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Abstract Speciation is widely accepted to be a complex and continuous process. Due to complicated
evolutionary histories, desert plants are ideal model systems to understand the process of speciation along a
continuum. Here, we elucidate the evolutionary history of Reaumuria soongarica (Pall.) Maxim., a typical desert
plant that is wildly distributed across arid central Asia. Based on variation patterns present at nine nuclear loci in
325 individuals (representing 41 populations), we examined the demographic history, patterns of gene flow, and
degree of ecological differentiation among wild R. soongarica. Our findings indicate that genetic divergence
between the ancient western and eastern lineages of R. soongarica occurred approximately 0.714 Mya, probably
due to the Kunlun-Yellow River tectonic movement and the Naynayxungla glaciation. Later, multiple hybridization
events between the western and eastern lineages that took place between 0.287 and 0.543 Mya, and which might
have been triggered by the asynchronous historical expansion of the western and eastern deserts, contributed to
the formation of a hybrid northern lineage. Moreover, despite continuing gene flow into this population from its
progenitors, the northern lineage maintained its genetic boundary by ecological differentiation. The northern
lineage could be an incipient species, and provides an opportunity to study the continuous process of speciation.
This study suggests that two opposite evolutionary forces, divergence and hybridization, coexisting in the
continuous speciation of the desert plant R. soongarica in a short time. Moreover, we provide evidence that this
continuous speciation process is affected by geological events, climatic change, and ecological differentiation.
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1 Introduction

Speciation is a continuous and complex process rather than an
instantaneous event (Darwin, 1859; Mallet, 2008; Via, 2009),
and reproductive isolation is a critical component of the
speciation process, which allows one species to split into two or
more derived species. However, before reproductive isolation is
complete, species can occupy many positions along the
speciation continuum (Coyne & Orr, 2004; Nosil et al., 2009;
Baack et al, 2015). Geographic isolation and/or ecological
differentiation can initiate genetic divergence, which can
facilitate reproductive isolation (Mayr, 1963; Barraclough &
Vogler, 2000; Coyne & Orr, 2004; Hendry, 2009). The level of
reproductive isolation, from minor to complete isolation, can be
enhanced by natural selection (Hendry et al., 2009). However,
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hybridization, a ubiquitous force opposing divergence, plays an
important role in regulating the speciation process (Mallet,
2007). Moreover, more evidence of hybridization in plant
speciation has been found than previously thought (Grant, 1981;
Rieseberg et al., 1993; Abbott et al., 2013). Hybridization occurs
when, due to incomplete reproductive isolation, differentiated
lineages come into contact and produce crossbreed offspring
(Lexer et al., 2003; Arnold, 2004; Rieseberg & Willis, 2007;
Abbott et al., 2013). Divergence and hybridization act together
to ensure that speciation is a continuous process that cannot
be divided into distinct stages. Up to the present, many studies
of speciation have supported a continuous model of speciation,
and this interpretation is now widely accepted (Coyne & Orr,
2004). However, much still remains to be learned regarding the
nature of speciation (Schluter, 2001; Via & West, 2008; Schluter,
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2009), especially in species with complicated speciation
histories. Rather than studying species with pure divergence
or hybridization, studying species with a more complicated
speciation background could deepen our understanding of the
timing of genetic changes that contribute to the speciation
continuum.

Arid central Asia (ACA) is one of the most arid temperate
regions in the world, and is likely to be strongly impacted by
global warming (Wang et al., 2016). The disconnected deserts
found in the ACA region could trigger speciation events in
desert plants, which provide excellent opportunities for
studying speciation. The desertification of ACA is accompanied
by many geological events (i.e., multiple uplifts of the
Qinghai-Tibet Plateau [QTP]) and climatic changes (i.e.,
glacial-interglacial cycles), which fragment the habitats of
desert plants and increase variation among different popula-
tions, thereby influencing the genetic structure within species
(Templeton et al., 1990; Bermingham et al., 1992). Moreover,
the desertification of ACA creates novel niches for desert
plants. Novel or extreme niches located far from ancestral
landscapes could facilitate hybrid speciation as adaptive
divergence in response to differing ecological factors can
establish reproductive isolation (Buerkle et al., 2000; Riese-
berg et al., 2003; Rieseberg & Willis, 2007). Thus, the ACA
region might have strongly affected the evolutionary history
of desert plants, many of which are valuable model organisms
that can be used to understand continuous speciation.

Reaumuria soongarica Maxim. (Tamaricaceae) is a typical
relic Tertiary desert plant that is dominant in many ACA
deserts (Shi et al., 2013) and is a useful model for studying
continuous speciation. A previous study showed that the
phylogeography of R. soongarica was significantly influenced
by the uplift of the QTP and by the East Asian monsoon
system (Yin et al,, 2015). This evidence suggested that the
speciation history of R. soongarica has been influenced by
historical geological events, including climatic oscillation (Yin
et al., 2015). According to our field observations, although no
apparent reproductive isolation has been detected in
populations of R. soongarica, its flowering time varies among
different populations (Fan et al., unpublished data). Thus,
despite considerable genetic divergence, R. soongarica does
not appear to be far along the speciation continuum.
Furthermore, all haplotypes found in the northern region
are derived haplotypes, and the coexistence of eastern and
western ribotypes/chlorotypes in the northern region sug-
gests the simultaneous colonization of eastern and western
populations of R. soongarica in northern areas, which might
provide a clue that the northern lineage originated as a
hybrid. In such a case, R. soongarica would have diverged and
hybridized within a short time, and therefore provides an
ideal model to investigate a speciation continuum. However,
the nature of its complex demographic history remains
unclear.

To decode the complicated speciation history of R.
soongarica, we used nuclear multiloci methods, Approximate
Bayesian Computation (ABC) simulation, and ecological niche
modelling (ENM) to investigate its detailed evolutionary
history. Specifically, we asked the following questions:

1. Do nuclear genes of the eastern and western lineages
show significant genetic isolation?
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2. Did hybridization contribute to the origination of the
northern lineage? If so, how?

