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Abstract

:

Amentotaxus argotaenia (Hance) Pilg. is a threatened conifer with a wide distribution range from North to Central Vietnam due to habitat loss and over-exploitation. To provide information for its conservation and sustainable management, in the present study, genetic diversity and population genetic structure for 200 trees from eight populations, representing the natural distribution range of this species were estimated using nuclear microsatellites. The results showed a moderate genetic diversity of A. argotaenia (HO = 0.331, HE = 0.358). Significant heterozygosity deficits were detected in three populations in the Northeast area. Genetic differentiation was low in the same distribution area and high in different areas. However, the gene flow among the studied populations was relatively high (Nm = 1.17). Habitat fragmentation, geographical distance and high mountain range can be the major factors that reduce gene exchange between different areas. Various clustering analyses distinguished three major genetic groups related to the three distribution areas of this species in Vietnam. Based on the study results, we propose that some populations could be prioritized for in situ conservation due to their high genetic diversity with high allelic richness or private alleles, meanwhile other populations should be collected for ex situ conservation as genetic resources in the future.
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1. Introduction


Amentotaxus argotaenia (Hance) Pilg. (Taxaceae) is a large dioecious conifer tree that can reach up to 35–40 m in height and 100–120 cm in diameter at breast height [1]. It is found in evergreen submontane forests on limestone as well as sandstone, shale and granite at an altitude of 950–1500 m asl. Its timber is used for tool making, furniture and handicrafts. Furthermore, this species is grown as a bonsai tree in Vietnam. It is also considered a potential source of anti-cancer treatments [2]. Although, A. argotaenia has a wide distribution range across Laos, northern Vietnam, and southern China, it is in danger of extinction due to habitat loss and degradation in recent decades. Moreover, illegal logging has detrimentally affected and declined rapidly its population. As a result, A. argotaenia has thus been classified as near threatened under the IUCN Red List of Threatened Species [3] and Vulnerable in the Vietnam Plant Red Data Book [4].



Genetic variability affects the adaptation and resilient maintenance of a species to environmental changes [5]. It is evaluated through gene flow, mutation, and natural selection [6], and involves many factors as such species distribution range, population sizes, life cycle, demographical history, and mating system [7]. In recent decades, due to anthropogenic activities, the habitats for many plants have been fragmented and isolated, influencing genetic variability within and between populations. The reduction in genetic variation can be a consequence of drift, inbreeding and bottleneck. This declines the evolutionary and adaptive potentials and species viability [8,9]. Therefore, the investigation of genetic variability is of great significance to understanding the genetic processes, and contributing to the protection and management of a species [10].



Over the last several decades, various genetic markers have been developed to study the genetic variability of plants and have revealed evolutionary history and assisted species conservation, breeding management, and restoration in the future [11,12]. In this respect, microsatellites have been widely used in the analysis of genetic diversity within populations and differentiation among populations and have contributed to the conservation and management of threatened plant species [13,14,15]. Among microsatellites, nuclear microsatellites (nSSRs) are mainly associated with non-coding regions and are more polymorphic than the expressed sequence tag-microsatellites (EST-SSRs) and evolve faster than the chloroplast microsatellites (cpSSRs) [16,17,18]. The EST-SSRs are derived from expressed regions of the genome [19]. In previous studies, cpSSRs were used to investigate genetic diversity of three conifers Glyptostrobus pensilis, Taxus chinensis and T. wallichina in Vietnam [13,20]. Low genetic diversity of three Amentotaxus conifers A. argotaenia, A. formosana and A. yunnanensis in China [21] and that of Fokienia hodginsii in Vietnam [22] were revealed using ISSRs (Inter simgle sequence repeats). The set of SSRs was developed from expressed sequence tags (EST) to analyze genetic diversity and structure in conifers, such as four Amentotatus conifers in China [23], Picea abies in Europe [24]. The set of nSSRs and mtDNA haplotypes was also used to assess genetic diversity and structure for three Amentotaxus conifers A. argotaenia, A. formosana, A. yunnanensis in China and A. poilanei in Vietnam [25]. So far, there is a need to investigate the genetic variability and population genetic structure of A. argotaenia in Vietnam, which is one of the prerequisites for establishing effective conservation activities. In this study, the genetic diversity and population genetic structure of A. argotaenia in evergreen submontane forests were investigated using nSSRs developed from Amentotaxus formosana [26] with the aim of the effectiveness of conservation and management of this species in Vietnam.




