, �ve (two chemical properties: topsoil CEC clay and subsoil CEC soil; two
physical properties: topsoil sodicity and subsoil gravel content; and one soil texture: subsoil USDA
texture) and nine soil variables (four chemical properties: topsoil organic carbon, topsoil CEC clay,
topsoil CEC soil, and subsoil organic carbon; four physical properties: topsoil sand fraction, topsoil silt
fraction, subsoil gravel content, and topsoil clay; and one soil texture: subsoil USDA texture), respectively,
were signi�cantly correlated with genetic structure (Table S9).

Discussion
The long-term evolution of species leads to genetic diversity, which is crucial for the survival and
evolution of population [33, 34]. And, the assessment of genetic diversity is the key point for biodiversity
conservation and breeding utilization of tree plants [34, 35]. In present study, the sixteen nSSR and six
cpSSR markers were used to evaluate the genetic diversity and population structure of Phoebe zhennan
populations. Although the previously study based on AFLP markers and RAD-seq reported a low genetic
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diversity in P. zhennan germplasm resources and low-level genomic diversity within populations [3, 23].
Our previous study indicated a high genetic diversity level in P. zhennan breeding populations (102
germplasm resources) using SSR and phenotypic makers [1]. Similar to our previous study on the P.
zhennan breeding population, the high genetic diversity level was also determined in the present study
for 27 P. zhennan populations. This could be related to the different genetic markers, population sizes,
and plant samples. Whatever, the distribution of species, population size, and global or regional climate
change all may affect the genetic diversity [36]. Populations that are spread out over extensive regions
are better positioned to preserve allelic diversity compared to those that occupy speci�c niches [37]. The
P. zhennan population showed higher level of genetic diversity than P. sheareri and P. chekiangensis,
which is consistent with the difference in distribution region and environmental heterogeneity between P.
zhennan and the other two Phoebe species [11, 38, 39]. Heterozygosity frequently serve as an indicator
of genetic diversity and can offer valuable insights for the conservation of threatened species [40]. Our
research indicates that the average observed and expected heterozygosity (Ho = 0.624 and He = 0.821)
exhibit a moderate degree of genetic variation within the P. zhennan population. These �ndings align with
earlier studies on P. sheareri (Ho = 0.609, He = 0.614) [11], yet they surpass the heterozygosity level found
in the tree species of Pandanus odorifer (Ht = 0.268) [15] and Taxus chinensis (Ho = 0.263, He = 0.261),
while remaining below those observed for Ginkgo biloba (He = 0.808) [12]. This result might be related to
living habits, life history characteristics, geographical distribution, and sampling size [11, 36, 41].
Furthermore, the value of Ho was less than He, suggesting a heterozygous de�ciency that may result
from inbreeding, non-random reproduction, or disruption of population structure [42].

