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Abstract
Maire yew (Taxus wallichiana var. mairei (Lemée H. Léveillé.) L. K. Fu et Nan Li) is a rare and endangered tree species, and it is also a precious timber species
in China. We used 13 microsatellites to assess the genetic diversity and differentiation of 665 Maire yew samples from 18 natural populations. A total of 291
alleles were detected. The average number of alleles (Na=22.39), expected heterozygosity (He=0.74), polymorphic information content (PIC = 0.86) and
Shannon diversity index (I = 1.66) of the loci indicated a high level of genetic diversity in natural Maire yew populations. Moreover, gene flow was more active
among populations (Nm=1.62) than within populations. Among the 18 populations, the Xinfeng population in Jiangxi Province has the highest genetic
diversity. Although each of the studied populations should be protected from further deforestation and agricultural expansion, the Xinfeng population deserves
the highest conservation priority. The results based on analysis of molecular variance showed that genetic variation occurred mainly within populations
(84.90%; P < 0.001), which indicated that the degree of genetic differentiation of the natural populations of Maire yew was low. Based on UPGMA, the 18
populations were categorized into 4 groups. A Mantel test showed that there was no significant correlation between standard genetic distance and
geographical distance or altitude differences among the populations. The genetic clustering results also indicated that the genetic relationship followed a
north to south clustered trend. The information presented here forms the basis for the development of genetic guidelines for appropriate conservation
programs.

Introduction
Genetic diversity is the driving force of not only the adaptive evolution and speciation of species but also the ability of species to adapt to a variety of
changing environments (diseases, abrupt changes in climate, etc.) (Mullen 2007). Populations with higher genetic diversity are more adaptable in the face of
adversity and thus have a greater chance of reproduction and evolution (Mcneely et al. 1990). The genetic diversity of plants is affected by a multitude of
factors, including mating system, gene flow, and genetic drift (Wen et al. 2010). Many events in the history of a population will affect the genetic diversity
between a population and its distribution, and natural and human interference will also change effective plant population sizes and reduce genetic diversity,
further leading to frequent inbreeding. In addition, there is evidence that inbreeding depression is more severe under environmental stress and challenging
events (e.g., extreme weather, pollution, or disease) (Mullen 2007). Eventually, the fitness of the individuals in a population will be reduced, so the protection of
the genetic diversity of endangered species is necessary (Cheng 2016).

Maire yew is a rare and endangered tree species that is used for medicine, wood and ornamental purposes (Zhou et al. 2009; Vu et al. 2017). Maire yew is
mainly distributed in the eastern and southern regions of China, among which there are more natural resources in Zhejiang, Hunan, Jiangxi, Fujian and
Guangdong Provinces. The growth of young Maire yew trees requires specific temperature, humidity and light conditions. However, due to the large canopy
density in the tree layer and the limited illumination in the forest, Maire yew is prone to aggregation and distribution in a small range. In the natural
populations of Maire yew, there were more old trees and fewer young trees, and the number and growth rate of young individuals could not support the
expansion of the Maire yew populations (Li et al. 2003; Sun et al. 2003). To date, researchers have conducted in-depth studies on the factors endangering
Maire yew (Deng et al. 2016), including its physiological and ecological characteristics (Aguilar et al. 2006; Lu et al. 2014), gene flow (Wang et al. 2019), gene
cloning (Zhou et al. 2015) and genetic diversity (Cheng 2016; Xie et al. 2017). Through the study of the genetic diversity and genetic structure of Maire yew
(Cheng 2016), it was found that the overall genetic diversity of the population was high, but there were some differences at the genetic level. Some
populations with low genetic diversity became geographically isolated, patch-like, and small, and reproductive barriers were formed between populations,
which blocked gene exchange, aggravated genetic drift and the inbreeding decline of Maire yew populations, and reduced the genetic diversity of natural
populations. Moreover, due to its commercial value, a large number of Maire yew have been cut down in recent years, and anthropogenic destruction greatly
reduces its population number and size (Cheng 2016; Xie et al. 2017). For the purpose of protecting the wild resources of Maire yew, it is necessary to
formulate relatively scientific conservation strategies. A key element of an in situ conservation strategy is the identification of priority conservation units. In
general, conservation units are selected for populations with high levels of genetic diversity or with a small and unstable number of individuals within the
population (Cheng 2016). Therefore, it is particularly important to study the genetic diversity and genetic structure of Maire yew, determine priority
conservation units, and protect and expand its populations.

