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Abstract
The population genetic structure was proved to be influenced by both historical events and gene flow, which can be examined 
by analyzing intraspecific differentiation and spatiotemporal population dynamics of a species at large spatial scale. In this 
study, we surveyed the population structure and evolutionary dynamics of 38 natural populations of a desert plant, Allium 
mongolicum Regel (Liliaceae), in northwestern China, using nine microsatellite loci. High genetic diversity was observed 
within populations, with mean allele diversity and the expected heterozygosity values of 0.689 and 0.655, respectively. The 
value of expected heterozygosity (He = 0.655) was higher than that of observed heterozygosity (Ho = 0.317), which indicated 
an excess of homozygosity within populations, which could be due to inbreeding. The gene flow among populations was 
high (Nm = 1.245) while the genetic differentiation among populations was low (Fst = 0.169). However, a distinct regional-
scale differentiation was discerned among three geographical regions. Our results further detected considerably restricted 
but asymmetric gene flow among the three regions. The demographic dynamic analysis also detected an ancient population 
contraction and subsequent expansion during 0.11–0.33 Ma. These results suggested that both gene flow and population 
contraction/expansion caused by climate oscillations in ancient time played an important role in forming the population 
structure and accelerating the regional-scale differentiation of the desert plant. Our results further enforce the idea that the 
aridification and subsequent desert expansion/contraction since Pleistocene have greatly promoted the habitat fragmentation, 
and subsequent plant differentiation in northwestern China.
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Introduction

The geographical patterns of genetic variation within and 
among populations are commonly correlated with species 
demographic history such as range contraction/expansion, 
habitat fragmentation due to vicariance, genetic drift and 
gene flow (Schaal et al. 1998). Therefore, population struc-
ture of species has always been one of the key study com-
ponents in the field of evolutionary ecology. Up to now, 
numerous studies have been carried out to reveal genetic 
structure and diversity of endangered plant species which 

mainly concentrated on specific environmental conditions, 
such as the Hengduan Mountains, the Qinghai–Tibet Pla-
teau (QTP) and its adjacent highlands in China (e.g., Zhang 
et al. 2005; Wan et al. 2016; Cun & Wang 2010; Liu et al. 
2013). Desert plants have long been growing under the spe-
cial habitat in deserts, which have undergone a long-term 
process of adaptive evolution under environmental pressures 
such as extreme high temperature, drought and flowing sand, 
and subsequently, formed a unique genetic pattern involv-
ing regional-scale differentiation and range expansion during 
glaciation onto the vast temperate desert and steppe due to 
adaption to the extreme environment (Yu et al. 2013; Meng 
et al. 2015; Qian et al. 2016; Salameen et al. 2018). Owing 
to climate changes, especially the more recent aridifica-
tion and desert expansion, the range expansion–contraction 
cycles formed the genetic structure and diversity of many 
species in desert regions of northwestern China (Meng et al. 
2015). Meanwhile, a few geographical barriers in desert area 
caused by mountains, deserts and continuous oasis probably 
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had dramatic effects on the population structure and genetic 
diversity of desert species (e.g., Rebering et al. 2010; Guo 
et al. 2010; Li et al. 2012; Yu et al. 2013). For example, a 
large-scale drifting desert with many megadunes, which is 
a potential geographical barrier, could restrict population 
spread of some desert plants preferring the habitat of fixed 
sand land, and consequently, exerts influence on distribution 
and differentiation of these species (Yu et al. 2013; Wang 
et al. 2013).

Allium mongolicum Regel (Liliaceae) is a high-quality 
perennial forage herb mainly occurring in a few desert 
regions in northwestern China (He et al. 2007). It has a 
wide distribution, ranging from western Liaoning province 
to northeastern Xinjiang autonomous region, and occupies 
a large variety of ecological conditions in desert region, 
including flowing sandy land, arid and semiarid grass-
land, droughty gravel hillsides (Zhang et al. 2014; Wang 
et al. 1980). This species has strong resistance to shifting 
sand, drought and low temperature and plays an extremely 
important role in maintaining ecosystem stability in some 
desert regions (Ma 1994). Particularly, its leaves contain 
several kinds of amino acids and essential mineral elements 
(Sechenbater and Liu 2002), and therefore, it is a favorable 
wild green vegetable in desert regions (Ma et al. 2006; Liu 
et al. 2007; Yang et al. 2007). Allium mongolicum has a dis-
tinct ability to develop and reproduce themselves clonally 
under the extreme arid desert environments. Furthermore, 
this plant gets into temporary dormancy when an extreme 
drought occurs and thrives again rapidly when the suita-
ble conditions are available (Zhao 2010). These biological 
characteristics of the species facilitate the colonization and 
growth of its populations in heterogeneous habitats with 
stressful conditions (Chidumayo 2006; Roiloa and Retuerto, 
2007; Wang et al. 2008; You et al. 2013). According to the 
results of study by Zhang (2010), the mating system of A. 
mongolicum is mainly outcrossing with a few self-compati-
ble individuals. It has high pollen viabilities and fertilization 
rates as well as high stigma receptivity. The pollen life is 
about 8 h and the best pollination time is 3–4 h after flower-
ing. Pollination duration could last for about 5 days, best 
pollination time is about 2 days after flowering. The seeds 
are mainly dispersed through flowing sand, which probably 
caused limited dispersal distance compared to pollen (Bacles 
et al. 2006). In our previous study (Zhang et al. 2017), we 
used chloroplast DNA variations to survey the population 
structure and phylogeographical history of A. mongolicum. 
The results revealed three distinct groups, i.e., the east-cen-
tral group (ECG), the west-central group (WCG) and the 
western group (WG), and each of the groups occupied a 
distinct geographical region with a specific dominant chloro-
type. The desert species has a distinct regional-scale differ-
entiation and it had probably experienced a sudden regional-
scale range expansion/recolonization in the Quaternary 

glaciers (Zhang et al. 2017). It is known that chloroplast 
DNA is maternally inherited in angiosperms, and it is only 
dispersed through seeds (Wolfe et al. 1987), while nuclear 
DNA (e.g., nuclear microsatellite loci) is biparentally inher-
ited and dispersed via both seeds and pollen (Palmé et al. 
2003). Therefore, the level of gene flow only mediated by 
seeds is probably lower than that of the gene flow of both 
seeds and pollen, which possibly caused different popula-
tion structure and differentiation pattern of the same species 
(Petit et al. 1993; Zhou et al. 2017a). Therefore, we further 
examined the population structure and genetic diversity of 
A. mongolicum based on biparentally inherited microsatel-
lites in this study.