Subsequently, the genetic diversity of 27 P. zhennan populations revealed various differences. The
population of SCSZZ (I = 1.943) and SCLJS (I = 0.943) showed the highest and lowest level of genetic
diversity according to the nSSR datasets, respectively. In contrast, the HNSZX population showed the
highest diversity (h = 0.469), while the HNXXT population had the lowest (h = 0.041), according to the
cpSSR dataset. The different characteristics of transmission characteristics may lead to the differential
of intraspeci�c genetic structures [19]. The inconsistencies between cpSSR and nSSR markers may be
linked to biological characteristics, such as signi�cant pollen and seed exchange, that could partially
postpone the genetic imprinting associated with prolonged isolation [43, 44]. However, the nuclear
genome has high recombination rate and genetic variability, while the chloroplast genome is maternally
inherited, with high stability and a low mutation rate. As a result, nSSR markers tend to show higher
polymorphism and genetic diversity than cpSSR markers [45, 46]. The SCJJL population is located in the
key conservation and core distribution areas of P. zhennan and is well protected. The high level of
genetic diversity using nSSR dataset in the population of SCJJL would be correlated to the less human
disturbance. The low population size and genetic diversity of some populations (e.g., SCLJS, SCXFS, and
GZCSS population) could be due to the thousands of years of indiscriminate cutting and war damage.
The high level of genetic diversity in the population of HNSZX based on cpSSR datasets could be closely
related to early introduction from Sichuan Province to Hunan Province. The value of �xed index (F) in
most populations was higher than zero, suggested excess of pure heterozygotes and slight phenomenon
of breeding in those populations, expect the population of CQWGS, SCLJS, GZCSS, and HNXXT [47].
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Diverse environmental factors and isolation of populations can hinder the co-adaptive combinations of
alleles from parents, consequently diminishing the adaptability of offspring in distant locations [48].
Thus, further analysis of genetic conservation and population restoration is warranted. In the course of
the population expansion, alleles with low frequency have a higher likelihood of being eliminated
compared to those with high frequency, which positions the former as a signi�cant foundation for
studies on the origins of populations [12]. Typically, more rare and/or unique alleles were possess in the
origin populations than those in normal populations [12]. The high frequency of private alleles in SCYFS,
CQYCQ, SCJFS, and SCPZS populations suggests that the populations in Sichuan and Chongqing
Province contained more unique genetic information. Combined with the results of haplotype analysis,
haplo-39 displayed the most connections with other haplotypes, which only existed in the SCSSS
population. Our results supported the view of ring diversi�cation reported by Xiao et al. [3] and
speculated that there was a new branch: spreading from the distribution center (Sichuan Province)
through Guizhou Province to southeast China (e.g., Hubei and Hunan Provinces). The application of
cpSSR makers enabled the unique haplotypes differentiation within populations. Interestingly, smaller
populations exhibited a haplotype count that aligned with sample size, whereas 12 out of 27 populations
had distinct haplotypes, particularly the populations of YNYJX, SCSZZ, and HNSZX. These �ndings
improve our comprehensive of the complex genetic compostion and variation among P. zhennan
resources.

The ascertain of genetic differentiation is key point to promoting the forests genetic improvement [49].
Consisted with the results for tree species such as Juglans mandshurica, P. sheareri, and P.
chekiangensis, the results of AMOVA indicated that genetic differentiation among populations was lower
than that within populations in P. zhennan for both nSSR and cpSSR markers [11, 13, 38]. Consequently,
individuals within the populations with high level of genetic diversity should be focused on when
selecting superior germplasms, as this is advantageous for the genetic enhancement of P. zhennan. In
this study, the mean value of Fst for the P. zhennan populations was 0.128 based on nSSR markers,
indicating a moderate level of genetic differentiation. In contrast, a lower degree of genetic
differentiation was observed when employing cpSSR markers (Fst = 0.022). Differences may be
attributed to the lower polymorphism in cpSSRs than that in nSSR markers, the reason would be due to
the characteristics of cpSSRs: size homoplasy, lack of recombination, and uniparental inheritance [10,
50]. These �ndings align with tree species that possess extensive geographic distributions and utilize an
outcrossing reproductive strategy, leading to greater genetic variability within populations compared to
that observed between them [41]. Gene �ow (Nm) is an important index to measure population genetic
variation. The Nm based on nSSRs and cpSSRs was higher than 1.00, indicating that the effects of
genetic drift and differentiation among the P. zhennan populations could be effectively eliminated [51]. P.
zhennan is an insect-pollinated tree species, and its seeds are mainly transmitted by birds [3]; therefore,
gene exchange in various geographic regions may have been accomplished by P. zhennan through the
mechanisms of long-distance pollen or seed dispersal, which in turn could diminish geographic isolation
and lessen genetic differentiation across populations.
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Understanding the population structure is helpful for revealing the genetic diversity distribution patterns
among and within populations; this knowledge is essential for identifying strategies to protect
endangered species and effectively utilize germplasm resources [52, 53]. In this study, PCoA, UPGMA,
NJ, and STRUCTURE analyses based on nSSRs divided P. zhennan populations/individuals into three
categories, and populations from the northwest region (e.g., Sichuan and Chongqing Provinces) were the
corresponding potential distribution centers. The populations and/or individuals did not cluster
populations strictly according to their geographical sources; this could be attributed to the long-distance
seed dispersal by frugivorous birds [3] and frequent seed/seedling exchange, especially in the Chengdu
plain area of Sichuan Province, China. The results of mantel test (r = 0.03, P = 0.290) based on nSSR
makers also supported these views. Both cluster and STRUCTURE analyses based on cpSSRs divided
populations/individuals into two categories, which were approximately in line with geographic sources
and consistent with the mantel test (r = 0.477, P = 0.010). A too-long distance between populations
would restrict pollen movement of pollinators and limit dispersal triggers. Moreover, in the majority of
angiosperms, chloroplast DNA is inherited uniparentally via maternal sources and is exclusively passed
on through seeds, which means it does not carry any information related to pollen [16]. However, some
individuals also showed the same ancestry with populations outside the sampling population, which was
mostly likely due to the exchange or introduction of seeds between provinces. Further study is needed to
elucidate the factors triggering the current spatial population structure, such as “point-by-point” sources
based on uniparental maternal DNA sequencing [54].