Materials And Methods
Population descriptions and sample collection

From May to July 2018, a total of 665 Maire yew individuals were sampled from 18 populations around mountains in eastern and southern China (Fig. 1;
Table 1). Young leaves (needles of the current year's new shoots) were collected, wrapped in tin foil for individual plants, stored in liquid nitrogen for
transportation, and then taken back to a laboratory at -40°C for storage. The geographical location of each population was between 109.09° ̶ 119.93°E and
24.93° ̶ 30.12°N. The zonal vegetation was evergreen and deciduous broad-leaved forest, with an altitude of 300 ̶ 990 m. The soil was mostly red-yellow soil.
During sampling, GPS was used to record the longitude, latitude and altitude of the sample plants. The distance between the trees from which samples were
collected was not less than 30 m to prevent proximal relationships between the sample plants. Information on the geographical location of the Maire yew
population distribution is shown in.Table 1.

DNA extraction, SSR amplification and genotyping

A large number of Plant Genomic DNA Rapid Extraction Kits (DN14-CTAB; Aidlab Biotechnologies Co., Ltd, China) was used to extract total genomic DNA.
Thirteen primers were selected for amplification based on previously published studies (Table 2; Cheng 2016; Yi et al. 2013). DNA was quantified on a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA).
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The target sequences were then amplified in 25 μL reaction mixtures, which consisted of 12.5 μL 2×Taq Plus Master Mix (Vazyme Code: p211-02), 8.5 μL
ddH2O, 1 μL F&R primer (10 μmol·L-1), and 2 μL template DNA (20 ng·μL-1). The PCR amplification reaction was carried out on a Takara TP600 Thermal Cycler,
and the procedure was as follows: initial denaturation at 94°C (5 min); 35 cycles of 94°C (30 s), 54-63°C (60 s), and 72°C (60 s); and a final extension at 72°C
(7 min).

Fragments were separated on a Qsep100TM automatic nucleic acid protein analysis system (BiOptic, Taiwan, China) according to the manufacturer’s
directions and scored in Q-analyze version 3.0 software (BiOptic, Taiwan, China).

Statistical analysis

Using GenAlEx 6.5 (Peakall and Smouse 2006, 2012), the number of observed alleles (Na) and effective alleles (Ne), observed heterozygosity (Ho), expected
heterozygosity (He), Shannon index (I), fixed index (F), Nei’s genetic distance (Nei 1972), genetic identity (Nei 1972), percentage of polymorphic loci (PPB), and
number of migrants per generation (Nm) were calculated based on overall Fst. Allele richness (AR) and private allelic richness (PAR) were calculated by HP-
RARE 1.1 (Kalinowski 2004). Micro-Checker 2.2.3 (Oosterhout et al. 2004) was used to calculate null allele frequencies. The polymorphism information
content (PIC) of the microsatellite loci was obtained by Cervus software 2.0 (Harlizius et al. 2011 and Kalinowski et al. 2007). Arlequin 3.0 (Excoffier et al.
2005) was used to perform molecular analysis of variance (AMOVA). FSTAT 2.9.3 (Goudet 1995) was used to calculate population inbreeding coefficients
(Fis), gene differentiation coefficients (Gst) (Nei 1973), genetic variation within populations (Hs) and total genetic variation (Ht) (Hedrick 2005). Exact Hardy-
Weinberg global tests of heterozygote deficiency were calculated in Genepop on the Web (Raymond and Rousse 1995; Rousset 2008).

The geographical distances between 18 pairs of Maire yew populations were measured by using an electronic map (http://map.baidu.com), and the altitude
difference between each pair of populations was calculated by using Excel 2016 software according to the altitude of each population. Then, the geographical
distance and altitude difference were converted into the natural logarithm of geographical distance (LnD) and the natural logarithm of altitude difference
(LnH), respectively. Simple Mantel tests were performed using the genetic distance [Gst/(1- Gst)] matrix, LnD matrix and LnH matrix in GenAlEx (Holsinger and
Weir 2009; Diniz-Filho 2013).

Bootstrapped UPGMA dendrograms were constructed in POPTREE 2 (Takezaki et al. 2010) to visualize Nei’s genetic distance (Nei et al. 1983; Takezaki and Nei
2008). Population structure was analyzed using the Bayesian model-based clustering program STRUCTURE 2.3.4 (Hubisz 2009; Pritchard et al. 2000) with the
admixture ancestry model. Both allele frequency models (independent and correlated) were run with the length of the burn-in period and MCMC repetitions
each set at 100000. Running five repetitions for each potential number of clusters (K = 1-18), the independent allele model gave highly reproducible estimates
of posterior probabilities of the data [LnP(D)]. However, in the correlated allele model, there was significantly greater variability at some K values, requiring an
increase in the number of burn-ins and MCMC repetitions to 200000. The plateauing nature of the correlated allele K vs. LnP(D) graph made inference of the
optimal K value difficult, but a ΔK transformation of the data (Evanno et al. 2005) provided an estimate that was consistent with the independent allele model.
The results from STRUCTURE were graphically displayed using DISTRUCT (Rosenberg 2004) and were essentially identical to both models.