Microsatellites, also known as simple sequence repeats 
(SSRs), were extensively used for revealing genetic diversity 
and population structure of species (e.g., Walter and Epper-
son 2004; Ghebru et al. 2002; Falahati-Anbaran et al. 2007), 
due to high hypervariability, codominance, ubiquity and 
reproducibility in eukaryotic genomes (Wang et al. 1994; 
Yang et al. 2015). In the present study, we used nine poly-
morphic microsatellite loci isolated by de novo sequencing 
to investigate the genetic diversity and population structure 
of 38 A. mongolicum populations across its distributional 
range. The main aims are to: (1) compare the genetic diver-
sity within and among populations, especially between dif-
ferent geographical regions of A. mongolicum, (2) reveal 
the population structure in the whole geographical distribu-
tions based on SSR markers and (3) evaluate the population 
dynamics of the desert plant in response to ancient climate 
oscillations.

Materials and methods

Population sampling

A total of 38 natural populations of A. mongolicum were 
sampled for this study (Online resource 1, 10 individuals per 
population). These populations represented almost the entire 
distributional range and different habitats of this species except 
for the southwestern Mongolia (Fig. 1: a). According to Wang 
et al. (1980), this species is widely distributed in the deserts of 
northern and northwestern China and its natural range extends 
to southwestern Mongolia which is located to the northwest of 
the sampled populations. For some difficulties of going abroad, 
we did not sample the populations in Mongolia. However, this 
does not affect the assessment of the interspecific differentia-
tion and genetic diversity presented in this study, since these 
populations only occur at the edge of the distributional range 
in Inner Mongolia and probably represent only a small part 
of the total genetic pool of this species. The distance among 
populations sampled in this study is usually over 50 km, and 
all individuals in each population were usually separated from 
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each other by more than 50 m, which aimed to ensure that 
samples closely related to the population and minimized the 
chance of sampling clones. Fresh healthy leaves for DNA 
extraction were sampled in the field and rapidly dried with 
silica gel. The latitude, longitude and altitude at each collection 

center were recorded using an Etrex GIS monitor (Garmin, 
Taiwan).

Fig. 1  Map of the sampling sites, geographical distribution of geno-
types, and the summary plot of estimates based on SSR polymor-
phisms. a Sampling sites and distribution of polymorphic frequencies 
in surveyed populations (K = 3). b Plot of mean likelihood L(K) and 
variance per K value from STRU CTU RE on a dataset containing 380 
individuals genotyped for 9 polymorphic microsatellite loci. c Evanno 

et al. (2005) plots for detecting the number of K groups that best fit 
the data. d, e, f Bar plots of individual Bayesian assignment proba-
bilities of microsatellites for Allium mongolicum sampling sites using 
STRU CTU RE for two, three and four clusters, respectively (K = 2, 3, 
4, respectively)
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DNA extraction, amplification and fluorescence 
detection

Total genomic DNA was extracted from 20 mg of leaf 
material dried with silica gel using DNAsecure Plant Kit 
(DP305-03, Tiangen Biotech, Beijing, China). A total of fif-
teen polymorphic microsatellite loci of A. mongolicum were 
successfully isolated based on de novo sequencing using 
Illumina MiSeq platform in our previous study (Hu et al. 
2017). However, being amplified in the population, six of the 
fifteen SSRs showed significant segregation distortion, and 
these distorted markers were excluded from the following 
population scanning. Consequently, nine microsatellite loci 
(Online resource 2) were used for genotyping of the whole 
pupulations sampled in the present study. SSR PCRs were 
performed on an ABI-2720 analyzer, in a 20 μL reaction vol-
ume containing the following components: 0.5 μL DMSO, 2 
μL 10 × PCR Buffer (2 mmol/L), 0.5 μl dNTP (2 mmol/L), 
0.5 μL Primer F and Primer R (10 μmol/L), 0.2 μL Trans-
Start Taq Polymerase, 1μL DNA, 14.8 μL Sterilized  ddH2O. 
PCR amplification was programmed at 95 °C for 5 min; 30 
cycles of 95 °C for 30 s, 52/54/58 °C for 30 s and 72 °C for 
30 s; and a final extension at 72 °C for 5 min. PCR prod-
ucts were checked on 1.5% (w/v) agarose gels containing 
ethidium bromide and visualized by AlphaImager (Version 
4.0.1) for subsequent analysis.

The successfully amplified products were further used for 
subsequent PCR fluorescence reaction. Each microliter of 
PCR product that was labeled with HEX or 6-FAM (diluted 
5–10 times with sterilized distilled water depending on the 
amount of PCR product) was mixed with 9.5 μl of deion-
ized formamide (Hi-Di Formamide, Applied Biosystems) 
and 1.0 μl of fourfold-diluted GeneScan 400HD ROX size 
standard (Applied Biosystem), followed by denaturation at 
95 °C for 5 min and immediate chilling on ice. Fluorescent 
signals of PCR products were detected on an ABI PRISM 
3730 Genetic Analyzer (Applied Biosystems) in GeneScan 
(Version 3.0) mode. The results were viewed one by one 
using the software Penk Scanner and further analyzed using 
the program GeneMapper V4.0.