Environmental factors (including monsoons, mountain tectonics and various historical or ecological
processes), genetic drift, and the breeding system in�uence the distribution, genetic diversity, and
population structure of many species [19, 55, 56]. Revealing how environmental factors affect genetic
diversity and population structure is an important method to test ecological adaptability [57]. In this
study, temperature and precipitation were identi�ed as key environmental factors driving population
adaption. This �nding is consistent with previous studies, which have underscored the signi�cance of
these two environmental factors in affecting plant distribution and genetic structure formation [11, 58,
59]. While climate factors were the primary indicators, soil characteristics also played a signi�cant role in
the distribution of plant life on a continental scale [60]. Soil properties are one of the most important
environmental factors in�uencing seed germination, seedling establishment, and plant distribution [61].
The soil chemical and physical properties were identi�ed as vital factors affecting the genetic structure
of P. zhennan populations. The �ndings bolster the theory that the characteristics of soil properties
signi�cantly in�uence the distribution of plants and their population structure. Therefore, climate factors
and soil properties should be considered when predicting plant population structure and adaption areas.

Human actions have resulted in the division of the habitat for the population and have restricted the
exchange of genes among its populations [62]. The in-situ conservation of P. zhennan populations
revealed fragmented biological communities within the distribution range, although it has been listed as
a protected tree species that is ancient and famous trees in China. Only a few P. zhennan seeds
germinate and survive to become adults due to the low germination rate of seeds and the fact that most
of the populations are located in areas with high human disturbance, such as temples. Therefore, the
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improvement of the natural regeneration ability with arti�cial assistance is key to fragment population
recovery. The extent to which a species or population can adapt and evolve in response to its
environment is in�uenced by the degree of its genetic diversity [11]. The primary approach for P. zhennan
is in-situ conservation, as the genetic diversity found within populations signi�cantly exceeds that
observed between them. The populations distributed in the northwest area (distribution center of P.
zhennan), such as SCGTS, SCYFS, and SCJFS populations, which exhibited high genetic diversity level
along with a greater number of private alleles. Additionally, the populations of SCSZZ, YNYJX, and
HNSZX showcased comparatively high genetic diversity level and an increased count of private
haplotypes, which could be safeguarded through the establishment of nature reserves. Furthermore,
strengthening breeding work, such as setting up progeny trials and genetic resource nurseries, in the
main distribution region is an important method to expand the range of P. zhennan populations. This can
be done through arti�cial breeding, thereby expanding weak populations, such as SCLJS, GZCSS, and
HNANX. Establishing a gene bank of germplasm resources is the key method for genetic conservation; it
can not only preserve diversi�ed genotypes but also provide core germplasm resources for long-term
breeding of P. zhennan.