3. As the desertification of ACA creates different niches, did
different lineages occupy different ecological niches? If so,
how does gene flow influence the ecological differentia-
tion between distinct geographical lineages?

To answer these questions, we undertook a detailed
investigation of the speciation history of R. soongarica. We
believe this study provides an important opportunity to advance
our understanding of the nature of the speciation continuum.

2 Material and Methods

2.1 Plant material and DNA extraction

All samples used in this study were collected with the
permission of the local government and approval of the
appropriate ethics committee. We collected Reaumuria
soongarica samples from different locations within its range
in ACA, and obtained samples from populations in the
Taklimakan Desert, Gurbantilinggiit Desert, Qaidam Basin,
Kumtag Desert, Gashun Gobi Desert, Tengger Desert, and
Badain Jaran Desert. In each population, we sampled young
leaves of R. soongarica plants located at least 30 m apart
from each other to minimize sampling bias. Sampled leaves
were immediately stored in silica gel. The latitude and
longitude of each population were recorded using a Global
Positioning System device (Garmin, Taiwan, China). We
extracted the total genomic DNA of all samples using the
Qiagen DNeasy plant DNA extraction kit (Qiagen, Valencia,
CA, USA) according to the manufacturer's protocol. Seven to
eight samples from each population were used for sequence
analysis; this sampling protocol yielded a total of 325
individuals from 41 populations. A geographical distribution
map of the 41 sampled populations is shown in Fig. 1. This
map was produced using the R package ggmap (Kahle &
Wickham, 2013). Further information on these samples is
presented in Table S1.

2.2 DNA amplification and sequencing

To screen for loci suitable for demographic analysis, we
searched for homologs to 211 single-copy genes identified in
Arabidopsis thaliana (Wang et al., 2014a). Homologous copies
of these genes were identified by local sLast of a database of
RNA-seq unigene sequences of R. soongarica (Shi et al., 2013).
The sLasT results were used to design primers to amplify the
corresponding genes in R. soongarica. Purified Polymerase
Chain Reaction products were processed using the ABI-
PRISM BIGDYE Terminator Cycle Sequencing Ready Reaction
Kit, version 3.1 (Applied Biosystems, Foster, CA, USA). Both
forward and reverse directions were sequenced. The
resulting primers were evaluated by the quality and
sequence-specificity of their polymerase chain reaction
products as well as the level of DNA polymorphism at the
corresponding locus. In total, we identified 13 loci (Table S2)
for further amplification and sequencing.

Nuclear haplotypes were inferred using the pHast algorithm
(Stephens & Donnelly, 2003) implemented in DnaSP version
5.10.1 (Librado & Rozas, 2009). In addition, DNA from one to
five heterozygous individuals at each locus was cloned into a
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Fig. 1. Sampling locations of Reaumuria soongarica. Most populations were collected from China except MGA and MGB, which were
collected from Mongolia. Map was retrieved from Google Earth (https://www.google.com/earth/). ALS, Alxa left Banner; AX, Anxi;
BC, Baicheng; BY, Bayannaoer; CDH, Chaidam Lake; EJN, Ejin Banner; FK, Fukang; HET, HeTian; HSS, Huoshaoshan; HSW, Haishiwan;
HZ, Huzhu; JQ, Jiuquan; JT, Jingtai; JYH, Juyanhai; KEKZ, Keerkezi; KLKH, Keluke Lake; KS, Kashi; LHT, Laohutai; LP, Luopu; MF,
Mingfeng; MGA, Bulgan Mongolia; MGB, Bogd Mongolia; MHG, Mahuanggou; MJW, Mengjiawan; ML, Mori; MQ, Minggin; QYS,
Quanyanshan; SAW, Shawan; SCK, Sanchakou; SD, Provincial Road No. 312; SSC, Shashichang; SSG, Shashangou; THCY,
Tonghucaoyuan; WD, Wuda; WSTL, Wusitala; WW, Wuwei; YC, Yinchuan; YG, Yingen Sumu; YQ, Yuqia; YW, Yiwu; ZY, Zhangye.

pGEM-T Easy Vector (Promega, Madison, WI, USA). Six to
eight clones per individual were randomly selected and
sequenced to reconstruct haplotypes for heterozygous
individuals. Singletons were verified by resequencing to
exclude sequencing errors.

All sequences were aligned using CLustaLW implemented in
BioEdit version 7.2.2 (Hall, 1999), and final alignments were
carefully refined by eye twice. All haplotype sequences were
deposited in GenBank under the accession numbers
MH688942-MH697391. Outgroup sequences from R. trigyna
Maxim. (Dang et al., 2013) were downloaded from the NCBI
database.

2.3 Nucleotide diversity and tests of neutrality

We calculated the classic genetic parameters for each genetic
cluster. The coding and noncoding regions of all sequences were
aligned with their corresponding mRNA sequences, and DnaSP
was used to calculate the number of segregating sites (S), the
numbers of synonymous and non-synonymous sites, Watter-
son’s theta (6,,; Watterson, 1975), the degree of polymorphism
(m; Tajima, 1983), the minimum number of recombination events
(Rm; Hudson & Kaplan, 1985), the number of haplotypes (Ny),
and haplotype diversity (He; Nei, 1987).

As the assumption of neutrality is crucial for estimating
demographic parameters, we applied the maximum fre-
quency of derived mutations (MFDM) test (Li, 2011); this test
is a recently developed method to detect variants of
neutrality, and is not affected by changing population size.
The MFDM method has higher power and a lower false-
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positive rate compared to other comparable methods (Li,
2011). Alignment gaps were excluded, and the MFDM test
was undertaken for each locus, and for each test R. trigyna
was used as an outgroup. Loci under selection were excluded
from subsequent analyses.