Genetic diversity and population structure analyses

We calculated the number of different alleles (Na), number 
of effective alleles (Ne), observed heterozygosity value (Ho), 
expected heterozygosity value (He), Shannon’s information 
index (I), private alleles and the percentage of polymor-
phic loci (PPL) for each population using GenALEx 6.503 
(Peakall and Smouse 2006). We also estimated the gene flow 
(Nm) over all populations for each locus. The polymorphism 
information content (PIC) for each locus was calculated 
using the program Cervus 3.0.7 (Marshall et al. 1998) with 
the lowest expected frequency 5. A model-based clustering 

analysis was performed using the software STRU CTU RE 
V2.3.4 to infer cryptic population structure and the number 
of clusters (Pritchard et al. 2000). This program employs a 
Bayesian algorithm to infer the true number of clusters (K) 
in a sample of individuals. K values were explored from 2 
to 8 with each set having 15 repeats, using an admixture 
model. Each simulation started from 100 random initial 
conditions and each run consisted of a burn-in period of 
100,000 iterations, followed by 1,000,000 Monte Carlo 
Markov Chain (MCMC) replicates. The output results of 
structure analysis were further imported into the web-based 
program STRU CTU RE HARVESTE (available at http:// 
taylo r0. biolo gy. ucla. edu/ struc tureH arves ter/) for the choice 
of the appropriate K value (Earl and vonHoldt 2012; Evanno 
et al. 2005). The program provides a fast way to assess and 
visualize likelihood values across multiple values of K and 
hundreds of iterations for easier detection of the number of 
genetic groups that best fit the data. The best K value was 
estimated using the delta K method (Evanno et al. 2005) 
and by choosing the smallest K value after the log prob-
ability of the data values [ln Pr (X∣K)] reached a plateau 
(Pritchard et al. 2000). The Clumpp v1.1.2 program (Jakob-
sson and Rosenberg 2007) was used to combine the results 
from the 15 repetitions of the best K. The Distruct v1.1 pro-
gram (Rosenberg 2004) was used to graphically display the 
results produced by Clumpp. We further performed analyses 
of molecular variance (AMOVA) using the program Arle-
quin version 3.0 to assess genetic differentiation among and 
within populations, and among groups, as well as average 
allele diversity over loci in each population, with significant 
tests by a nonparametric procedure involving 1000 permuta-
tions (Excoffier et al. 1992; 2005).

To examine the genetic isolation by geographic distance, 
Mantel tests with 10,000 permutations were used to reveal 
correlation between matrices of geographic and Nei genetic 
distances (Nei 1987) among all populations, as implemented 
in GenAlEx 6.5 software (Peakall and Smouse 2006). The 
geographical distance was calculated based on the coordi-
nates of each location. We also performed Mantel tests in 
each geographical region clustered by STRU CTU RE.

Demographic history analyses

Populations that have experienced a recent reduction of their 
effective population size exhibit a correlative reduction of 
the allele number and heterozygosity at polymorphic loci. 
But the allele number is reduced faster than the heterozy-
gosity value (HE). Thus, the HE becomes larger than the 
heterozygosity (HEQ) expected at mutation-drift equilibrium 
because HEQ is calculated on the base of the allele number 
(Cornuet and Luikart 1996). We used the program BOT-
TLENECK version 1.2.02 (Piry et al. 1999) to analyze het-
erozygosity excess or heterozygosity deficit at each locus 

http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
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under the infinite allele model (IAM), two-phased mutation 
model (TPM) and step-wise mutation model (SMM), respec-
tively. Both the sign test and the Wilcoxon’s signed rank test 
were used to determine if a population exhibits a significant 
number of loci with heterozygosity excess (Cornuet and Lui-
kart 1996; Luikart and Cornuet 1998; Luikart 1997).

Furthermore, in order to infer the early demographic his-
tories of the species, we used approximate Bayesian com-
putation (ABC) in DIYABC v1.0 (Cornuet et al. 2010) to 
examine four designed plausible scenarios of demographic 
changes based on data set obtained for the nine nuclear SSR 
loci. These four scenarios are based on the results of the 
related demographic analyses based on chloroplast DNA 
variation in our previous study (Zhang et al. 2017), for 
instance, the Tajima’s D and Fu’s Fs statistical tests as well 
as mismatch distribution analysis indicated that the desert 
species had experienced a sudden regional-scale range 
expansion/recolonization in the Quaternary glaciers. The 
four scenarios designed in the present study were simulated 
under the framework of a single population by assuming 
the same initial population size (NA). Scenario 1 assumed 
an ancient bottleneck event (t2) with a subsequent smaller 
stable population size (N2) and a recent expansion (t1, N1). 
Scenario 2 assumed an ancient population growth (t2) and 
a subsequent larger but stable population size (N3), fol-
lowed by a recent bottleneck (t1, N1). Scenario 3 assumed 
an ancient population growth (t2) followed by a larger but 
stable population size (N4), and finally a recent expansion 
(t1, N1). In our previous study (Zhang et al. 2017), a rapid 
regional-scale range expansion was tested only in the main 
distributional areas of Allium mongolicum (the ECG and 
WCG populations). In order to infer population dynamics 
in unique geographical distributions with contrasting habi-
tats (e.g. the QTP), we further designed the fourth scenario 

which assumed an ancient bottleneck event (t2) with a subse-
quent smaller stable population size (N5) and a recent more 
severe bottleneck (t1, N1) (Fig. 2). The prior distributions of 
the demographic parameters are listed in Online resource 3.

Finally, in order to determine gene flow among geo-
graphical groups of A. mongolicum, we used the software 
package MIGRATE version 3.7.3 (Beerli and Felsen-
stein 1999; Beerli and Palczewski 2010; http:// popgen. 
sc. fsu. edu) to estimate the scaled effective population 
size, θw, of population groups clustered by STRU CTU RE 
(4Neμ, where Ne is the effective population size and μ is 
the mutation rate) and the effective number of migrants 
(2 Nem, where m is the effective migration number) per 
generation. Because no estimates of the mutation rates of 
nuclear microsatellites are available for Allium, we used 
mean nuclear microsatellite mutation rate (2.5 ×  10–4) to 
estimate the effective population size of A. mongolicum. 
The mutation rate of μ = 2.5 ×  10–4 per site per generation 
was calculated by (Pereyra et al. 2009) based on the upper 
(5.2 ×  10–4) and lower (1.1 ×  10–4) 95% confidence limits 
of mutation rate for nuclear microsatellite loci of plants 
(Vigouroux et al. 2002). The maximum-likelihood analysis 
was performed based on 20 short chains (10,000 trees) and 
three long chains (1,000,000) with 10,000 discard trees per 
chain (burn-in).