Results
Loci polymorphism

The genetic diversity of 18 Maire yew populations was examined using 13 nSSR loci (Table 3). A total of 291 alleles were detected in 665 individuals, and the
number of alleles varied from 10 to 33 at each locus, with an average of 22.39. The polymorphic information content (PIC) of each locus was between 0.65
and 0.94, and the mean value was 0.86, indicating high polymorphism of the detected loci. The observed (Ho) and expected heterozygosity (He) ranged from
0.03 to 0.94 and from 0.55 to 0.84, respectively, and the average expected heterozygosity (He= 0.74) was higher than the observed heterozygosity (Ho= 0.56).
The Shannon diversity index (I) ranged from 1.06 to 2.06, with an average of 1.66. The inbreeding coefficient (Fis) ranged from -0.35 to 0.97, and the mean
value was 0.24, indicating a high degree of heterozygote deletion. The Fis of most loci (except S77, S79, S82 and S93) was more than 0, indicating that the
selected loci were in a heterozygous deletion state. Among the 13 nSSR loci, only 3 loci (S36, S41 and S82) were in Hardy-Weinberg equilibrium, and 3 loci
(S24, S34, S44 and S93) deviated from Hardy-Weinberg equilibrium (P < 0.05). The other 6 loci significantly deviated from Hardy-Weinberg equilibrium (P <
0.01). Among the 13 loci, 9 contained invalid alleles, and the amplitude of the invalid alleles varied from 0.16 to 0.49.

Genetic diversity

The genetic relationships among the Maire yew populations based on nSSR analysis were next examined (Table 4). The overall level of genetic diversity of the
Maire yew populations was relatively high. However, different populations had different levels of genetic diversity, with the highest level observed in Maire yew
population Jxxf (Na=11.00, Ne=6.32, Ho=0.69, He=0.80, I=1.94, AR=5.42, and PAR=0.59). The lowest value of genetic diversity was observed in the Fjwp
population (Na=6.08, Ne=3.26, Ho=0.37, He=0.64, I=1.31, AR=3.79, and PAR=0.18). The observed heterozygosity (Ho) of the populations was generally lower
than the expected heterozygosity (He). Except for the Hnly population, the fixed index (F) value of the populations was more than 0, with a mean of 0.25, and
the mean value of the inbreeding coefficient (Fis) was 0.36. Both results show that heterozygote deletion exists in the Maire yew populations, which also
indicates that inbreeding exists in the populations. The percentage of polymorphic loci (PPB) in all the populations was 100%, indicating a high level of
genetic diversity in the Maire yew populations. Sixteen out of 18 populations showed significant deviation from Hardy-Weinberg (heterozygote deficiency)
equilibrium over all loci. However, there were a moderate number of Maire yew samples (665) in this study, and the allelic diversity was high, indicating that
deviation from Hardy-Weinberg equilibrium did not have a significant impact on the subsequent analysis (Lin 2018).
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At the locus level (Table 5), the Gst (Nei 1973) of the Maire yew populations ranged from 0.06 to 0.33, with an average value of 0.14, indicating a low level of
genetic differentiation among the populations. The mean values of Ht and Hs were 0.88 and 0.76, respectively. The Nm across all the loci was estimated to be
1.62 (Fst method), indicating that the overall gene flow was high and that there was adequate gene flow between populations to counter the negative effect of
genetic drift on heterozygosity (Nason and Hamrick 1997). Some loci had Nm values less than 1, indicating relatively little gene flow within populations.

The AMOVA results showed that genetic variation mainly existed within the natural Maire yew populations (84.90%), and the variation between populations
accounted for only 15.10% (P < 0.001), indicating that the variation between populations was smaller than the variation within populations (Table 6).

Population genetic structure

Nei's genetic distance and the genetic identity among the 18 natural populations showed that the range of genetic distance and genetic consistency between
populations were 0.18-1.59 and 0.20-0.83, respectively, which also indicated that there was a certain degree of genetic differentiation among Maire yew
populations, which was consistent with the results of the AMOVA analysis. Among the 18 natural populations, the genetic distance was the largest (1.59) and
the genetic identity was the smallest (0.20) between Fjwp and Fjfz. The genetic distance was the lowest (0.18) and the genetic identity was the highest (0.83)
between Gdlc and Jxwy (Table 7).

The results of the POPTREE genetic clustering analysis showed that the 18 natural populations were divided into 4 categories (Fig. 2). The A group included
the Zjla, Zjjs, Hnly, Jxtg and Fjfz populations. The B group included the Zjls, Zjlq, Hnsz, Jxwy, and Gdlc populations. The C group, included the Hnxh, Fjnp,
Hngy, Jxxf, Fjmx and Gdlz populations. The D group included the Jxfy and Fjwp populations. Most of the populations in groups A and B were located in the
northern part of the distribution of the 18 populations, while the populations in groups C and D were located in the middle and south of the distribution,
showing a north-south distribution pattern. Genetic clustering showed that there was no significant correlation in the genetic distance between the populations
and their geographical distance. For example, the Zjls and Gdlc populations were geographically remote, but they were categorized into the same group (Group
B), indicating that although they were geographically separated, their genetic distance was relatively close.