2.4 Population structure

The population substructure of R. soongarica was analyzed
using a Bayesian clustering method implemented by strucTure
version 2.3.4 (Hubisz et al., 2009). First, Single Nucleotide
Polymorphisms under divergent selection were identified by
BayeScan version 2.1 (Foll & Gaggiotti, 2008). We ran the
program using 20 pilot runs of 5000 iterations and an
additional burn-in of 50 000 iterations. Afterwards we used
100 000 iterations for posterior estimation (i.e., with a
sample size of 5000 and a thinning interval of 20). P-values
less than 0.05 were identified as outliers. Second, after
removing outliers, we obtained a total of 503 single
nucleotide polymorphisms to be used as the input data set
for strucTure analyses. We examined the number of clusters
(K) from K = 1 to K = 10 using the admixture model. For
each cluster number (K), we ran the simulation 20 times with
different seed numbers. For each run, a chain length of 500
000 steps followed a burn-in of 200 000 steps. The delta K
method was implemented in sTRUCTURE HARVESTER version 0.6.94
(Earl & Vonholdt, 2012) to determine the most likely number
of clusters for R. soongarica. pistruct version 1.1 (Rosenberg,
2004) was used to visualize our results fromK = 2toK = 7,
showing the highest value of LnPD for each K.
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In addition to structure analyses, we undertook two
additional analyses to infer the genetic clusters present in
our R. soongarica data set. First, we used Populations version
1.2.32 (Langella, 1999) to construct a phylogenetic tree. This
tree was constructed using the neighbor-joining (NJ) method
based on Nei’s DA distances (Nei et al., 1983) with 1000
bootstrap runs. Second, we applied principal coordinate
analysis (PCoA), a genetic distance-based clustering method,
to determine the genetic relationships between different
populations without group identity. The distance matrix was
calculated using the Distance function of GenAlex version 6.5
(Peakall & Smouse, 2012) and was visualized using the PCoA
tools implemented in the same program. Finally, we divided
the 41 populations into four groups: the Taklimakan Desert
(TaD), the Gurbantliinggiit Desert (GuD), the Qaidam
Basin-Kumtag Desert-Gashun Gobi Desert (QBKG), and the
Tengger Desert-Badain Jaran Desert-Mongolia-Gobi Desert
(BJTD). These four groups clustered into three lineages (see
section 3.1 for details): a western lineage (TaD), an eastern
lineage (QBKG and BJTD), and a northern lineage (GuD).

2.5 Phylogenetic relationships among different groups
Next, *BEAST version 2.4.1 (Bouckaert et al., 2014) was used to
construct a multilocus species tree to determine the phyloge-
netic relationships reflecting the speciation history of R.
soongarica. The BEAUti function implemented in *BEAST was
used to generate an input file with haplotype sequences of nine
neutral loci and the R. trigyna sequence as an outgroup. A strict
clock was used as the molecular clock, and the Yule model was
used as speciation prior. The best substitution model for each
locus (Table S3) was determined using jModeltest version 2.1.7
(Posada, 2008). For each run, the Markov chain Monte Carlo
length was set to 8o million generations, and trees were stored
every 8000 generations. Several runs were carried out, and
Tracer version 1.7.1 (Drummond & Rambaut, 2007) was used to
ensure that each independent run converged to a similar
stationary distribution. LogCombiner version 1.7.4 (Drummond &
Rambaut, 2007) was used to combine log and tree files with 10%
burn-in. TreeAnnotator version 1.7.4 (Drummond & Rambaut,
2007) was used to recover the highest clade probability tree
from consensus trees.

Due to the ambiguous results obtained from BEAST (see
section 3.2 for details), we tested the possibility of a hybrid
origin of the northern lineage. PhyloNet version 3.5.4 (Than
et al., 2008) was used to infer a network that accounted for
both incomplete lineage sorting and gene flow using a
maximum likelihood method. We used the best gene trees
generated using BEAST for each locus, and datasets that
included genotypic data for nine loci were compiled. We ran
PhyloNet 10 times from different starting seeds, searching a
maximum of 50 network topologies; the top five optimal
maximum likelihood networks were inferred.

2.6 Reaumuria soongarica demographic history scenarios

To reconstruct the demographic history of R. soongarica, we
used DIYABC version 2.0.4 (Cornuet et al., 2014) to undertake
a two-step simulation analysis. First, rather than examining
an exhaustive list of scenarios, we identified the eight most
likely scenarios (Fig. S1) based on previous knowledge of R.
soongarica (Li et al., 2012a; Yin et al., 2015). These scenarios
differ in their treatment of hybridization/admixture after
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splitting events and whether GuD acts as an ancestral
population (notably, sequences from WSTL and YW were
excluded because of their ambiguous classification; see Figs.
2, S2 for further detail). Second, based on the results of the
first step, four scenarios differing in their treatment of
admixture events in the GuD population (Fig. S3) were
analyzed in a subsequent step. The specific prior settings for
all scenarios are shown in Table S4. The summary statistics
include number of haplotypes, number of segregating sites,
mean of pairwise differences, variance of pairwise differ-
ences, Tajima’s D, private segregating sites, and mean of
numbers of the rarest nucleotide at segregating sites for one
sample summary statistics, and number of segregating sites,
mean of pairwise differences (W) and (B), and Fsy for the two
sample summary statistics. For each scenario, we simulated
at least 1 000 000 datasets to ensure statistically robust
results in downstream analyses.

To determine the best scenario fitting the data, we compared
the difference between simulated data and observed data to
calculate the posterior probabilities of each scenario. Logistic
regression and direct approaches were undertaken to estimate
the relative likelihoods of different scenarios, using 10 000 closest
simulated data and 500 data from each scenario, respectively.

To validate the accuracy of our model selection, we
estimated the confidence in scenario choice for each of the
top four models in the first-round simulation, and estimated
the false positive and false negative error rates of each
scenario. Finally, we undertook model checking and assessed
measures of bias and error to evaluate the goodness of fit
between the observed and simulated data.

2.7 Gene flow estimation

IMa2 version 2.0 (Hey, 2010) and Migrate-N version 3.6.4 (Beerli,
2006) were used to estimate the gene flow between different
groups. As recombination is not modelled by either the
“Isolation with Migration” model or Migrate-N, we ran IMgc
(Woerner et al., 2007) to identify the largest single block
without recombination at each locus. Nine trimmed neutral loci
datasets were used for the IMa2 and Migrate-N analyses.