Results

SSR polymorphism

Nine SSR loci used in this study were highly polymor-
phic (Table 1). The average number of different alleles 
(Na) at each locus ranged from 3.316 at AM51 to 8.477 at 
AM35, with the mean number of alleles 5.649. The num-
ber of effective allele (Ne) at each locus was in a range of 
2.005–6.359 with a mean value of 3.986. The Shannon’s 
information index (I) ranged from 0.799 to 1.935, with 
the lowest value at AM51 and the highest value at AM35. 
The observed and expected heterozygosity values ranged 
from 0.003–0.463 and 0.440–0.826, respectively. The high-
est values of Ho and He were observed at the locus AM35 
(Ho = 0.463, He = 0.826), while the lowest values of Ho and 
He were observed at the locus AM03 and AM51, respec-
tively (Ho = 0.003, He = 0.440). The polymorphic informa-
tion content (PIC) is usually used for estimating the degree 
of allelic variabilities at a gene locus (Avval 2017). The PIC 
value calculated for each locus in this study was in a range 
of 0.773–0.976 with an average of 0.890. The PIC value 
of each SSR locus was more than 0.5, indicating that these 
screened loci had high properties to discriminate polymor-
phism of the species (Botstein et al. 1980). The F-statistics 

Fig. 2  Tested historical demographic models proposed for the three 
populations groups of Allium mongolicum. Scenario 1 assumed an 
ancient bottleneck event (t2) with a subsequent smaller stable popula-
tion size (N2) and a recent expansion (t1, N1). Scenario 2 assumed an 
ancient population growth (t2) and a subsequent larger but stable pop-
ulation size (N3), followed by a recent bottleneck (t1, N1). Scenario 
3 assumed an ancient population growth (t2) followed by a larger but 
stable population size (N4), and finally a recent expansion (t1, N1). 
Scenario 4 assumed an ancient bottleneck event (t2) with a subse-
quent smaller stable population size (N5) and a recent more severe 
bottleneck (t1, N1)

http://popgen.sc.fsu.edu
http://popgen.sc.fsu.edu
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showed that most loci had obvious inbreeding coefficient 
both at individual population level (Fis) and at total popula-
tion level (Fit), with the mean values of 0.497 and 0.578 for 
Fis and Fit, respectively. Gene flow (Nm) ranged from 0.451 
to 1.761, with the high mean value of 1.245, implying sig-
nificant inbreeding coefficient level of A. mongolicum.

Genetic diversity and population structure

Genetic diversities among 38 populations of A. mongolicum 
are listed in Table 2. The average diversity (Nd) over loci 
per population ranged from 0.5421 to 0.8023 with an aver-
age of 0.6892. The mean number of polymorphic loci (Na) 
and the mean number of effective alleles (Ne) ranged from 
4.0 to 7.4 and 2.6 to 5.6, respectively. The mean number of 
private alleles (Np) was in a range of 0–0.4 with an average 
of 0.1 for the whole populations sampled in this study. At 
the species level, the range of Shannon’s information index 
was 0.991–1.701 with an average of 1.381. The population 
3 contained the highest genetic polymorphism (Na = 7.444, 
Ne = 5.653, I = 1.701), while the population 33 had the low-
est genetic diversity (Na = 4.0, Ne = 2.568, I = 0.991). The 
observed and expected heterozygosity values were in a range 
of 0.1–0.444 and 0.515–0.762, respectively. Furthermore, 
the value of observed heterozygosity of each population 
was significantly lower than that of expected heterozygo-
sity, and the overall mean value of expected heterozygosity 
(He = 0.655) was significantly higher than that of observed 
heterozygosity (Ho = 0.317).

In the clustering analysis based on Bayesian algorithm, 
the delta K was used for estimating the number of clusters, 
K (Evanno et al. 2005), due to the continuously increas-
ing value of the log likelihood L(K) (Fig. 1: b). The delta 
K showed the highest peak at K = 3 by Evanno’s method 
(Fig. 1: c), indicating that the appropriate K value should be 
3 (Online resource 4, 8–9). Based on the detailed study of 

clusters, all populations sampled in this study were clustered 
into three groups (Table 2; Fig. 1: a): the first group (group 
1) included populations 1–22 and 35–38, which occupied 
almost the whole geographical distribution of A. mongoli-
cum except ranges in Xinjiang and Qinghai. The second 
group (group 2) consisted of populations 23–27. All the 
populations in this group occurred in Xinjiang, which are 
geographically far from the first group populations. The third 
group (group 3) was composed of populations 28–34, and 
most of which distributed on the QTP and its northern edge. 
For the population groups, diversity parameters such as Nd, 
Np, I and He were clearly different from each other (Table 2). 
The results of AMOVA revealed that approximately 83.1% 
of the total SSR variation occurred within populations, 
whereas only about 5.3% occurred among groups (Table 3). 
For the whole distribution, variation within populations was 
obviously higher than that of among populations (11.6%). 
Furthermore, variance among populations (FST = 0.169) 
and within groups (FSC = 0.108) was low. For each group 
clustered based on Bayesian algorithm, most variation also 
occurred within populations (79.93–89.58%), and variance 
among populations was low (10.42–20.07%).

In addition, using Mantel tests, the results did not reveal 
a significant correlation between geographic and genetic 
distance (r = 0.190, p = 0.190, Fig. 3: a) at the overall scale. 
Similarly, no significantly positive correlation was revealed 
in the two geographical regions (Fig. 3: c, d) apart from 
group 1 (r = 0.199, p = 0.031, Fig. 3: b). Although there was 
an obvious linear relationship between the geographic and 
genetic distances in the group 2 (r = 0.661), the p value of 
Mantel test was high (p = 0.217), suggesting that genetic iso-
lation by geographic distance was not obvious.