2. Materials and Methods


2.1. Study Sites and Tree Sample Collection


Eight sites, across the current distribution range of Amentotaxus argotaenia in Vietnam were sampled (Table S1 and Figure 1). In total, 200 A. Argotaenia trees were sampled. In each population, adult trees were randomly selected with a distance between the two collected consecutive trees at least 70 m, along the investigated transect of 2.5–3 km. A global position system (GPS) receiver was used to record the sampled locations. Inner bark samples were dried in the field using silica gel, and stored at −30 °C until they were used for the extraction of genomic DNA.




2.2. DNA Extraction and Microsatellite Amplification


In the laboratory, samples were ground using a Mixer mill MM 400 (Retsch, Haan, Germany). Total genomic DNA was extracted from the inner bark using the CTAB-based protocol proposed by Doyle and Doyle [27]. We added liquid nitrogen to each sample before the sample was ground. Genomic DNA was verified after electrophoresis on 1.2% agarose gel, and quantification of DNA samples was implemented by spectrophotometer using NanoDrop 2000C (Thermo fisher Scientific Inc., Waltham, MA, USA), and was then diluted to a concentration of 10 ng/µL. The nine SSR primers were used to analyze A. argotaenia (Table S2). All primers were developed for Amentotaxus formosana from southern Taiwan [26]. Multiplex PCR amplification reaction was conducted in a 25 µL solution volume containing 12 μL of 2× master mix (Thermo Fisher Scientific, Waltham, MA, USA), 8 μL of ddH2O, 1 μL of 10 pmol each primer, and 3 μL of the extracted DNA template (30 ng). PCR amplification was implemented on a GeneAmp PCR System 9700 (Applied Biosystems Inc., Calsbad, CA, USA), with a procedure as follows: initial denaturation at 94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s, suitable annealing temperature for 45 s for each primer at 59 or 60 °C and 1 min extension at 72 °C, and a final extension at 72 °C for 10 min, was then stored at 4 °C. PCR products were resolved using the Sequi-Gen®GT DNA electrophoresis system on a 6% polyacrylamide gel in 1× AE buffer and visualized SSR bands by GelRedTM Nucleic Acid Gel Stain. Allele sizes were determined using Gel-Analyzer software of GenoSens1850 (Clinx Science Instruments Co., Ltd., Shanghai, China) with a 25 bp DNA ladder (Thermo fisher Scientific, Waltham, MA, USA).




2.3. Molecular Analysis, Genetic Diversity and Population Genetic Structure


The existence of null alleles was checked using a Micro-checker [28]. The values of polymorphism information content (PIC) for each locus were calculated using Cercus [29]. The deviation from the Hardy-Weinberg equilibrium at each locus and the linkage disequilibrium for each locus pairwise combination in each population performed were tested using Genepop [30]. The genetic diversity parameters include the mean number of alleles (NA), number of effective alleles (NE) per locus, number of private alleles (NP), observed heterozygosity (HO) and expected heterozygosity (HE) across loci and populations, the proportion of polymorphic loci (PPL) and gene flow (Nm) were calculated based on the allele frequencies using GenAlEx [31]. Allelic richness (AR) and fixation index (FIS—inbreeding coefficient) were estimated using Fstat [32]. The FIS values for null allele frequencies were corrected based on the individual inbreeding model (IIM) using Inest [33]. The existence of population bottlenecks and test deviations in heterozygotes from expected heterozygosity under mutation-drift balance for each population were evaluated using Bottleneck [34]. A two-phase model (TPM) and tested it via the Wilcoxon signed-rank test were performed.