Due to the complex demographic history of the four R.
soongarica groups, we carried out pairwise analyses in IMa2
among the four groups. An infinite allele mutation model was
implemented for all loci, and several preliminary runs were
undertaken to constrain the upper boundary of priors and to
determine the geometric scheme for good mixing of Markov
chain Monte Carlo chains. After obtaining an appropriate prior
distribution, final simulations were carried out using 60-120
chains, with h, = 0.98-0.99, h, = 0.55-0.75 to yield high swap
rates and sufficient mixing. After a burn-in period of 10-20 million
steps (depending on the population used), a stationary phase
was reached (i.e., low parameter autocorrelation, no trends in
the plots, and a high effective sample size). Trees were then
sampled using Markov chain state files. Two well-mixed runs
were carried out using different seed numbers to confirm
accurate parameter estimation. After sampling 300 000 trees, all
results were combined and loglikelihood ratio (LLR) tests
(Nielsen & Wakeley, 2001) were applied to determine whether
or not gene flow between different groups was greater
than zero.

Next, we ran Migrate-N to determine the effective
population size for each group and to estimate migration
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Fig. 2. Structure plots depicting the population assignment of 41 Reaumuria soongarica populations estimated under K = 2 to
K = 7. K = 3’ shows the alternative assignment of Gurbantiinggiit Desert (GuD) when populations are clustered into three
putative groups. BJTD, Badain Jaran-Tengger Desert; QBKG, Qaidam Basin—-Kumtag Desert-Gashun Gobi; TaD, Taklimakan
Desert. Population collection sites: ALS, Alxa left Banner; AX, Anxi; BC, Baicheng; BY, Bayannaoer; CDH, Chaidam Lake; EJN,
Ejin Banner; FK, Fukang; HET, HeTian; HSS, Huoshaoshan; HSW, Haishiwan; HZ, Huzhu; JQ, Jiuquan; JT, Jingtai; JYH, Juyanhai;
KEKZ, Keerkezi; KLKH, Keluke Lake; KS, Kashi; LHT, Laohutai; LP, Luopu; MF, Mingfeng; MGA, Bulgan Mongolia; MGB, Bogd
Mongolia; MHG, Mahuanggou; MJW, Mengjiawan; ML, Mori; MQ, Minggin; QYS, Quanyanshan; SAW, Shawan; SCK, Sanchakou;
SD, Provincial Road No. 312; SSC, Shashichang; SSG, Shashangou; THCY, Tonghucaoyuan; WD, Wuda; WSTL, Wusitala; WW,

Wuwei; YC, Yinchuan; YG, Yingen Sumu; YQ, Yugia; YW, Yiwu; ZY, Zhangye.

rates between them. These tests were undertaken using the
same input file as for IMa2. A Bayesian inference module was
used for each run, and the theta and migration values were
initiated from the Fsy calculation. Uniform priors and slice
sampling for parameter distributions were used. For static
heating, we ran four chains with temperatures of 1.0, 1.5, 3.0,
and 1 x 10° from cold to hottest. The increment was set to
100, and a total of 1.5 x 10® genealogies were sampled after
discarding 1.5 X 10° trees per chain as burn-in. Convergence
was verified by investigating the smoothness of posterior
distribution histograms and whether similar results were
generated from different independent runs.

2.8 Tests of demographic expansion
The historical demography of R. soongarica was determined
using several different methods. An Extended Bayesian
Skyline Plot (EBSP) implemented by BEAST version 1.75
(Drummond et al., 2012) was used to test historical changes
in the population size of different groups. Moreover, we used
Tajima’s D and Fu’s F; tests implemented by DnaSP to test for
deviations from neutrality at each locus. These results were
visualized using the ggplot2 package in R (Wickham, 2016).
Independent EBSP analyses were executed for each group.
For each locus, the best substitution model was set to HKY
(Hasegawa et al.,, 1985), which was determined by jMo-
deltest. A strict clock for each analysis was selected, and
each run started with a random tree. To estimate the
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mutation rate for all nuclear loci, all chloroplast DNA (cpDNA)
sequences from our previous study were added and a
substitution rate of 4.87 X 10™% substitutions per cpDNA site
per million years (Yin et al., 2015) was specified. The prior
distribution was set to log normal with respect to the clock
rate. Three independent runs were performed for each
group. For each run, trees were sampled every 5000
generations, yielding a total of one billion generations;
TRACER version 1.7.1 (Drummond & Rambaut, 2007) was
used to ensure that an effective sample size greater than 200
and a stationary state for each parameter was reached.

2.9 Ecological niche modeling and identity tests

A maximum entropy model implemented by maxent version
3.4.1 (Phillips et al., 2006) was used to determine the
distribution ranges of the western lineage, eastern lineage,
and northern lineage, respectively. A total of 126 non-
duplicate occurrence data points were collected from field-
work and published reports; these included 14, 96, and 16
points for the western, eastern, and northern lineages,
respectively. Climatic variables were downloaded from the
WorldClim database (Hijmans et al., 2005). After removing
highly correlated bioclimatic variables (i.e., those with
Pearson correlation coefficients > 0.9) using ENMtools
version 1.4.3 (Warren et al., 2010), 12 environmental variables
were retained for subsequent analyses (Table S5). The
present distribution models of the three lineages were
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generated by maxent using the default settings. The random
tests used 25% of the data set for testing and 75% for training.
Model accuracy was determined by the area under the
receiver operating characteristic curve, which ranges from o
(no discrimination) to 1 (perfect discrimination), and a score
of 0.5 suggests that the discriminatory power of the model is
no better than random prediction (Elith et al., 2006).

In addition, identity tests were also applied to compare the
similarity of the distribution models of each pair of ecotypic
clusters. The null hypothesis supposes that each pair of
groups is distributed in an identical environmental area. The
Schoener’s D similarity index (Schoener, 1970) and Warren’s |
(Warren et al., 2008) measure of niche overlap were
calculated suing ENMTools (Warren et al., 2010). Finally, to
test the significance of divergence between distribution
models, 100 simulations were carried out for each pairwise
comparison.