Table 1  Genetic diversity 
indices, F-statistics and 
estimates of gene flow for each 
locus in Allium mongolicum 

N number of individuals; Na number of different alleles; Ne number of effective alleles; I Shannon’s infor-
mation index; Ho observed heterozygosity; He expected heterozygosity; PIC polymorphic information con-
tent; Fis inbreeding coefficient at individual population level; Fit inbreeding coefficient at total population 
level; Fst population differentiation; Nm gene flow estimated from Nm = 0.25(1−Fst)/Fst

Locus N Na Ne I Ho He PIC Fis Fit Fst Nm

AM03 380 4.868 3.716 1.252 0.003 0.603 0.923 0.996 0.997 0.357 0.451
AM14 380 4.289 2.594 1.035 0.258 0.526 0.773 0.510 0.601 0.187 1.089
AM33 380 4.553 2.782 1.118 0.366 0.567 0.876 0.354 0.489 0.209 0.948
AM35 380 8.447 6.359 1.935 0.463 0.826 0.965 0.439 0.516 0.137 1.570
AM39 380 7.868 5.907 1.841 0.287 0.803 0.976 0.643 0.702 0.165 1.268
AM51 380 3.316 2.005 0.799 0.421 0.440 0.777 0.042 0.200 0.164 1.270
AM55 380 7.500 5.467 1.782 0.311 0.784 0.958 0.604 0.667 0.159 1.324
S32 380 3.947 2.678 1.079 0.358 0.588 0.826 0.391 0.477 0.141 1.522
S56 380 6.053 4.370 1.587 0.384 0.756 0.935 0.492 0.555 0.124 1.761
mean 380 5.649 3.986 1.381 0.317 0.655 0.890 0.497 0.578 0.183 1.245
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Demographic history

The BOTTLENECK analysis indicated that the val-
ues of measured heterozygosity (HE) at most loci of A. 

mongolicum were higher than that of expected average 
heterozygosity (HEQ) under both IAM and TPM models. 
Under SMM models, HE values at loci AM03, AM14, 
AM33 and AM55 were lower than HEQ values while the 

Table 2  Genetic diversity in 38 
natural populations of Allium 
mongolicum. Population codes 
are the same as in Online 
resource 1

N sample size; Nd average allele diversity over loci; Np mean number of private alleles; Na mean num-
ber of different alleles; Ne mean number of effective alleles; I Shannon’s information index; Ho observed 
heterozygosity; He expected heterozygosity; PPL percentage of polymorphic loci; NpFreq private allele 
frequency

Groups Pop N Nd Np Na Ne I Ho He PPL(%) NpFreq

1 1 10 0.7608 0.222 6.778 4.907 1.613 0.300 0.723 100 0.050
2 10 0.7830 0.222 7.000 5.216 1.652 0.300 0.744 100 0.100
3 10 0.7684 0.111 7.444 5.653 1.701 0.200 0.730 100 0.050
4 10 0.6813 0.000 5.111 3.261 1.297 0.367 0.647 100 0.000
5 10 0.6883 0.000 4.778 3.390 1.272 0.322 0.654 100 0.000
6 10 0.7789 0.222 6.556 4.694 1.613 0.278 0.740 100 0.100
7 10 0.7368 0.222 6.333 4.233 1.505 0.278 0.700 100 0.050
8 10 0.7187 0.111 5.667 4.019 1.439 0.244 0.683 100 0.100
9 10 0.8023 0.222 6.778 4.818 1.668 0.244 0.762 100 0.075

10 10 0.7474 0.000 6.667 5.198 1.594 0.267 0.710 100 0.000
11 10 0.7345 0.000 6.556 4.543 1.544 0.356 0.698 100 0.000
12 10 0.7509 0.000 6.556 5.071 1.578 0.300 0.713 100 0.000
13 10 0.6789 0.111 5.556 3.658 1.341 0.344 0.645 100 0.100
14 10 0.7462 0.111 6.778 5.129 1.593 0.389 0.709 100 0.150
15 10 0.7181 0.000 6.556 4.888 1.521 0.300 0.682 100 0.000
16 10 0.7362 0.111 6.556 4.869 1.530 0.333 0.699 100 0.050
17 10 0.7006 0.333 5.111 3.632 1.346 0.356 0.666 100 0.250
18 10 0.7620 0.000 6.444 4.412 1.558 0.356 0.724 100 0.000
19 10 0.7298 0.000 6.111 4.532 1.478 0.378 0.693 100 0.000
20 10 0.6585 0.000 5.000 3.360 1.257 0.411 0.626 100 0.000
21 10 0.6813 0.000 5.778 3.958 1.377 0.400 0.647 100 0.000
22 10 0.6819 0.111 5.889 3.789 1.401 0.400 0.648 100 0.050
35 10 0.6766 0.000 4.556 3.405 1.252 0.444 0.643 100 0.000
36 10 0.5661 0.444 4.556 3.642 1.134 0.100 0.538 77.8 0.150
37 10 0.7415 0.000 6.111 4.353 1.507 0.278 0.704 100 0.000
38 10 0.6988 0.000 5.333 3.803 1.345 0.411 0.664 100 0.000

Mean (Group1) 10 0.7203 0.098 6.022 4.324 1.466 0.321 0.684 99.15 0.049
2 23 10 0.7070 0.111 5.222 3.597 1.361 0.433 0.672 100 0.200

24 10 0.6579 0.111 4.889 3.372 1.264 0.311 0.625 100 0.050
25 10 0.6883 0.111 5.222 3.436 1.320 0.422 0.654 100 0.500
26 10 0.5871 0.444 5.222 3.582 1.184 0.278 0.558 88.9 0.088
27 10 0.5947 0.000 5.111 3.694 1.197 0.322 0.565 100 0.000

Mean (Group2) 10 0.6650 0.155 5.133 3.536 1.265 0.353 0.615 97.8 0.168
3 28 10 0.5953 0.111 4.556 2.703 1.115 0.278 0.566 100 0.100

29 10 0.5795 0.000 5.000 2.988 1.153 0.311 0.551 88.9 0.000
30 10 0.6123 0.000 4.889 3.205 1.191 0.211 0.582 100 0.000
31 10 0.6918 0.111 5.444 3.978 1.359 0.378 0.657 100 0.100
32 10 0.5900 0.000 4.000 2.615 1.063 0.222 0.561 100 0.000
33 10 0.5421 0.111 4.000 2.568 0.991 0.167 0.515 100 0.050
34 10 0.6175 0.000 4.556 3.311 1.168 0.344 0.587 100 0.000

Mean (Group3) 10 0.6041 0.0476 4.635 3.052 1.148 0.273 0.574 98.4 0.036
Mean (all Pop.) 10 0.6892 0.096 5.649 3.986 1.381 0.317 0.655 98.83 0.062
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other loci had higher HE values than HEQ. However, we 
did not find significant differences between HE and HEQ 
(P > 0.05) under three models (Table 4). The sign test and 
the Wilcoxon’s signed rank test indicated that only two 
populations (2 and 38) exhibited a significant or extremely 
significant deviation from mutation-drift equilibrium 
under IAM model, exhibiting significant heterozygosity 
excess. Under TPM and SMM models, however, the two 
statistical tests above did not detect the significant devia-
tion from mutation-drift equilibrium in the two popula-
tions (2 and 38). Under IAM model, the Wilcoxon’s signed 
rank test showed that there were almost half of the pop-
ulations in this study with a significant deviation from 
mutation-drift equilibrium, exhibiting prominent heterozy-
gosity excess (Online resource 5).