The genetic differentiation among A. Argotaenia populations was estimated according to FST [35] and G’ST [36] values using Genalex. The significance values of FST across all loci were determined at the 0.05 significance level using Arlequin [37]. The analysis of molecular variance (AMOVA) was conducted based on 10,000 permutations using Arlequin. A neighbor-joining (NJ) tree was implemented for genetic relationships among populations based on the FST values using Poptree2 [38]. The genetic structure of the studied populations was analyzed based on Bayesian clustering using Structure [39]. Markov chain Monte Carlo (MCMC) of 100,000 times and the length of burn-in of 500,000 times were implemented using the admixture and correlated allele frequency models. We set ten separate runs each for a range of K values from 1 to 15. Then, the best K numbers that fit the dataset according to the principle of the highest value of DeltaK of Evanno et al. [40], were selected using Structure Harvester [41]. The most likely number of clusters were also determined based on the estimators for the median of medians (MedMedK), the median of means (MedMeanK), the maximum of medians (MaxMedK) and the maximum of mean (MaxMeanK) criteria [42], using StructureSelector [43]. The bar plots of the assigned cluster memberships were performed based on the Structure results using Clumpak [44]. A discriminant analysis of principal components (DAPC) was also performed using the adegenet package for the R software to detect clusters of genetically related individuals [45]. DAPC was implemented with and without prior information on population origin to analyze for assignment of individuals to populations.





3. Results


3.1. Genetic Diversity


All nine SSR primers in the present study were polymorphic (Table 1). Null allele frequencies were detected at four loci (p < 0.05). Genotypic linkage disequilibrium was tested for eight populations of Amentotaxus argotaenia.



Thirty-eight out of the 288 tests were significant at the 5% level. The two loci of amen7 and amen8 had a highly informative allele with a PIC value higher than 0.5, whereas the two loci (amen5 and amen9) had a less informative allele with this value of less than 0.3, and the remaining five loci have moderate informative allele values with PIC values ranging from 0.366 (amen6) to 0.466 (amen4). At the locus level, alleles (NA) were generated from 2 at two loci (amen5 and amen6) to 4 alleles at 5 loci (amen1, amen2, amen7, amen8 and amen9), with 30 alleles in total from 200 individuals in eight populations. The highest allelic richness (AR) was found at amen7 (3.8) and the lowest AR was 1.9 at amen5, with an average of 2.6. The number of effective alleles (NE) ranged from 1.16 at locus amen6 to 2.2 at locus amen8, an average of 1.7. The two loci of amen1 and amen5 showed the lowest genetic diversity values HO and HE, which were 0.15 and 0.124 for HO and 0.222 and 0.112 for HE, respectively. The two values FIS and FIT reflect the degree to deviation from Hardy-Weinberg equilibrium (HWE) within and across populations. The fixation index (FIS) ranged from 0.234 (amen2) to −0.174 (amen5), with an average of 0.12, indicating heterozygosity deficiency across all populations and inbreeding. The average value of the coefficient of total inbreeding (FIT) was 0.339, ranging from 0.121 (amen9) to 0.694 (amen1). The test of Hardy-Weinberg equilibrium (HWE) from 200 individuals showed significant deviation for seven loci. However, no significant deviations were found in two loci amen3 and amen9 (Table 1), indicating the majority of populations are under the influence of selection by migration and mutation.



At the population level, among the eight investigated populations, the percentage of polymorphism (P) ranged from 88.89% in the two populations of Liem Phu and Hang Kia to 100% in the remaining six populations, with an average of 97.22% (Table 2). Alleles (NA) per locus ranged from 2.3 in Hang Kia to 2.9 in Liem Phu, with an average of 2.6. Effective alleles (AE) ranged from 1.5 in Pu Luong to 1.8 in the three populations of Xuan Truong, Xuan Son and Pu Hoat, with an average of 1.7. Of alleles, four were private alleles.



Three private alleles (NP) were detected in the Liem Phu population and one allele appeared only in the Pu Hoat population. The observed heterozygosity (HO) and expected heterozygosity (HE) varied from 0.296 in Nam Chang to 0.354 in Xuan Son (an average of 0.331) and 0.303 in Pu Luong to 0.421 in Xuan Son (an average of 0.358), respectively. The fixation index (FIS) averaged 0.084 per population. Significantly positive FIS values were found in three populations of Xuan Truong, Nam Chang and Xuan Son, showing a deficiency in heterozygotes (p < 0.01). The individual inbreeding model (FISIIM) showed that the inbreeding corrected for null alleles varied between 0.022 in Hang Kia and 0.138 in Nam Chang, with an average of 0.074, and indicating homozygosity excess. The mean FISIIM value was lower compared to the mean FIS value. The Bottleneck analysis is presented in Table 2 and suggested no evidence of a recent bottleneck in all studied populations.