3 Results

We sequenced a total of 13 unlinked single-copy nuclear loci
from 325 individuals found in 41 populations of Reaumuria
soongarica. After excluding gaps and missing data, the
sequenced fragments ranged from 394 to 1756 bp with a
total length of 9740 bp. The basic genetic information is
summarized in Table S6. The MFDM test detected signals of
adaptive evolution at four loci: A7, A105, H13, and H22 (P =
0.0061, P = 0.0062, P = 0.0063, and P = 0.0031, respec-
tively, at a significance level of P < 0.01). Thus, we excluded
these loci from subsequent demographic analyses.

3.1 Genetic differentiation and population structure

To delimit the genetic boundaries of R. soongarica, we used
STRUCTURE to infer the most likely genetic clusters without prior
geographic information. The delta K method (Fig. S4) supported
K = 2 as the best-fit number of genetic clusters, which are
consistent with our previous study (Yin et al., 2015). However,
the log-likelihood values peaked at K = 4 and then plateaued,
remaining similar up to K = 6, after which they dropped. This
pattern suggested that it would be reasonable to cluster R.
soongarica into four groups (K = 4, Fig. S4). Moreover, PCOA
results (Fig. S5) as well as an NJ tree (Fig. S2), both supported
the four-group classification. Thus, to obtain a detailed under-
standing of the population history of R. soongarica, we clustered
individuals in four groups from four distinct geographic areas:
TaD, GuD, QBKG, and BJTD. Due to the recent divergence and
substantial gene flow between the QBKG and BJTD populations
(see section 3.4 for details), these four groups could be further
clustered into three lineages, that is, a western lineage (TaD), an
eastern lineage (QBKG and BJTD), and a northern lineage (GuD).
Interestingly, we obtained alternative classification results when
we set K = 3 (Fig. 2). In this case, GuD could be clustered either
with TaD or QBKG, both of which had similar Ln-likelihood
values, supporting the hypothesis that GuD originated by
hybridization.

3.2 Phylogenetic relationships among the four groups

Next, we used BEAST and PhyloNet to obtain a clear
understanding of the phylogenetic relationships among the
four groups. These analyses yielded consistent phylogenetic
relationships among the TaD, BJTD, and QBKG populations
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(posterior probability > 0.90). However, we did not obtain
consistent results for the GuD group (the northern lineage)
from BEAST, as the position of the GuD group (the northern
lineage) varied among the three trees produced by BEAST
(Fig. S6). Moreover, each of the top five trees obtained from
PhyloNet supported the hypothesis that the northern lineage
originated by hybridization (Fig. S7).

3.3 Demographic history of scenario

To obtain a detailed picture of the demographic history of R.
soongarica, we ran a two-Step DIYABC simulation analysis. In the
end, our simulation results supported the divergence and hybrid
scenario. After the first round of simulations, we obtained a set
of four most likely scenarios (Fig. S8), each of which had a high
posterior probability among the eight putative models. A
second round of simulations that considered these top four
scenarios generated the best results, and identified the best
scenario overall, by incorporating two admixture events (Fig.
S9). We then estimated the demographic parameters of the
best scenario; the posterior probability distributions for each
parameter are summarized in Table 1. The best scenario
suggested that R. soongarica emerged approximately 0.714
Mya, after which R. soongarica soon diverged into the western
and eastern lineages. The northern lineage then originated from
two admixture events between the western and eastern
lineages that occurred sometime between 0.287 and 0.543
Mya. Finally, the eastern lineage recently diverged into the BJTD
and QBKG groups around 0.159 Mya (Fig. 3).

To evaluate the accuracy of the DIYABC models, we
calculated the likelihood of type I and type Il errors in each
evolutionary model using a logistic method based on 1% of
the simulated datasets. The results of this analysis (shown in
Table 2) suggested that the likelihood of type | and type Il
errors occurring in scenarios with admixture events (i.e.,
scenarios 1 and 4) were lower than those of the other
scenarios. We also evaluated demographic parameter
estimation for the best scenario (see Table 3). The root of
the relative mean square error (RRMSE) was 0.38 or less for
all parameters except r, and Ns. We noticed that the RRMSE
of r, (the first admixture proportion from the Western
lineage, TaD, RRMSE = 0.377) was more accurate than ry
(the second admixture proportion from the western lineage,
TaD, RRMSE = 9.187). This result could be caused by the
uncertainty of N; (i.e., the population size of the unsampled
ghost population, RRMSE = 26.796). However, a 95%
credible interval of both r, and ry did not include zero or
one, implying that the northern lineage did likely originate
from admixture between the western and eastern lineages.

3.4 Gene flow estimation

To estimate gene flow among the four groups, we undertook
pairwise comparisons using IMa2 and Migrate-N. To better
interpret the migration rate, we explained the migration (2NeM)
results of IMa2 in forward (natural) time instead of coalescent
time. Our IMa2 (Fig. S10) and Migrate-N (Fig. S11) results
revealed similar migration patterns, both suggesting that small
migrations occurred between TaD and GuD, and between BJTD
and TaD. However, an exceptionally high level of migration was
detected between QBKG and BJTD; this finding is consistent
with their recent divergence in the best DIYABC scenario. Due to
their weak genetic isolation (NeM > 4, Wright, 1931; Waples &
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Fig. 3. DIYABC scenario shows the demographic history of Reaumuria soongarica. Numbers inside the box indicate the
effective population size. r,, the admixture proportion from the ancestral western lineage; r,, the admixture proportion from
the ancestral eastern lineage; T,, time since divergence of the ancestral western and eastern lineages (0.714 Mya); Ty, time
since the first admixture of the ancestral western and eastern lineages (0.543 Mya); Tr,, time since the second admixture
between the ghost population and the ancestral eastern lineage (0.287 Mya); T;, time since the divergence of the Qaidam
Basin-Kumtag Desert-Gashun Gobi Desert (QBKG) and Badain Jaran-Tengger Desert (BJTD) groups (0.159 Mya).