In the DIYABC analysis, a distinct population contrac-
tion/expansion was discerned for different geographical 
regions (population groups) (Online resource 6). The most 
highly favored scenario was scenario 1, which showed a 
good fit for two groups (group 1 and 2) clustered by STRU 
CTU RE. In this case, the population contractions occurred 
about 0.33 Ma and 0.28 Ma, respectively, and the population 
expansions happened about 0.14 Ma and 0.11 Ma, respec-
tively. However, the designed scenario 4 was clearly favored 
by group 3 (QTP group), which had probably experienced 
an ancient bottleneck event at about 0.2 Ma and a recent 
more severe population contraction at about 0.12 Ma. The 
estimates on population expansions are approximately con-
sistent with our previous results based on chloroplast DNA 
variation (Zhang et al. 2017).

In addition, the directionality of gene flow among three 
groups of A. mongolicum was examined and an estimate 
obtained with MIGRATE using the pooled data for each 
group (Table 5). The group 1 had the largest estimated 
effective population size (Ne = 665), whereas the group 
2 had the lowest one (Ne = 224). The effective popula-
tion size of the group 3 (Ne = 276) was slightly higher 

than that of group 2. The estimated gene flow among the 
three groups by MIGRATE ranged from 0.0194 to 0.1048. 
The effective number of migrants (2Nem) from group 1 to 
group 2 was 0.0415 while the opposite direction gene flow 
between the two groups was 0.1006. There were also dif-
ferent asymmetric gene flows between group 1 and group 
3 (2Nem13 = 0.1048, 2Nem31 = 0.0183), and between group 
2 and group 3 (2Nem23 = 0.0396, 2Nem32 = 0.0194), respec-
tively. Given all shared polymorphisms arised from gene 
flow, rather than from ancestral polymorphisms, there were 
obviously asymmetric gene flows among these three geo-
graphical population groups.

Discussion

Genetic diversity varied in different regions

Our results revealed a high level of genetic variation in A. 
mongolicum (Table 2, He = 0.655), compared with other 
common plants (He = 0.150) (Cole 2003), and most of the 
genetic variation is found within populations (Table 3). In 
particular, our results revealed remarkable genetic differ-
ences in different regions of the species (Table 2; Fig. 1: 
a). The genetic diversity of group 1 is higher than that of 
the other groups. This obvious genetic difference among 
different regions could have resulted from the heterogene-
ous habitats caused by environmental factors (e.g., altitude 
and desert formation) in the whole distributional area of 
A. mongolicum. The three population groups in this study 
lie in different climatic or geographical zones: the group 1 
continuously lies in arid and semiarid deserts in northern 
China, while the group 2 mostly occurs in extremely arid 
gravel sand in Xinjiang where is geographically far from 
the former. The group 3 mainly occurs on the fringe of QTP 
where there are a series of mountains and valleys which 
probably formed barriers to gene flow among populations. 

Table 3  Analyses of molecular 
variance (AMOVA) for 
populations and population 
groups of Allium mongolicum 
based on SSR data

d.f. degrees of freedom; SS sum of squares; VC variance components; FST variance among populations; 
FSC variance among populations within groups; FCT, variance among groups relative to total variance

Grouping of regions Source of variation d.f SS VC Percent variation Fixation index

Whole distribution Among groups 2 95.875 0.19826Va 5.31 FST = 0.169
Among populations 

within groups
35 410.537 0.43140Vb 11.56 FSC = 0.122

Within populations 722 2239.400 3.10166Vc 83.13 FCT = 0.053
Group1 Among populations 25 271.567 0.37985 Va 10.42 FST = 0.104

Within populations 494 1613.300 3.26579 Vb 89.58
Group2 Among populations 4 67.070 0.69914 Va 20.07 FST = 0.201

Within populations 95 264.550 2.78474 Vb 79.93
Group3 Among populations 6 71.900 0.46325 Va 14.56 FST = 0.146

Within populations 133 361.550 2.71842 Vb 85.44
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Fig. 3  Scatterplots of Mantel 
tests based on the geographical 
and Nei genetic distances. a 
across the entire populations; b 
in the first geographical region 
(group 1); c in the second geo-
graphical region (group 2); d 
in the third geographical region 
(group 3)
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These contrasting habitats (e.g. drought, flowing sand and 
mountains) among different geographical groups probably 
played a critical role in forming different levels of genetic 
diversity in different regions (Schluter 2000; Rundle and 
Nosil 2005). The result of pairwise population Nei genetic 
distance analysis also indicated that the most genetic dis-
tances among groups are higher than within groups, with the 
highest genetic distance (2.908) between population 33 and 
36 and the lowest genetic distance (0.179) between popula-
tion 19 and 20 (Online resource 7).