The results of the Mantel test (Figs. 3 and 4) showed that there was no significant linear correlation between the genetic distance and geographical distance
of the Maire yew populations (R2=0.0097, P=0.140) or altitude difference (R2=0.0253, P=0.110) between the populations. The natural Maire yew populations
are distributed like islands, which may be the reason why there are no obvious geographical patterns among these populations.

After the STRUCTURE results were processed by the Structure Harvester, it was found (Fig. 5a) that the value of LnP(D) continued to increase, and there was
no inflection point. The DeltaK value can be used to determine the optimal K value. When K=4, DeltaK achieves the maximum value (Fig. 5b), indicating that
the best number of clusters for the 665 Maire yew individuals is 4. Based on the assumption that the gene frequencies between populations are not correlated
with each other, STRUCTURE software was used to analyze the genetic structure of the 665 Maire yew individuals (Fig. 6). According to the optimal K value
(K=4), the 665 individuals tested were redivided into 4 groups, and the STRUCTURE results were mostly consistent with the distance tree analysis. There are
varying degrees of gene penetration among natural populations of Maire yew. There was relatively more gene penetration among the populations in group B,
Jxfy in group D, and Hnly in group A. The gene penetration within the Hngy population was significantly lower than that within the group. When Q ≥ 0.6 for a
sample in a certain group, the kinship of the sample is considered relatively low; in contrast, with a lower Q value, the kinship of a sample is considered more
complex (Liu et al. 2009). Among the 18 natural populations of Maire yew, most of the populations have 1 to 3 samples with more complex relationships,
such as Zjla (3) and Hnsz (3). The total number of samples with complex genetic relationships is 17, accounting for 2.56% of the total number of samples,
indicating that most of the samples in each population have a single genetic relationship, but a small number of samples contain genetic components of
other groups.

Discussion
Genetic diversity varies greatly among species. Generally, if genetic diversity is higher, then the potential for adaptation to the environment is also greater
(Reed and Frankham 2003). Some researchers found that woody plants have a higher genetic diversity than nonwoody plant species with similar life history
characteristics. Among woody plants, the genetic diversity of gymnosperms is the highest (Hamrick et al. 1989 and 1996). In this study, the expected
heterozygosity of Maire yew ranged from 0.64 (Fjwp) to 0.80 (Jxxf), with an average of 0.74. Although the Fjfz and Zjls populations were small, their expected
heterozygosity was still as high as 0.74 and 0.70, respectively. Based on studies of the genetic diversity of endangered gymnosperms using SSR markers, the
expected heterozygosity of Maire yew was higher than that of Glyptostrobus pensilis (He=0.27) (Lin 2018), Cathaya argyrophylla (He=0.41) (Wang et al. 2010),
Metasequoia glyptostroboides (He=0.62) (Chen 2016) and Ginkgo biloba (He=0.71) (Qi et al. 2019); similar to that of Abies chensiensis (He=0.73) and Abies
fargesii (He=0.74) (Wang 2014); and significantly higher than the average expected heterozygosity of Taxus (He=0.59) (Cheng 2016). In general, the genetic
diversity of the natural Maire yew populations is high, which indicates that although the natural populations are preserved in fragmented ancient tree stands,
they still have high genetic diversity.

The genetic diversity of the Maire yew populations differed, e.g., the genetic diversity of the Jxxf population (Ne= 6.14, He= 0.62, I = 1.94) was significantly
higher than that of the Fjwp population (Ne= 3.26, He= 0.64, I = 1.31). The Jxfy population is experiencing a transformation from cluster type to random type
and is large and mostly composed of middle-aged trees. There was a certain proportion of older individuals and females, and the seed setting rate was higher
in populations with more female plants. Pollen flows between adjacent individuals under the action of wind, which promotes interindividual outcrossing. In
addition, this population is located near human settlements, where local residents will plant Maire yew and exchange its seeds. Long-term popularization and
conscious selection may enhance gene flow, inhibit gene drift and increase the genetic diversity of the population. In contrast, in growing populations (Wang
2003), such as the Fjwp population, there are more young individuals and fewer females as well as shorter pollination distances. Moreover, the Fjwp
population is located at a higher altitude in the Liangye Mountain Nature Reserve, which is less affected by human interference. Limited gene flow may
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increase inbreeding rates within populations and decrease genetic diversity. For rare and endangered dioecious plants, population size (Cruzan 2001), the
degree of human disturbance (Wen et al. 2018), age structure (Zhou et al. 2010), sex ratio and spatial pattern (Song et al. 2020), and other factors affect the
success of the species reproduction and the survival potential and natural regeneration ability of the population and influence the maintenance of genetic
diversity (Somanothan & Borges 2000; Iszkulo et al. 2009). In general, the sex ratio of dioecious plants in natural populations is 1:1, but a large number of
studies have shown that sex ratio bias is prevalent in dioecious plants (Bertiller et al. 2002; Ortiz et al. 2002; Pucholt et al. 2017). During the sampling process,
we also found that in most natural populations of Maire yew, the number of male plants was much greater than that of female plants. The reason for this
difference may be related to environmental factors. In general, the number of male plants is much greater than the number of female plants in arid or low-
nutrient environments, and the number of female plants is much greater in humid or high-nutrient environments (Freeman et al. 1976; Dawson and Ehleringer
1993).