K method implemented in stRucture HaRvesT showed a peak at
K = 2 (Fig. S4), suggesting that R. soongarica is chiefly
clustered into western and eastern lineages. This finding is
consistent with the divergence revealed by cpDNA and internal
transcribed spacer (ITS) analyses (Li et al., 20123; Yin et al,,
2015). Second, the divergence between the western and
eastern lineages was also supported by the best DIYABC
scenario (Fig. 3), which showed that R. soongarica first divided
into these two lineages around 0.714 Mya. Third, other analyses,
such as our PCoA (Fig. S5) and NJ tree (Fig. S2) results, were
also found to support a divergence between the western and

Table 2 Type I and type Il error rates for the second round
DIYABC simulated data

Logistic regression

Scenario False negatives False positives
1 0.216 0.176
2 0.328 0.456
3 0.302 0.298
4 0.268 0.184

Type | and type Il error rates of each evolutionary model
were calculated using a logistic method based on 1% of
the simulated datasets. Scenarios with admixture events
(scenarios 1 and 4) had lower type | and type Il error rates
than other scenarios.

J. Syst. Evol. 58(2): 159-173, 2020

eastern lineages. Taken together, it seems incontrovertible that
during the evolutionary history of R. soongarica, a clear genetic
divergence between western and eastern lineages occurred.

The divergence between western and eastern lineages could
be attributable to geographic isolation andfor ecological
differentiation. The divergence time (0.714 Mya [0.253-1.210
Mya]) is consistent with the Kunlun-Yellow River tectonic
movement (1.2-0.7 Mya, Cui et al., 1998) and the Naynayxungla
glaciation (0.72-0.50 Mya, Zheng et al., 2002). The Kunlu-
n-Yellow River tectonic movement caused the rise of the
Kunlun Mountains and the uplift of the QTP to 3000 m. It also
induced the most extensive glaciations of the Quaternary in
China, the Naynayxungla Glaciation, which began approximately
1.20 Mya and reached its maximum between 0.60 and 0.80 Mya
(Shi & Ren, 1990; Zhou & Li, 1998; Zheng et al., 2002). During
this period, the atmospheric circulation in these areas changed
dramatically, resulting in a change in the climate of China from
hot and humid to cold and dry, and causing an especially strong
drying-out of the northwestern QTP (Cui et al., 1998). In
response to these changes, many other species, such as
schizothoracine fishes (He et al., 2016) and Hippophae tibetana
Schitdl. (Jia et al., 2011), also diverged. Thus, it is possible that
the genetic divergence and the reduction of gene flow
between the western and eastern lineages of R. soongarica
might have been caused by geographic isolation.

In addition to geographic isolation, the genetic divergence
between western and eastern lineages would also be estab-
lished by ecological differentiation. Before restricted geographic
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Table 3 Precision of parameter estimation based on 500 pseudo-observed datasets

Parameter RRMISE RMeanAD RRMSE 50% Coverage 95% Coverage Factor 2 RMB
N, 0.159 0.120 0.117 0.456 0.954 1.000 —0.008
N, 0.213 0.158 0.158 0.538 0.948 1.000 —0.008
N3 0.163 0.121 0.114 0.528 0.956 1.000 —0.007
N, 0.249 0.179 0.177 0.554 0.968 0.996 —0.01M
Ng 26.796 2.580 6.319 0.466 0.968 0.608 0.719
Na 0.294 0.216 0.200 0.532 0.954 0.998 —0.012
T, 0.230 0.169 0.154 0.520 0.970 1.000 0.002
T 0.369 0.273 0.247 0.566 0.968 0.980 —0.069
Trma 0.385 0.271 0.248 0.536 0.950 0.994 0.003
T3 0.208 0.154 0.150 0.498 0.942 1.000 —0.016
ra 0.377 0.282 0.309 0.516 0.956 0.972 0.038
s 9.187 1.877 9.367 0.504 0.960 0.524 0.990

Estimates were made under the best DIYABC scenario, with the square root of the relative mean square error (RRMSE) and
the relative median absolute deviation (RMeanAD). Factor 2, proportion of the test datasets for which the point estimate is at
least half and at most twice the true value; RMB, relative median bias; RRMISE, square root of the relative mean integrated

square error.

isolation builds up, the genetic divergence between western and
eastern lineages might also have been established by ecological
differentiation, even in the presence of substantial intralineage
gene flow (Turelli et al., 2014). Bidirectional gene flow between
the TaD and BJTD groups was a model that could not be
rejected by our LLR results (Table S8), suggesting that western
and eastern lineages were not strictly geographically isolated.
After the emergence of geographical boundaries between the
lineages, reproductive isolation could be facilitated by existing

patterns of ecological differentiation (Mayr, 1942, 1947; Ellstrand,
1992; Mallet et al., 2009). The dramatic climate changes in the
Quaternary period might have enhanced the patterns of
ecological differentiation between the western and eastern
lineages. For example, the formation of deserts in the west,
such as the TaD, were less affected by the East Asian monsoon
system than their eastern desert counterparts (Yin et al., 2015).
Moreover, the western and eastern deserts had opposite air
current patterns during the Quaternary glacial-interglacial cycle

Fig. 4. Summary of estimated historical migration patterns among four groups of Reaumuria soongarica. Migration rates are
scaled against mutation rates, and the width of the arrows reflects relative migration rates, with migration from Badain
Jaran-Tengger Desert (BJTD) to Taklimakan Desert (TaD) being the lowest. Due to the large arrow scale, the migration rates
between the Qaidam Basin-Kumtag Desert-Gashun Gobi Desert (QBKG) and BJTD were divided by 10. Map was retrieved from
Google Earth (https://www.google.com/earth/). GuD, Gurbantinggit Desert.

www.jse.ac.cn J. Syst. Evol. 58(2): 159-173, 2020
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Fig. 5. Variation in effective population size through time based on Extended Bayesian Skyline Plot (EBSP) analyses. A,
Taklimakan Desert (TaD) showed population expansion that started approximately 0.20-0.25 Mya. B, Gurbantinggiit Desert
(GuD) showed no historical changes in population size. C, TaD showed no historical changes in population size. D, Badain
Jaran-Tengger Desert (BJTD) showed a population expansion that started approximately 0.55-0.60 Mya. The dotted
horizontal line shows the median estimate of the EBSP and the gray line shows the upper and lower 95% highest posterior
density limits. QBKG, Qaidam Basin-Kumtag Desert-Gashun Gobi Desert.