The breeding system is expected to strongly influence 
the population structure and genetic diversity of plant popu-
lations. In this study, we found a high level of population 
inbreeding coefficient (Fis) at each locus for all sampled 
populations (Table 1), and we also detected distinctly higher 
value of expected heterozygosity than that of observed hete-
rozygosity in each population (Table 2), indicating an excess 
of homozygosity and inbreeding of the desert plant. How-
ever, the excess of homozygosity in A. mongolicum is prob-
ably attributed to inbreeding rather than clonal reproduction 
because of the following reasons. Firstly, we observed exten-
sive inbreeding within each natural population and inbreed-
ing had been proved to increase population homozygosity 
(Charlesworth and Willis 2009; Liu et al. 2017). Secondly, 

A. mongolicum is a typical clonal plant which occurs in 
heterogeneous habitats with stressful conditions including 
extremely arid gobi, fixed or semi-fixed sandy land and sem-
iarid grassland. This herb’s clonal ability and its temporary 
dormancy under extremely arid conditions probably lead the 
species to survive and recover mainly through clonal ramets 
after severe environmental changes and allow for occupation 
of new space (Yu et al. 2008; Wang et al. 2008; Moola and 
Vasseur 2009; You et al. 2013). However, the reproduction 
by cloning increases population heterozygosity (Zhou et al. 
2017b; Gaut et al. 2018). Clonal propagation can lead to the 
accumulation of recessive deleterious mutations but without 
decreasing fitness, and a reduction of genetic load which 
originates partly from the decreased Ne during a bottle-
neck. Consequently, it reduces the efficacy of genome-wide 
selection (Charlesworth and Willis 2009), which may in turn 
increase population heterozygosity (Lohmueller 2014; Henn 
et al. 2015). Thirdly, the plant distribution is continuous in 
its main distributional ranges (Fig. 1: a. populations in cen-
tral Inner Mongolia, Hexi corridor of Gansu, and Ningxia). 
There are few geographical barriers for gene flow in its dis-
tributional regions. Actually, we did detect higher levels of 
gene flow (Nm) among populations (Table 1). Considering 
the clonal reproduction, pollen and seed characteristics, 

Table 4  Bottleneck analysis of 
Allium mongolicum based on 
microsatellites

HE measured heterozygosity based on allele frequencies; HEQ expected average heterozygosity based on 
allele number; sd standard deviation of he mutation-drift equilibrium distribution of the heterozygosity; 
DH = HE-HEQ

Locus HE IAM model TPM model SMM model

HEQ DH/sd P HEQ DH/sd P HEQ DH/sd P

AM03 0.942 0.874 0.918 0.301 0.914 0.623 0.319 0.949 0.265 0.351
AM14 0.760 0.782 − 0.189 0.389 0.831 − 0.740 0.346 0.871 − 1.392 0.313
AM33 0.878 0.865 0.125 0.464 0.914 − 0.403 0.401 0.955 − 1.053 0.308
AM35 1.216 1.157 1.006 0.270 1.183 0.640 0.297 1.204 0.188 0.336
AM39 1.192 1.127 1.083 0.292 1.155 0.713 0.347 1.179 0.294 0.371
AM51 0.670 0.672 − 0.036 0.384 0.721 − 0.492 0.347 0.765 − 1.018 0.322
AM55 1.168 1.121 0.938 0.293 1.151 0.561 0.326 1.177 0.088 0.326
S32 0.863 0.765 0.733 0.315 0.818 0.296 0.344 0.862 − 0.197 0.325
S56 1.116 1.032 1.042 0.303 1.073 0.655 0.352 1.106 0.168 0.383

Table 5  Effective population size (Ne) in three Allium mongolicum groups, and effective migration rates (Nem) among three groups, estimated by 
coalescent theory and a maximum-likelihood-based approach

The range estimates of 95% confidence limits are not shown
Ne effective population size, μ mutation rate (μ = 2.5 ×  10–4 /site/generation), 2Nem the effective number of migrants per generation from one 
group to another, e.g., 2Nem12 is the effective number of migrants from group 1 to group 2, while 2Nem21 is the effective number of migrants 
from group 2 to group 1

Groups θw M12 M21 M13 M31 M23 M32 Ne 2Nem12 2Nem21 2Nem13 2Nem31 2Nem23 2Nem32

1 0.6650 – 0.3025 – 0.0550 – – 665 – 0.1006 – 0.0183 – –
2 0.2242 0.3702 – – – – 0.1731 224 0.0415 – – – – 0.0194
3 0.2761 – – 0.7595 – 0.2869 – 276 – – 0.1048 – 0.0396 –
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geographical proximity to one another and habitat continu-
ity, we believe that the main cause of higher homozygosity 
is inbreeding rather than clonal reproduction. The clonal 
reproducing individuals could have balanced some levels of 
heterozygosity deficit in this species.

Regional‑scale differentiation based on SSR markers

The aridification and subsequent desert expansion/contrac-
tion during the Pleistocene glaciations has probably resulted 
in range fragmentation of many desert species in Northwest 
China (Meng et al. 2015), furthermore, promoted allopatric 
divergence among isolated populations, and possibly specia-
tion (Sun and Li 2003; Willis and Niklas 2004; Guo et al. 
2010; Al-Shehbaz et al. 2006; Su et al. 2011; Ma and Zhang 
2012; Lu 2015). In this study, the STRU CTU RE analysis 
based on SSR markers separated all surveyed populations 
into three groups (Fig. 1; Online resource 4), which were 
supported by the results of AMOVA analysis as well as 
genetic diversity indices (Tables 2, 3). A clustering analysis 
(Fig. 1) and AMOVA result indicated that there was a clear 
genetic differentiation among the three geographical regions 
(FCT = 0.053) although most of the genetic variation (83%) 
existed within populations. These results all together implied 
that there was a distinct regional-scale differentiation among 
the three population groups of A. mongolicum. The low 
among-groups differentiation (FCT) was probably caused by 
the late differentiation rather than gene flow, considering the 
restricted gene flow among the three geographical regions 
estimated by the MIGRATE (Table 5).

This regional-scale differentiation has probably resulted 
from desert expansion/contraction, or distributional frag-
mentation caused by aridification (Meng et al. 2015). Actu-
ally, the population group 2 is not only geographically far 
from the group 1, but also has a unique habitat characteristic 
which is significantly different from the group 1. The habitat 
of group 1 characterizes flowing sand or fixed sand with 
many other accompanying herbs, while the group 2 occu-
pies the extremely arid gobi habitat with few other plants. 
However, most populations of group 3 mainly occur on the 
QTP where there are a series of high mountains and deep 
valleys which probably had important influences on the pop-
ulation expansion and gene flow among regional groups of 
A. mongolicum (Fig. 1: a). The Mantel test did not reveal a 
significantly positive correlation between geographical and 
genetic distance (r = 0.190, p = 0.190, Fig. 3), indicating 
that the genetic isolation caused by geographical distance 
played a minor role in accelerating the regional-scale differ-
entiation of the species. Therefore, it is highly likely that the 
three groups diverged from each other due to environmental 
changes and habitat fragmentation caused by aridification 
and subsequent desert expansion/contraction, and that they 

may have survived in different refugia and experienced eco-
logical divergence (Meng et al. 2015).