3.2. Genetic Structure


The genetic differentiation (FST) of loci ranged from 0.088 (amen3) to 0.665 (amen5), with an average of 0.29, indicating that 29% of the genetic variation existed among A. argotaenia populations, while G’ST values varied in the range between 0.104 (amen9) to 0.756 (amen5), with an average of 0.443. The average value of gene flow (Nm) was 1.17, ranging from 0.208 (amen1) to 2.587 (amen3). Pairwise FST values between A. argotaenia populations ranged from 0.01 to 0.376 (Table S3). The highest FST value was found between the two populations of Hang Kia and Pu Luong (0.376), while the lowest value was detected between Nam Chang and Xuan Truong (0.01). Significant differentiations were detected between populations (p < 0.01), except for the FST values for three pairs, Xuan Truong and Nam Chang, Xuan Son and Xuan Truong, and Co Ma and Liem Phu. Low FST values were found between populations in the same area. These were 0.02, 0.027 and 0.056 for the Northeast, Northwest and Central areas, respectively. Analysis of molecular variance (AMOVA) showed that 32.49% of the genetic variation were among areas (p < 0.001). The smallest proportion (2.57%) of variation was among populations within areas. The greatest proportion (64.95%) of variation was related to heterozygosity within populations (Table 3). These were confirmed by the values FST, G’ST and Nm (Table 1). Various clustering methods were used to identify the genetic groups of A. argotaenia populations. The Neighbor-joining (NJ) analysis determined three groups (Figure S1). The three populations of Xuan Son, Xuan Truong and Nam Chang in the Northeast area were clustered together with a bootstrap value of 86%. The three populations of Co Ma, Liem Phu and Hang Kia in the Northwest area were clustered into the second group with a bootstrap value of 95%. The remaining two populations of Pu Luong and Pu Hoat in the Central area were clustered into the third group with a bootstrap of 99%.



The Bayesian analysis showed two peaks (Figure 2a) with K = 2 (deltaK = 760.6) and K = 3 (deltaK = 312.4). However, the optimal number of genetic groups (K) was two, with the highest value of deltaK (760.6) obtained from Structure Harvester. At K = 2, the bar plot of admixture assignment for each individual was shown in Figure 2b. All individuals exhibited admixture from the two genetic groups. The ancestry percentage of individuals and each population in the two groups was shown in each color. The first group (blue) was predominant in six populations containing two areas of Northwest and Northeast (Figure 2b) with strong ancestry values ranging from 82.3% (Xuan Son) to 99.1% (Hang Kia), with an average of 93.6% (Table S4). The second group (orange) included the remaining two populations in the Central area with ancestry values of 95% (Pu Luong) and 98.1% (Pu Hoat). At K = 3, all populations in the same area were clustered together into distinct groups (Figure 2b). One group (orange) included two populations of Pu Luong and Pu Hoat in the Central area, with ancestry values of 94.6% and 96.9%, respectively. The second group (blue) included three populations Xuan Son, Xuan Truong and Nam Chang in the Northeast area, with ancestral values 86.3%, 87.4% and 88.4%, respectively. The third group (violet) included the remaining three populations Co Ma, Liem Phu and Hang Kia in the Northeast area, with ancestry values 84.8%, 85.8% and 93.1%, respectively. The Puechmaille approach showed three groups based on the estimator MedMeanK, MedMedK, MaxMedK and MaxMeanK (Figure S2). Although the K = 3 model showed a lower deltaK than the deltaK value at K = 2.



The K = 3 models were supported by the results of the Puechmaille estimator. Disriminant analysis of principal components (DAPC) without prior information also showed three genetic clusters (Figure 3a). All individuals from the two populations Pu Luong and Pu Hoat, except for one individual in Pu Luong were assigned to cluster 1 (Table S5, Figure S3). Two individuals, one in Nam Chang and one in Liem Phu were also assigned to this cluster. The second cluster included all individuals from the three populations of Xuan Truong, Nam Chang and Xuan Son, except for two individuals one in Xuan Truong, one in Xuan Son, and two in Nam Chang. However, some individuals from Liem Phu, Co Ma and Pu Luong were assigned to the second cluster. Most individuals from the remaining three populations were assigned to the third cluster. This cluster was composed of three individuals, one from each population, Xuan Truong, Nam Chang and Xuan Son. DAPC with prior information on population origin revealed individuals within and among populations (Figure 3b). The high overlap of clusters showed low genetic differentiation between populations in the same area. The results indicated that high overlap was detected between populations in the Northeast area, with the FST values ranging from 0.01 to 0.033, with an average of 0.02. Similarly, a high overlap was found between populations in the Central area (FST = 0.056) and between populations in the Northwest area with an average of FST value = 0.093 (0.016–0.043). High genetic differentiation among A. argotaenia populations was identified between different areas. The highest degree of differentiation was found between the Northwest population and the Central population, with an average FST value = 0.311 (0.272–0.376). High genetic differentiation was found between the Northeast population and Central population, with an average of FST value = 0.236 (0.201–0.258), and between the Northwest population and Northeast population, an average of FST value = 0.149 (0.12–0.165).