(Fang et al,, 2002). In addition, identity test results (Fig. 6)
suggested that the western and eastern lineages showed
significant ecological niche differentiation, and this pattern is
consistent with differentiation patterns found in other species
(e.g., the ecological differentiation between the western desert
population of Populus pruinosa Schrenk and the eastern desert
population of P. euphratica Olivier due to differing underground
water levels) (Wang et al., 2014b). Taken together, our results
suggest that the genetic divergence between the western and
eastern lineages of R. soongarica can be attributed to both
geographic isolation and ecological differentiation.

4.2 Hybrid origin of Northern lineage of R. soongarica

Our data also suggested that contact between the western
and eastern lineages facilitated the hybrid origin of the
northern lineage. Rather than evolving directly from ancestors
or other lineages, the northern lineage might have originated
through hybridization. In our previous study, we found that
the cpDNA and ITS haplotypes present in the northern lineage
were all non-ancestral (i.e., derived) (Yin et al., 2015). This
finding was consistent with the recent formation of the flora
of the Junggar Basin, many of which were not relic species

J. Syst. Evol. 58(2): 159-173, 2020

(Liu, 1995). Thus, the GuD was unlikely to be a refuge for
ancestral R. soongarica. In addition, the hypothesis that the
northern lineage had differentiated directly from the ancestral
population was rejected by the DIYABC results (Fig. S1, first-
round simulation model 5). Moreover, unstable phylogenetic
trees produced by BEAST (Fig. S6), and the alternative
assignment of the northern lineage by structure at K = 3
(Fig. 2) together suggested that the northern lineage probably
did not originate either from only the eastern or western
lineages. In addition, the five trees generated by PhyloNet
(Fig. S7) implied a hybrid origin of the northern lineage. Taken
together, these results indicate that, rather than having a
single origin, the northern lineage originated by hybridization.

The hybrid origin of the northern lineage could be attributed
to multiple (i.e., two or more) contacts between the western
and eastern lineages. Our data best fits the DIYABC scenario (Fig.
3) that specifies two hybridization events between them. This
scenario is reliable as most estimated parameters were robust.
Although estimates of r, and Ny showed uncertainty, the 95%
credible interval of the parameters crucial for the hybrid
hypothesis (i.e., r,, 0.03-0.96 and r,, 0.04-0.94) did not include
one or zero, indicating that the genome of the northern lineage
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Fig. 6. Ecological niche modelling (ENM) results suggest three significant divergent niches of Reaumuria soongarica. A,
Geographic projections of the northern, western, and eastern lineages of R. soongarica niche derived from the MaxEnt model.
B, Results of identity tests. Observed niche overlap values of Schoener’s D and | for each pairwise combination of lineages
compared with null distributions (bars indicate the null distributions of D or I). All pairwise comparisons show significant niche

divergence (P < 0.05).

was composed of both the western and eastern lineages to
some degree. Moreover, the type | error (scenarios 1, 0.216; and
scenarios 4, 0.268 in round 1 simulation) and type Il error
(scenarios 1, 0.176; and scenarios 4, 0.184 in round 1 simulation)
rates were the lowest in the hybridization/admixture models,
suggesting that models without hybridization could be rejected.
The two-hybridization model (model 4) displayed a much higher
posterior probability than the one-hybridization model (model 1),
and was supported by both the direct and logistical methods
(Fig. S9). Owing to the uncertainty of ghost populations (Ns), we
did not test scenarios with more than two contacts. However,
we could not rule out the possibility of a higher number (i.e., >

2) contacts between the western and eastern lineages. Multiple
hybridization events were also discovered in the homoploid
hybrid speciation patterns of other plants (note that in this case
the northern lineage of R. soongarica can be considered a
homoploid hybrid species due to the fact that it shows no
changes in ploidy level [data not shown]). Such events have
been found in sunflowers (Rieseberg, 1991; Schwarzbach &
Rieseberg, 2002) and Pinus densata Masters (Wang et al., 2007;
Ma et al., 2006; Gao et al., 2012). Taken together, our data
suggest that the formation of the northern lineage of R.
soongarica can be attributed to at least two hybridization events.

www.jse.ac.cn

The hybridization events were likely caused by asynchronous
historical expansions of the western and eastern desert
ecosystems, which expanded the historical habitat of R.
soongarica in the TaD and BJTD populations. The expansions
of the TaD and BJTD populations are supported by multiple lines
of evidence. First, the Tajima’s D and Fu’s F, values of the TaD
and BJTD populations were both negative, with BJTD showing a
more significant result (Fig. S12). Negative values of Tajima’s D
indicate an excess of rare alleles (Tajima, 1989); negative values
of Fu’s Fs indicate an excess number of alleles relative to the null
expectation (Fu, 1997). In addition, MFDM tests suggested no
significant deviation from neutrality. Thus, rather than showing a
selective sweep, our data is consistent with a recent population
expansion (Haddrill et al., 2005; Pyhajarvi et al., 2007; Li et al,,
2010, 2012b). Second, the EBSP test results showed significant
historical expansions of the BJTD and TaD populations
(Fig. 5), and these were consistent with the two periods
of glaciation in the Pleistocene (i.e., the Naynayxungla and
Guxiang glaciations). The EBSP results suggested an expansion
of the BJTD group initiated approximately 0.55-0.60 Mya, as
well as an expansion of the TaD group initiated approximately
0.20-0.25 Mya. These expansion periods were all found in the
95% credible interval of the two hybridization events simulated
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by DIYABC (Table 1; 95% credible interval of T, and T,
0.138-0.870 Mya). During these periods, the Naynayxungla
glaciation (the largest glaciation in the Middle Pleistocene,
0.72-0.50 Mya) and the Guxiang glaciation (0.30-0.13 Mya)
appeared sequentially (Zheng et al., 2002). In both cases, the
climate became colder and dryer, which aggravated the aridity
of ACA and expanded the habitat available to R. soongarica.
Finally, the GuD (formed before 0.80 Mya) oscillated dramati-
cally during the period from 0.4 to 0.13 Mya (Shi et al., 2006),
increasing the possibility of multiple contact points between the
western and eastern lineages. For these three reasons, we
propose that recent changes in climate and continuing
desertification resulted in a massive desert expansion, thereby
expanding the habitat available to the existing TaD and BJTD
groups, and facilitating multiple hybridization events between
the western and eastern lineages of R. soongarica.