In our work, the analysis of molecular variance showed that genetic variation occurred mainly within populations of Maire yew, which was consistent with the
results of previous studies (Zhang et al. 2013). The reason for this result may be that the pollen sources within populations were extensive and there were
more flowering and fruiting stock plants. Some researchers have suggested that genetic variation in outbreeding species occurs mostly within populations
because pollen from outbreeding plants can be spread far (Wang and Hu 2013). Long-term divergent adaptation to microenvironments may also be a driving
force for intrapopulation genetic variation. In addition, genetic variation within a population can be affected by human interference.

Gene flow is an important factor influencing the genetic structure of plant populations, and strong gene flow (Nm>1) can prevent genetic differentiation caused
by genetic drift (Mullen 2007). In this study, the mean value (Nm=1.62) of gene flow between Maire yew populations was greater than 1. Human activities have
reduced the area and number of natural populations, which has accelerated the process of habitat fragmentation. However, Maire yew seeds can be spread
over long distances by animals, promoting gene exchange among natural populations (Li et al. 2014). Moreover, Maire yew is characterized by a short
fragmentation time, longevity and wind pollination, so there is no serious genetic differentiation among populations. We should prioritize the protection of
populations with high genetic diversity and a high number of private alleles, because genetic variation exists mainly within populations. In situ protection,
artificial pollination and transplanting of young seedlings may increase gene flow within populations.

The 18 natural populations of Maire yew could be divided into 4 groups by both distance tree analysis and Bayesian STRUCTURE analysis, and the
STRUCTURE results were mostly consistent with the distance tree analysis. In distance tree analysis, the Hnxh and Fjnp populations belong to Group C, but in
the Bayesian STRUCTURE analysis, the two populations belong to Group B, because the geographical isolation and the small climate of the populations lead
to gene exchange in the populations. There was obvious gene infiltration among most separated groups, and a small number of samples in the population
had complex genetic relationships, which indicated that in the process of species evolution, frequent gene exchange and recombination occurred among
individuals in the region (Liu et al. 2009), thus resulting in a more abundant genetic structure. The sampling sites selected in this study are mostly located in
the southern mountainous areas, with rich species of associated tree species. Although most Maire yew are distributed in patches due to human interference,
such patch habitats have attracted a variety of fruit-eating birds. Previous studies have shown that Maire yew could form a reciprocal relationship with fruit-
eating birds in patch habitats, which significantly affects the seed dispersal pattern and efficiency of Maire yew (Li et al. 2014). Based on genetic structure, the
Fjwp and Jxfy populations were divided into the same group (group D). However, the degree of gene penetration in the Fjwp population was significantly
higher than that in the Jxfy population, which may be related to the influence of habitat. The Fjwp population is located at an altitude of 800–1050 m in the
Liangye Mountain Nature Reserve, Fujian Province. The nature reserve is rich in wildlife, and Maire yew are found along the southern stream, near high-
humidity areas, such as fast flowing water, expanding the scope of seed propagation. This also shows that water plays a key role in gene flow and ontogeny.

An increased understanding of genetic diversity among and within natural populations can contribute to the conservation of protected areas and regional
development. Our results show that the species studied herein has a high genetic diversity in the the eastern and southern regions of China. As with most
subtropical, outcrossing, wind pollinated species, and similar to most of the arboreal forest taxa in the Northern Hemisphere, the majority of the species
diversity is concentrated within populations. Through the study of the genetic diversity and genetic structure of Maire yew, it was found that the overall genetic
diversity of the population was high, but there were some differences at the genetic level, which indicated that the genetic evolution potential of Maire yew was
great. Based on the research results of this project, the Xinfeng natural populations with the highest genetic diversity, have a large number of the individuals
and relatively concentrated individual distribution, and should be given priority for protection. At the same time, special attention should be paid to the
protection of Maire yew populations growing near natural villages to avoid the loss of genetic diversity caused by human destruction or natural disasters. It is
recommended to carry out research on the mating system of Maire yew, in order to obtain more reliable information on the genetic diversity and endangerment
of Maire yew population, and to provide a scientific and comprehensive theoretical basis for the protection strategy of Maire yew genetic resources.
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Tables
Table 1