The clusters of all populations based on SSR markers in 
the present study were partly congruent with the population 
groups based on chloroplast DNA (cpDNA) variations in 
our previous study (Zhang et al. 2017). In this study, SSR 
variations did not discern the two population groups (the 
ECG and the WCG) separated by cpDNA variations (Zhang 
et al. 2017), namely most of the populations in Inner mon-
golia, Gansu and Ningxia (populations 1–22, 35–38) were 
grouped into the same one (Group 1), and the populations on 
Qinghai–Tibet Plateau were grouped separate one (Group 3). 
This incongruence of regional-scale differentiation between 
cpDNA and SSR variations probably resulted from the two 
following reasons. First, chloroplast DNA is maternally 
inherited in angiosperm (Wolfe et al. 1987) and its gene flow 
mainly mediated by seeds (Schaal et al. 1998; Palmè et al. 
2003), while SSR variation is biparentally inherited and its 
gene flow mediated via both seeds and pollen (Petit et al. 
1993). Therefore, the rates of gene flow between cpDNA and 
SSR markers are very different due to their different inher-
ited modes (Palmè et al. 2003; Zhou et al. 2017a), which 
probably caused different clustering of A. mongolicum pop-
ulations. In general, biparentally inherited SSR variations 
should have experienced higher levels of gene flow than that 
of maternally inherited cpDNA. Consequently, the higher 
gene flow of SSR variations caused the genetic homogeneity 
(Fig. 1: a; Table 1) between the two geographically contigu-
ous groups (ECG and WCG) clustered by cpDNA variations. 
The second reason is probably hybridization. There are few 
distinct geographical barriers between the two geographi-
cally contiguous groups (ECG and WCG). Therefore, a high 
frequency of past hybridization mediated by pollen between 
the two cpDNA lineages was expected to induce discordance 
of genetic pattern between nuclear microsatellite markers 
and cpDNA haplotypes (Wegener et al. 2019). The pollen-
mediated hybridization among populations rapidly homoge-
nized nuclear genotypes and eroded boundaries between the 
two parapatric population groups (Glotzbecker et al. 2016).

Demographic dynamics and gene flow 
among geographical regions

The historical dynamics undoubtedly left genetic imprints in 
their extant populations (Hewitt 1996; Avise 2000; Abbott 
et al. 2000). Recently colonized species may experience a 
population bottleneck, resulting in a more reduction in the 
number of alleles than that of expected heterozygosity at 
polymorphic loci (Luikart and Cornuet 1998). In this study, 
the BOTTLENECK test did not detect the distinct recent 
bottleneck in most of A. mongolicum populations surveyed, 
indicating that the plant populations have not experienced 
recent demographic reductions, although the IAM model 
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indicated significant heterozygote excess in the two popula-
tions (2 and 38) (Online resource 5). However, the DIYABC 
analysis indicated that A. mongolicum populations have 
undergone demographic changes during the Quaternary gla-
ciers or interglaciers (Online resource 6). The populations 
in group 1 and 2 experienced an ancient contraction event 
at about 0.33–0.28 Ma, and a subsequent expansion at about 
0.14–0.11 Ma, while the populations in group 3 have experi-
enced two contractions at about 0.20–0.12 Ma. The estimate 
of the demographic expansion time based on SSR variations 
is approximately consistent with the previous result inferred 
from the chlorotypes of the plant (Zhang et al. 2017), and 
especially, this estimate of expansion time is also quite con-
sistent with the Last Interglacial period (ca. 0.14–0.12 Ma 
before present), indicating the population expansion of this 
species was probably correlated with the climate oscillations 
of this stage. Some studies suggested that the aridification 
process since the Quaternary caused the desert expansion in 
northwestern China, and subsequently, created some novel 
beneficial habitats for population expansions of some desert 
species which are more suitable for surviving in sandy land 
(Bush et al. 2004; Sun and Liu 2006; Qian et al. 2016). 
Allium mongolicum is a typical psammophyte, with a higher 
drought tolerance and a preference to desert habitats (Zhang 
et al. 2014). Our results further enhanced the hypothesis 
that the enlargement of deserts in northwestern China since 
the Pleistocene has probably accelerated population expan-
sion of the desert plant. In addition, the different scenario 
of demographic dynamic of group 3 could have been linked 
to the special surviving environment of the Qinghai–Tibet 
Plateau, e.g., extreme low temperature, or high altitude. 
However, more researches are needed to explore the causes 
which led to the different population dynamics between 
the two types of environments with contrasting ecological 
conditions.

To further investigate the demographic history of the 
species, we estimated the effective population sizes of the 
three geographical population groups and effective migra-
tion rates among them. Our results detected considerably 
restricted gene flow (Table 5) among the three geographi-
cal regions. Considering comprehensive factors including 
environmental difference, geographical barriers, pollen 
and seed dispersal mechanism and distance, as well as 
pollen longevity, we suppose that the extremely limited 
gene flow among the three population groups might have 
been caused by environmental difference or geographi-
cal barriers (mountains and/or valleys), which may have 
contributed to genetic differentiation among them (Dutech 
et al. 2004; Meng et al. 2015). Furthermore, we detected 
obviously asymmetric gene flow among these three geo-
graphical population groups, e.g., the estimation of migra-
tion rates indicated that the gene flow from group 2 to 
1 was higher than that in the opposite direction (Online 

resource 6), which was probably correlated with monsoon 
climate in northwestern China (Yin et al. 2015). The mon-
soon climate oscillations have frequently affected the veg-
etation transition of desert ecosystems and the temporal-
spatial evolution of deserts in the Asia interior (Qian et al. 
2015). A previous study showed that the East Asia mon-
soon system could have significantly affected intraspecific 
divergence, gene flow and regional population dynamics 
of a typical desert shrub Reaumuria soongarica (Yin 
et al. 2015). It is highly likely that unbalanced alternate 
actions between summer and winter monsoons affected the 
dynamic ranges of the deserts in northwestern China, and 
consequently, caused the asymmetric gene flow among the 
three geographical population groups of A. mongolicum.
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