4. Discussion


4.1. Genetic Diversity


Outcrossing species with great potential genetic movement generally tend to maintain more genetic diversity compared with other species [46,47]. Amentotaxus argotaenia is widely distributed in the tropical forests of central and northern Vietnam and is a dioecious species with wind pollination [1]. Therefore, it is expected that this species will maintain modest genetic differentiation and great genetic diversity within its populations. Previously, information on high genetic diversity has been reported for some conifer species, such as two Amentotaxus conifers A. Argotaenia and A. Formasana in China (HE = 0.61; [25]), Cephalotaxus oliveri in China (HO = 0.57, HE = 0.568; [48]), Taxus wallichiana in Nepal (HO = 0.227–0.527, HE = 0.299–0.587; [49]), T. wallichiana var. Mairei in China (HO = 0.39, HE = 0.538; [50]), Larix decidua in Romania (HO = 0.542, HE = 0.738; [51]), Pinus nigra in Portugal (HO = 0.74, HE = 0.76; [52]), using genomic SSRs. Ho et al. [26] developed 15 nuclear microsatellites and analyzed 20 individuals each A. Argotaenia in Vietnam, A. Formosana and A. Yunnanensis in China and showed high genetic diversity with HO = 0.425, HE = 0.552; HO = 0.397, HE = 0.603; HO = 0.479, HE = 0.499, respectively. Ding et al. [53] developed 11 EST-SSRs and estimated genetic diversity from 45 individuals of three populations in China and showed high genetic diversity within Fokienia hodginsii populations (HO = 0.527, HE = 0.48). In the present study, we detected relatively moderate genetic diversity with the observed and expected heterozygosity, 0.331 and 0.358, respectively. Similar results were also recorded for three Amentotaxus conifers A. Argotaenia (HO = 0.279, HE = 0.394), A. Yunnanensis (HO = 0.268, HE = 0.334) and A. Poilanei (HO = 0.359, HE = 0.347) in China using 23 SSRs [23], Juiperus squamata in the Asian mountains (HO = 0.422, HE = 0.42; [15]) using 11 EST-SSRs, Pseudotsuga menziesii in Mexico (HO = 0.23, HE = 0.302; [54]) using 12 SSRs, Pseudotaxus chienii in China (HO = 0.341, HE = 0.37; [55]) using 20 EST-SSRs, two Amentotaxus conifers A. Yunnanensis in China (HE = 0.36) and A. Poilanei in Vietnam (HE = 0.27; [25] using 15 SSRs. But additional research revealed that the three Amentotaxus conifers A. Argotaenia (genetic diversity (H) = 0.038, Shannon‘s index (I) = 0.055), A. Formosana (H = 0.043, I = 0.063), and A. Yunnanensis (H = 0.043, I = 0.063) in China had low levels of genetic diversity. [21], Fokienia hodginsii in Vietnam (H = 0.093, I = 0.177; [22]), Pinus armandii subsp. Xuannhaensis in Vietnam (H = 0.114, I = 0.176; [56]), using inter-simple sequence repeats (ISSRs), A. Formasana (HO = 0.053, HE = 0.199; [23] in China using 23 EST-SSRs. Our findings suggested that A. Argotaenia‘s poor genetic heterozygosity was caused by habitat degradation and overexploitation. These may be the main causes of the genetic diversity within populations that is being reduced. Our study also showed that a low number of alleles (NA) was found in Hang Kia (2.3), Pu Hoat and Nam Chang (2.4). Low genetic diversity is associated with anthropogenic disturbance, which therefore may have reduced through high homozygotes for common alleles due to loss of rare alleles [57,58]. Such populations are vulnerable and subsequently at highrisk of extinction [59]. Of all the studied populations, the three populations of Liem Phu, Hang Kia and Pu Luong had lower genetic diversities compared with the remaining populations. Of the five populations of Nam Chang, Xuan Son, Hang Kia, Pu Hoat and Pu Luong in the protected areas, two populations (Xuan Son and Pu Hoat) maintained higher genetic diversity, whereas the remaining populations had lower genetic diversity. This suggests that populations can have suffered habitat disturbance and overexploitation, although several populations are conserved. The degree of disruption and the limited population size can both contribute to low genetic diversity. Our study indicated high allelic richness was detected in five populations of Xuan Truong (2.4), Xuan Son (2.4), Co Ma (2.4), Pu Luong (2.5) and Pu Hoat (2.4). These populations might be the focus of conservation efforts. Heterozygote deficiency in all studied populations, except for the two populations of Hang Kia and Pu Luong, suggests the existence of inbreeding within the distribution range of A. argotaenia, although this conifer is a predominantly outcrossing species. A significantly high heterozygote deficit was found in three populations in Northeast Vietnam (Xuan Truong, Nam Chang and Xuan Son) with a p-value < 0.01. The heterozygosity deficit was also identified by Bottleneck analysis and no evidence of recent bottlenecks was recorded. Therefore, we propose that the population size fluctuations have taken place over the past many decades.