Conclusion
In this study, genetic diversity was determined using 543 individuals from 27 P. zhennan populations
using 16 nSSR and six cpSSR markers. Elevated genetic variation and minimal inbreeding were noted
across the populations, with signi�cant genetic differentiation largely occurring within these populations,
potentially linked to temperature, precipitation, as well as both chemical and physical soil factors. The P.
zhennan individuals were separated into two or three groups according to STRUCTURE and cluster
analysis based on nSSRs and cpSSRs, respectively. Combined with geographic and genetic distance,
these data should be considered in further genetic conservation and breeding utilization efforts.
Regarding the genetic characteristics of the P. zhennan populations, there is a need to formulate in situ
conservation and population renewal, for example, by prioritizing populations that exhibit greater genetic
diversity and unique alleles, as well as by enhancing seedling reintroduction efforts to bolster these
populations, we aim to sustain the genetic diversity of P. zhennan populations to the fullest extent. This
research provides a basis for the population protection strategy and theoretical guidance for the
development and utilization of P. zhennan genetic resources.
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Figures

Figure 1

Geographical distribution of 27 natural Phoebe zhennan populations
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Figure 2

Haplotype frequency analysis of natural Phoebe zhennan populations using six cpSSR markers
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Figure 3

Network of cpDNA haplotypes constructed using the median-joining method

Note: The different colors in the circle represent the different populations. The size of the circles
corresponds to the frequency of haplotypes, with larger circles indicating more frequent haplotype
occurrences and smaller circles representing haplotypes that are found less frequently. The size of pies
in the circles corresponds to the number of haplotypes in the population. The numerals (such as haplo-
20) near circles are sequential numbers of haplotypes. The long lines represent the connection lengths.
The short tangent segment representation on a long line represents mutated position lines.
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Figure 4

Number of rare and private alleles within populations

Note: No. Private Allele: No. of alleles unique to a single population; No. LComm Alleles (≤25%): No. of
locally common alleles (freq. ≥5%) found in 25% or fewer populations; No. LComm Alleles (≤50%): No.
of locally common alleles (freq. ≥5%) found in 50% or fewer populations.
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Figure 5

Distribution and unweighted pair group method with arithmetic mean (UPGMA) dendrogram of Phoebe
zhennan populations based on genotyping data from nSSR and cpSSR markers

Note: A: Population distribution based on genotyping data from nSSR markers using the �rst two PCoA
coordinates; B: UPGMA dendrogram for populations based on Nei’s genetic distance from nSSR data; C:
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Population distribution based on genotyping data from cpSSR markers using the �rst two PCoA
coordinates; D: UPGMA dendrogram for populations based on Nei’s genetic distance from cpSSR data.

Figure 6

Mantel test of the correlation between Nei’s genetic distance and geographic distance among the
studied populations.

Note: The red line and dots represent the correlation between Nei’s genetic distance based on cpSSR
and geographic distance, while the blue line and triangles represent the correlation between Nei’s genetic
distance based on nSSR and geographic distance.
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Figure 7

Neighbor-joining tree and population structure of 27 natural Phoebe zhennan populations

Note: A: Neighbor-joining tree based on nSSR datasets; B: Neighbor-joining tree based on cpSSR
datasets; C: Population genetic structure based on the Bayesian clustering model based on the nSSR
dataset; D: Population genetic structure based on the Bayesian clustering model based on the cpSSR
dataset.
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Figure 8

RDA of Phoebe zhennan showing relative contribution of each environmental and soil variable shaping
population genetic structure

Note: The biplot depicts the eigenvalues and lengths of eigenvectors in RDA; A: RDA of the relative
contribution of environmental variables based on the nSSR dataset; B: RDA of the relative contribution of
environmental variables based on the cpSSR dataset; C: RDA of the relative contribution of soil
properties based on the nSSR dataset; D: RDA of the relative contribution of soil properties based on the
cpSSR dataset.
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