4.3 Northern lineage might be an incipient species located
at a rare point along the speciation continuum

We further propose that the northern lineage could be an
incipient species, located at a special point along the speciation
continuum. This could be the case because the northern lineage
might be genetically stable, with gene flow balanced with
ecological differentiation, and because it has arisen from
hybridization recently. Further discussion of each of these two
points follows.

First, the genetic boundary of the northern lineage,
although facing ongoing gene flow, has been maintained
by significant ecological differentiation. Our analyses sug-
gested that incoming gene flow is consistent (Figs. S10, S11).
Signatures of smaller bidirectional migration were detected
between the TaD and GuD populations (Fig. 4), but larger
bidirectional migrations were detected between the QBKG
and GuD groups, and strong unidirectional gene flow was
detected from the BJTD to GuD group. These gene flow
patterns confirm our previous conclusion that East Asian
monsoons play an essential role in shaping the pattern of
migration between the northern and eastern lineages (Yin
et al, 2015). Moreover, they are similar to those of
P. euphratica, another desert plant (Zeng et al., 2018). Taken
together, our data suggest that the northern lineage is still
facing incoming gene flow, but it is also strongly genetically
differentiated from both the western and eastern lineages. In
addition, the population size and genetic composition of the
northern lineage are not undergoing dramatic changes in
response to this gene flow. Furthermore, distinct ecological
niches have been detected for each of the three lineages.

The possibility that the northern lineage could be an incipient
species (i.e., an emerging hybrid species) is intriguing because it
is at a rare point along the speciation continuum. For a long
time, species were defined as reproductively isolated popula-
tions (Mayr, 1969). However, speciation is now generally
considered to be a continuous process (Harrison, 1998; Via,
2009); for this reason, we can regard a cluster of multilocus
genotypes as a species, so long as it remains genetically stable
and distinct if it comes into contact with either parent (Mallet,
1995; Coyne & Orr, 2004). This definition describes the northern
lineage of R. soongarica fairly well: it is both distinctly genetically
differentiated from western and eastern lineages and remains
genetically stable. In addition, there is increasing genetic
evidence that hybridization is more common in plant evolu-
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tionary history than has been generally accepted in the past
(Grant, 1981; Mallet, 2007). However, given the ubiquity of
hybridization, hybrid speciation is less well studied, even in
plants. Few situations where hybrid speciation, and especially
homoploid hybrid speciation, have yet been documented. The
limited number of examples includes sunflowers (Rieseberg,
1991; Schwarzbach & Rieseberg, 2002) and P. densata (Wang
et al., 2001; Ma et al,, 2006; Gao et al., 2012). The fact that the
data show that hybrid speciation is rare reflects the difficulties in
establishing an independent hybrid species: hybrid speciation
requires a new niche that is not occupied by parents (Gross &
Rieseberg, 2005), but it also requires a reduction in gene flow
from parents to prevent hybrids from disappearing by genetic
fusion (Mallet, 2007; Ward et al, 2012). In this study, we
detected significant ecological differentiation between the
northern lineage and the others, supporting the conclusion
that the northern lineage colonized new habitats far from the
original parental habitat. Moreover, we found that the flowering
time of the northern lineage (i.e., from end of June to end of
August) is different from the western lineage (i.e., from end of
May to end of June) and the eastern lineage (i.e., from end of
June to early September). This might be an early indication of
the initiation of reproductive isolation, and if true, in the future
we should expect reduced gene flow between the northern
lineage and the other lineages. For these reasons, it is
reasonable for us to consider the northern lineage to be an
emerging hybrid species. Clearly, more detailed evidence is
needed to fully understand the complexity of the phenotype
and evolutionary history of the northern lineage. For example,
future studies should identify the phenotypic differentiation and
to assess the depth of their reproductive isolation, and should
attempt to characterize the genomic diversity of the northern
lineage. Regardless of of whether the northern lineage will
eventually evolve into an entirely new species, this emerging
lineage offers a unique opportunity to investigate the evolu-
tionary dynamics of a hybrid population shortly after secondary
contact (Via, 2009; Nolte & Tautz, 2010). The northern lineage
could thereby provide us with an additional vantage point to
better understand the mechanisms associated with hybrid
species formation.

5 Conclusion

Our data suggested that the desert plant Reaumuria soon-
garica underwent a multiphase speciation process caused by
various geological events and climatic changes in the
Quaternary. First, due to the geographic isolation and
ecological differentiation caused by the Kunlun-Yellow River
tectonic movement and the Naynayxungla glaciation, R.
soongarica was genetically divided into western and eastern
lineages approximately 0.714 Mya. Second, the origination of
the northern lineage was attributed to multiple hybridization
events between the western and eastern lineages, both of
which were dramatically influenced by asynchronous deser-
tification caused by the Naynayxungla and Guxiang glaciation
events. Third, although facing ongoing gene flow from other
populations, the genetic background of the northern lineage
has been maintained by significant ecological differentiation,
suggesting that it could be an incipient species at a critical
point along the speciation continuum. The divergence and
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hybridization history of R. soongarica provides compelling
evidence that plant speciation can be a multilevel process
that is strongly determined by geological events and climatic
changes (Abbott et al.,, 2013). Our study confirmed that,
despite its complicated evolutionary history, desert plants
such as R. soongarica are useful model systems for under-
standing the nature of the speciation continuum.
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