4.2. Population Genetic Structure


Previous studies reported low genetic differentiation and high gene flow among populations such as Thuja koraiensis in China (FST = 0.048–0.078, Nm = 2.94–4.958; [14]) using genomic SSRs, Picea abies in Serbia (FST = 0.007; [24]) using EST-SSRs, Pinus nigra in Portugal (FST = 0.04; [52]) using genomic SSRs. In the present study, our results detected moderate genetic differentiation among A. argotaenia populations (FST = 0.29, G’ST = 0.443), indicating a restriction of gene flow. However, gene flow was relatively high (Nm = 1.17) and may effectively suppress genetic differentiation caused by genetic drift [60]. Extensive migrant rates, which reduced genetic differentiation, confirmed high gene flow between A. argotaenia communities. The AMOVA analysis also showed a low significant variation between the A. argotaenia populations within areas (p < 0.001). This could be a result of populations’ genetic divergence becoming less diverse. Similar results were also detected for Pseudotsuga menziesii in Mexico (FST = 0.285; [54]) using genomic SSRs. Low genetic differentiation among populations was observed in the same area, such as among three populations in the Northeast area (FST = 0.02), three populations in the Northwest area (FST = 0.027) and two populations in the Central area (FST = 0.056). These were supported by the NJ tree, Structure analysis and DAPC. These findings may be explained by factors including the reproductive system, out-crossing rate, and close proximity to one another. Pollen dispersal can primarily affect the gene flow and population structure of coniferous species due to the tiny pollen particle weight and low sedimentation velocity. Pollen grains can travel and provide gene flow across their distribution area. Low genetic differentiation reflects a high level of gene flow [61]. Higher genetic differentiation was found between different areas (FST = 0.201–0.258 for population pairs between Northeast and Central areas, FST = 0.120–0.165 for population pairs between Northeast and Northwest areas). These were also confirmed by the AMOVA analysis. This suggests that the large geographic distance and high mountain range as a physical barrier leading to increased isolation among populations might reduce gene exchange among populations via pollen dispersal.



Different clustering methods revealed the genetic structure of A. argotaenia and visualized the genetic relationships of its populations. The NJ tree identified three clusters related to the geographic distribution area. The admixture model-based method implemented in Structure identified that the two clusters were optimal for the 200 sampled trees. A cluster was composed of the two populations of Pu Luong and Pu Hoat in the Central area. Another cluster included the remaining six populations in both the Northeast and Northwest areas. However, the Puechmaille method using the Structure result showed three genetic clusters based on the estimators MedMeanK, MedMedK, MaxMedK and MaxMeanK. This was consistent with the NJ tree. The existence of genetic structure can be a consequence of gene flow, regarding populations into different clusters. Populations in the same area maintained strong gene flow and low genetic differentiation. Thus, these populations often clustered together and formed a genetic group. The DAPC analysis without prior information revealed three major groups. This result also confirmed that three genetic groups were optimal for the 200 sampled A. argotaenia trees. However, the mixing of three groups was observed in two populations of Nam Chang and Liem Phu, while the mixing of two groups was found in four populations of Xuan Truong, Xuan Son, Co Ma and Pu Luong. No mixture was found in the two populations of Hang Kia and Pu Hoat. The isolated populations might be associated with anthropogenic disturbance. The reduction in the dispersal of pollen grains could be considered a barrier to the gene flow of this species. The DAPC analysis with prior information also revealed three genetic groups. This suggests that genetic differentiation among populations in the same area was relatively low and gene flow was high.