The studied populations

No. Population code Location N Latitude(ºN) Longititude(ºE) Altitude(m）

1 Zjla Linan, Zhejiang 26 30.02 119.04 629

2 Zjls Lishui, Zhejiang 19 28.52 119.93 791

3 Zjjs Jiangshan, Zhejiang 22 28.30 118.55 713

4 Zjlq Longquan, Zhejiang 22 28.01 118.80 629

5 Hnsz Sangzhi, Hunan 47 29.73 109.80 640

6 Hnly Liuyang, Hunan 51 28.37 114.17 300

7 Hnxh Xinhuang, Hunan 47 27.29 109.09 683

8 Hngy Guiyang, Hunan 51 25.55 112.66 610

9 Jxwy Wuyuan, Jiangxi 32 29.40 117.61 350

10 Jxtg Tonggu, Jiangxi 51 28.68 114.15 475

11 Jxfy Fenyi, Jiangxi 49 27.62 114.54 626

12 Jxxf xinfeng, Jiangxi 50 25.42 114.93 530

13 Fjnp Nanping, Fujian 35 26.69 118.07 790

14 Fjmx Mingxi, Fujian 37 26.49 116.87 704

15 Fjfz Fuzhou, Fujian 14 25.97 119.11 708

16 Fjwp Wuping, Fujian 23 25.19 116.18 990

17 Gdlc Lechang, Guangdong 49 25.11 113.22 658

18 Gdlz Lianzhou, Guangdong 40 24.93 112.72 607

N the number of individuals analyzed. 

Table 2

 Characteristics of thirteen SSR loci.
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Locus Primer sequence(5'-3') Length(bp) Annealing temperature(℃) Reference

S7 F:ACCCCATAGTTCAGGGTCGA 149-292 57 Cheng (2016)

  R:AGAAGGAGGCTCGGCTCTAA      

S24 F:TGCTTAGAGAAGAAAGTTTTCCA 145-312 54 Yi et al. (2013)

  R:TGGCATACAAGAGGCTGACA      

S34 F:ATAACCATCACACGTGACTTGC 193-300 57 Yi et al. (2013)

  R:TGAACCCTAGGTGACGACCAT      

S36 F:TGGTTTACATATTGAAGCGAGCAA 109-176 55 Yi et al. (2013)

  R:GCAGCGAAACATATGTAGCACAA      

S41 F:GGACAAGGGTTGGATCACTTCTGT 203-294 61 Yi et al. (2013)

  R:CCAACGGCCACCCGAAGAGT      

S44 F:TGACAACACAACCACACAATGTCCA 133-375 57 Yi et al. (2013)

  R:TCTTGTTTTCTGGGCCTAAAGTGT      

S45 F:GCGCTAGTCCTCAGTGGTGCC 134-272 63 Yi et al. (2013)

  R:GCGCCGGGGCCAACTAAACT      

S64 F:GCATTCTGCTCCTGAGTGTGGCA 223-397 61 Yi et al. (2013)

  R:AGTAGTCTATCCTCGTCTCCTCCCA      

S70 F:AGTAGTCTATCCTCGTCTCCTCCCA 188-475 61 Yi et al. (2013)

  R:GGGCCTGTGATGCATCTGTCCA      

S77 F:CCAATGTGGGCTACATCCACC 178-357 58 Yi et al. (2013)

  R:ATTGTAATAGCATGGATAAGTGCCC      

S79 F:AGTTTGCATGCTCTTCAACCTAGT 176-249 57 Yi et al. (2013)

  R:AGGCAGAATCGGTGAGTGGTT      

S82 F:TGTCGCATCGAGGACGATGCTTTC 201-434 62 Yi et al. (2013)

  R:CATGGCGGCGGCAGTTCTTG      

S93 F:CAGGGCTCAAATTCGCGGGC 147-195 62 Yi et al. (2013)

  R:CCGCCTGGCGTTTGACAGGA      

Table 3

Statistics of genetic diversity of different SSR microsatellite loci
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Locus Na Ne Ho He PIC I Fis F HW Null

S7 25 6.22 0.41 0.81 0.93 1.98 0.49 0.49 ** Y(0.28)

S24 22 6.44 0.64 0.82 0.88 2.03 0.23 0.23 * Y(0.16)

S34 22 5.90 0.60 0.80 0.89 1.95 0.26 0.25 * Y(0.18)

S36 12 2.38 0.32 0.56 0.65 1.06 0.43 0.41 ns Y(0.24)

S41 18 2.63 0.47 0.55 0.84 1.07 0.16 0.26 ns Y(0.22)

S44 29 5.52 0.66 0.81 0.90 1.90 0.18 0.17 * Y(0.16)

S45 27 6.68 0.37 0.84 0.90 2.06 0.55 0.56 *** Y(0.29)