4.3. Conservation of Amentotaxus argotaenia in Vietnam


To comprehend the nature of the threat and come up with solutions to protect the species, knowledge of genetic variation and population genetic structure is required. In the present study, we detected that A. argotaenia had moderate genetic diversity and relatively high differentiation among populations. Low genetic differentiation was detected between populations in the same geographic area compared with genetic differentiation between different areas. Besides genetic diversity, allelic richness and private alleles were also revealed as more suitable parameters for conservation activities. These alleles depend on effective population size and provide better information about evolutionary potential. They are an important resource for maintaining populations and adapting to altered selection pressure [62,63]. Our results showed the high allelic richness in five populations of Xuan Truong, Xuan Son, Co Ma, Pu Luong and Pu Hoat compared with the remaining populations. Private alleles were detected in two populations of Liem Phu and Pu Hoat. These populations could be considered as in situ conservation.Establishment of seed stands and promotion of natural regeneration can prevent a reduction in population size and genetic variation, thus ensuring the A. argotaenia conservation.





5. Conclusions


Based on a sampling technique that matched the A. argotaenia populations’ natural distribution area, we examined the genetic diversity within and across these populations in submontane forests in Vietnam. The findings revealed a modest level of genetic diversity within populations and a high degree of genetic difference between groups. In the same distribution area, low genetic differentiation was discovered. Some populations under study may have experienced anthropogenic disruption. The genetic diversity of A. argotaenia was low compared to previous studies in the available literature. The Bayesian analysis showed that three major genetic clusters were consistent with the NJ tree and DAPC without and with prior information. The high allelic richness and private alleles were also observed in some populations. These are the genetic resources to contribute to the survival and evolution of this species. As a result, populations like Xuan Truong, Xuan Son, Co Ma, Liem Phu, and Pu Hoat that have high genetic diversity or private alleles may be given priority for in situ conservation during A. argotaenia conservation efforts. In the future, seeds from the remnant populations could be gathered to be used in ex situ conservation as a genetic resource for this species.
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Figure 1. Studying locations (□) of A. argotaenia. 
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Figure 2. Results of Structure analysis for the eight A. argotaenia populations. (a) DeltaK with cluster number K from one to forteen. (b) Barplot of admixture assignment for the 200 individuals of eight populations with K = 2 and 3. 






Figure 2. Results of Structure analysis for the eight A. argotaenia populations. (a) DeltaK with cluster number K from one to forteen. (b) Barplot of admixture assignment for the 200 individuals of eight populations with K = 2 and 3.



[image: Forests 13 01452 g002]







[image: Forests 13 01452 g003 550] 





Figure 3. Analyses of population structure using DAPC. (a) Scatterplot of the DAPC without prior information; 1-3 is a genetic cluster. (b) Scatterplot of the DAPC with prior information. 
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Table 1. Genetic parameters of the 9 SSR loci for A. argotaenia.
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	Loci
	NA
	AR
	NE
	HO
	HE
	FIS
	PIC
	Null Allele
	FIT
	FST
	G’ST
	Nm
	PHWE





	amen1
	4
	2.7
	1.32
	0.150
	0.222
	0.221
	0.391
	no
	0.694
	0.546
	0.715
	0.208
	***



	amen2
	4
	2.7
	1.93
	0.419
	0.464
	0.234
	0.449
	0.109
	0.228
	0.145
	0.258
	1.475
	**



	amen3
	3
	2.4
	1.83
	0.425
	0.444
	0.078
	0.387
	no
	0.126
	0.088
	0.137
	2.587
	ns



	amen4
	3
	2.9
	2.05
	0.427
	0.448
	0.119
	0.466
	0.091
	0.188
	0.148
	0.257
	1.444
	*