S64 30 6.18 0.03 0.81 0.94 1.97 0.97 0.96 ** Y(0.49)

S70 33 4.82 0.28 0.72 0.92 1.60 0.62 0.64 *** Y(0.35)

S77 25 4.19 0.88 0.72 0.87 1.51 -0.21 -0.22 ** N

S79 16 3.65 0.94 0.70 0.83 1.36 -0.35 -0.38 *** N

S82 22 4.16 0.82 0.75 0.84 1.61 -0.10 -0.10 ns N

S93 10 3.94 0.84 0.73 0.85 1.52 -0.15 -0.16 * N

Overall 22.39 4.82 0.56 0.74 0.86 1.66 0.24 0.24 *  

Na number of alleles, Ne number of effective alleles, Ho observed heterozygosity, He expected heterozygosity, PIC polymorphism information content, I
Shannon’s diversity index, Fis inbreeding coefficient, F fix index, HW exact test of heterozygosity deficiency, Null estimate of null allele frequency, ns not
significant

. Overall values are averages for Na, Ne, Ho, He, PIC, I, Fis, F and null; global for Fis. *P < 0.05, **P < 0.01, ***P < 0.001, the same below

Table 4

Statistics of genetic diversity in populations of Maire yew

Population Na Ne Ho He I F Fis AR PAR HW PPB/%

Zjla 8.15 5.25 0.58 0.79 1.76 0.27 0.29 5.05 0.19 * 100

Zjla 8.15 5.25 0.58 0.79 1.76 0.27 0.29 5.05 0.19 * 100

Zjls 5.69 3.72 0.55 0.70 1.42 0.19 0.24 4.08 0.10 *** 100

Zjjs 7.08 4.05 0.65 0.70 1.50 0.05 0.10 4.33 0.15 * 100

Zjlq 7.46 4.88 0.67 0.75 1.64 0.08 0.14 4.71 0.37 ns 100

Hnsz 10.39 6.10 0.55 0.79 1.87 0.29 0.31 5.20 0.32 ** 100

Hnly 8.85 3.97 0.69 0.71 1.55 0.00 0.04 4.27 0.13 ** 100

Hnxh 9.46 5.30 0.49 0.75 1.76 0.38 0.36 4.96 0.27 * 100

Hngy 9.77 5.57 0.60 0.79 1.82 0.23 0.25 5.04 0.27 ** 100

Jxwy 8.46 4.61 0.57 0.72 1.65 0.20 0.22 4.70 0.17 * 100

Jxtg 9.08 4.31 0.49 0.76 1.68 0.35 0.37 4.58 0.27 *** 100

Jxfy 6.69 3.39 0.52 0.65 1.33 0.22 0.20 3.77 0.12 ** 100

Jxxf 11.00 6.32 0.69 0.80 1.94 0.12 0.15 5.42 0.59 ** 100

Fjnp 9.85 5.60 0.52 0.76 1.82 0.36 0.34 5.17 0.24 ** 100

Fjmx 9.15 5.72 0.68 0.79 1.80 0.12 0.14 5.06 0.30 *** 100

Fjfz 6.54 4.23 0.43 0.74 1.57 0.42 0.44 4.64 0.06 ns 100

Fjwp 6.08 3.26 0.37 0.64 1.31 0.46 0.48 3.79 0.18 * 100

Gdlc 9.77 5.07 0.46 0.75 1.76 0.35 0.40 4.89 0.22 * 100

Gdlz 10.54 5.49 0.53 0.72 1.75 0.27 0.28 4.93 0.60 * 100

Overall 8.56 4.82 0.56 0.74 1.66 0.24 0.36 4.70 0.25 * 100
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AR allele richness, PA private allelic richness, PPB Percentage of polymorphic sites, Overall values are averages for AR, PAR and PPB 

Table 5

Genetic differentiation parameters of different loci

Locus Gst Hs Ht Nm

S7 0.11 0.83 0.93 1.71

S24 0.06 0.84 0.89 2.99

S34 0.09 0.82 0.9 2.19

S36 0.19 0.57 0.71 0.95

S41 0.33 0.57 0.85 0.47

S44 0.09 0.82 0.9 2.11

S45 0.06 0.86 0.91 2.82

S64 0.11 0.84 0.95 1.49

S70 0.19 0.75 0.92 0.9

S77 0.16 0.74 0.87 1.23

S79 0.17 0.71 0.85 1.15

S82 0.12 0.76 0.86 1.64

S93 0.14 0.74 0.86 1.37

Mean 0.14 0.76 0.88 1.62

Gst gene differentiation coefficient, Hs gene diversity within population, Ht total gene diversity, Nm number of migrants per generation

Table 6

Analysis of molecular variance (AMOVA) for populations of Maire yew based on SSR markers

Source of variation df SSD Variation componet Percentage variation Fst P-value

 Among populations 17 1046.79 0.78 15.10 0.151 < 0.001

 Within populations 1312 5751.70 4.38 84.90    

Total

 

1329 6797.49 5.16      

df degree of freedom, SSD sum square differences, Fst genetic differentiation

Table 7

Genetic identity and genetic distance of populations of Maire yew
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Population Zjla Zjls Zjjs Zjlq Hnsz Hnly Hnxh Hngy Jxwy Jxtg Jxfy Jxxf Fjnp Fjmx Fjfz Fjwp Gdlc Gdlz

Zjla   0.70 0.51 0.64 0.51 0.49 0.85 0.75 0.83 0.34 1.11 0.77 0.83 0.64 0.32 1.40 0.73 0.79

Zjls 0.50   0.80 0.29 0.35 0.69 0.89 1.00 0.54 0.77 1.21 0.81 0.83 1.01 0.95 1.21 0.57 0.99

Zjjs 0.60 0.45   0.77 0.61 0.25 0.67 0.67 0.78 0.62 1.34 0.86 0.58 0.68 0.61 1.18 0.85 0.89

Zjlq 0.53 0.75 0.47   0.31 0.62 0.87 0.91 0.56 0.64 1.08 0.71 0.82 0.88 0.79 1.15 0.53 0.84

Hnsz 0.60 0.71 0.54 0.74   0.46 0.83 0.74 0.45 0.61 1.04 0.72 0.66 0.77 0.66 1.21 0.48 0.97

Hnly 0.61 0.50 0.78 0.54 0.63   0.87 0.67 0.64 0.52 1.29 0.85 0.70 0.75 0.59 1.35 0.81 1.01

Hnxh 0.43 0.41 0.51 0.42 0.44 0.42   0.84 0.80 0.98 1.07 0.69 0.21 0.79 1.07 1.15 0.84 0.97

Hngy 0.47 0.37 0.51 0.41 0.48 0.51 0.43   0.82 0.82 1.12 0.91 0.84 0.22 0.79 1.04 0.82 0.73

Jxwy 0.44 0.58 0.46 0.57 0.64 0.53 0.45 0.44   0.82 1.04 0.79 0.72 0.87 0.92 1.38 0.18 0.94

Jxtg 0.71 0.46 0.54 0.53 0.54 0.60 0.38 0.44 0.44   1.26 0.81 0.95 0.78 0.29 1.52 0.87 0.92

Jxfy 0.33 0.30 0.26 0.34 0.35 0.28 0.34 0.33 0.35 0.29   0.69 1.16 1.09 1.10 0.46 1.19 1.05

Jxxf 0.46 0.45 0.42 0.49 0.49 0.43 0.50 0.41 0.45 0.45 0.50   0.81 0.77 0.87 0.94 0.77 0.47

Fjnp 0.44 0.44 0.56 0.44 0.52 0.50 0.81 0.43 0.49 0.39 0.31 0.45   0.82 1.03 1.27 0.81 1.20

Fjmx 0.53 0.36 0.50 0.42 0.46 0.47 0.45 0.80 0.42 0.46 0.34 0.46 0.44   0.74 1.04 0.85 0.71

Fjfz 0.73 0.39 0.55 0.46 0.52 0.56 0.35 0.46 0.40 0.75 0.33 0.42 0.36 0.48   1.59 0.97 0.90

Fjwp 0.25 0.30 0.31 0.32 0.30 0.26 0.32 0.35 0.25 0.22 0.63 0.39 0.28 0.35 0.20   1.19 1.17

Gdlc 0.48 0.57 0.43 0.59 0.62 0.44 0.43 0.44 0.83 0.42 0.30 0.46 0.45 0.43 0.38 0.31   0.76

Gdlz 0.45 0.37 0.41 0.43 0.38 0.36 0.38 0.48 0.39 0.40 0.35 0.63 0.30 0.49 0.41 0.31 0.47  

aThe lower left corner is genetic consistency, and the upper right corner is genetic distance.

Figures
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Figure 1

Collecting locations of 18 Maire yew populations(See table 1 for population abbreviations) and their genetic clusters based on UPGMA dendrogram. Yellow
star, Cluster A; Green circle, Cluster B; Red square, Cluster C; Blue triangle, Cluster D. (for interpretation of the references to colour in this figure legend,the reader
is referred to the web version of this article.) Note: The designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

UPGMA dendrograms of Maire yew microsatellite data
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Figure 3

Mantel test between standard genetic distance [Gst/(1-Gst)] and geographical distance (LnD of Maire yew

Figure 4

Mantel test between standard genetic distance e [Gst/(1-Gst)] and altitude difference (LnH) of Maire yew

Figure 5

LnP (D) and Delta K value changing with the value of K
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Figure 6

Bayesian cluster analysis of Maire yew microsatellite data from STRUCTURE (K=3, K=4) Note: The ordinate is Q value (the proportion of individuals belonging
to different groups in the population).