	amen5
	2
	1.9
	1.16
	0.124
	0.112
	−0.174
	0.260
	no
	0.630
	0.665
	0.756
	0.126
	***



	amen6
	2
	2
	1.41
	0.276
	0.277
	−0.043
	0.366
	no
	0.413
	0.413
	0.581
	0.356
	***



	amen7
	4
	3.8
	1.96
	0.365
	0.444
	0.207
	0.629
	0.233
	0.476
	0.363
	0.681
	0.439
	***



	amen8
	4
	3
	2.20
	0.521
	0.529
	0.101
	0.550
	0.087
	0.172
	0.158
	0.334
	1.328
	***



	amen9
	4
	2.3
	1.46
	0.274
	0.284
	0.021
	0.275
	no
	0.121
	0.089
	0.104
	2.566
	ns



	Mean
	
	
	1.70
	0.331

(0.023)
	0.358

(0.022)
	0.120
	0.419
	
	0.339 (0.074)
	0.290 (0.071)
	0.443
	1.170 (0.320)
	







NA, number of alleles; AR, allelic richness; NE, effective alleles; PIC, polymorphism information content; HO and HE, observed and expected heterozygosity; FIS, fixation index; Null allele the average null allele frequency, FIT, coefficient of total inbreeding; FST, genetic differentiation index of Weir and Cockerham (1984); G’ST, genetic differentiation index of Hedrick (2005); Nm, number of migrants; SE, standard error; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 2. Genetic diversity and results of bottleneck tests for eight A. argotaenia populations.
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Population

	
P%

	
NA

	
AR

	
AE

	
NP

	
HO

(SE)

	
HE

(SE)

	
FIS

(SE)

	
FIS IIM

	
p Value of Bottleneck




	
SMM

	
TPM






	
Xuan Truong

	
100

	
2.6

	
2.4

	
1.8

	
-

	
0.329

	
0.386

	
0.166 **

	
0.092

	
0.248

	
0.125




	
Nam Chang

	
100

	
2.4

	
2.3

	
1.7

	
-

	
0.296

	
0.359

	
0.193 **

	
0.138

	
0.410

	
0.150




	
Xuan Son

	
100

	
2.6

	
2.4

	
1.8

	
-

	
0.354

	
0.421

	
0.181 **

	
0.077

	
0.213

	
0.064




	
Liem Phu

	
88.89

	
2.9

	
2.3

	
1.7

	
3

	
0.314

	
0.337

	
0.086

	
0.070

	
0.726

	
0.679




	
Co Ma

	
100

	
2.7

	
2.4

	
1.7

	
-

	
0.353

	
0.365

	
0.056

	
0.051

	
0.820

	
0.589




	
Hang Kia

	
88.89

	
2.3

	
2.1

	
1.6

	
-

	
0.341

	
0.313

	
−0.083

	
0.022

	
0.527

	
0.320




	
Pu Hoat

	
100

	
2.4

	
2.4

	
1.8

	
1

	
0.347

	
0.382

	
0.074

	
0.093

	
0.875

	
0.715




	
Pu Luong

	
100

	
2.6

	
2.5

	
1.5

	
-

	
0.316

	
0.303

	
−0.017

	
0.045

	
0.410

	
0.248




	
Mean

	
97.22

	
2.6

	

	
1.7

	

	
0.331

(0.023)

	
0.358

(0.022)

	
0.083

	
0.074

	

	








P, percentage of polymorphic loci; NA, alleles per locus; AR, allelic richness; AE, effective alleles; NP, number of private alleles; HO and HE, observed and expected heterozygosities; FIS, fixation index; FIS IIM, corrected inbreeding coefficient for null alleles; SMM, Stepwise mutation model and TPM, Two-phase model; SE standard error; ** p < 0.01.
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Table 3. Analysis of molecular variance from natural populations of A. argotaenia produced from ARLEQUIN.
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Df

	
Sum of Squares

	
Variance Components

	
Total

Variation (%)

	
Fixation Indices






	
Among areas

	
2

	
221.904

	
0.820

	
32.49

	
FST = 0.325 ***




	
Among populations within areas

Within populations

	
5

392

	
24.408

642.948

	
0.065

1.640

	
2.57

64.95




	
Total

	
399

	
889.260

	
2.525

	

	








df, degree of freedom; *** p < 0.001.
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