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Abstract

Aim: Understanding the relative roles of geography and ecology in driving speciation,
population divergence and maintenance of species cohesion is of great interest to
molecular ecology. Closely related species that are parapatrically distributed in moun-
tainous areas provide an ideal model to evaluate these key issues, especially when
genomic data are analyzed within a spatially and ecologically explicit context. Here, we
used three closely related species of Primula that occur in the Himalayas, the Hengduan
Mountains and north-east Qinghai-Tibet Plateau (QTP) to examine spatial and ecologi-
cal effects on interspecific divergence and maintenance of species cohesion.

Location: Himalayas, the Hengduan Mountains and north-east QTP.

Methods: We used genomic data for 770 samples of the three species using dou-
ble-digest restriction site-associated DNA (ddRAD) sequencing and combined
approximate Bayesian computation (ABC) modeling, generalized linear mixed model-
ing (GLMM) and niche-based species distribution modeling (SDM).

Results: The three species are clearly delimited by the RADseq data. Further ABC
modeling indicates that Primula tibetica diverged first followed by a later divergence
between Primula nutans and Primula fasciculata. The time frames of the divergences
among the three species coincide with the uplifts of the Hengduan Mountains and
the northern QTP during the late Miocene and Pliocene followed by a long period
of founder events. SDMs indicate that the three species might have survived in dif-
ferent refugia during glaciations and came into secondary contact during the post-
glacial expansions but with no significant introgression. Finally, GLMM suggests that
both the geographical and ecological factors play roles in population differentiation
in P. fasciculata and P. tibetica, while for P. nutans, geography is the major driver of
genomic variation. The different roles played by geographical and ecological factors
in the three species may have affected the maintenance of species cohesion.

Main conclusion: Our results provide insights of unprecedented details into the start
and maintenance of interspecific divergence in the context of changing environments in

mountains. Our findings highlight the significance of combining population genomics
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1 | INTRODUCTION

Understanding the relative roles of geography and ecology in specia-
tion, population divergence, and maintenance of species cohesion is
a long-standing goal in molecular ecology and evolutionary biology
(Coyne & Orr, 2004; Nosil, 2012). Historically, geographical isolation,
leading to reduced gene flow between isolated populations, has
been considered a prerequisite for reproductive isolation (i.e., allopa-
tric speciation; Mayr, 1963; Rice & Hostert, 1993). In a mode of spe-
ciation that is driven by geography, the range of an ancestral species
is divided by a geographical barrier to form two new species (Coyne
& Orr, 2004). It has, however, also been proposed that adaptation to
different environmental conditions, resulting in separated popula-
tions evolving toward different ecological niches, no matter whether
geographical isolation is present or not, can also lead to divergence
and speciation (Berlocher & Feder, 2002; Nosil, 2008; Rundle &
Nosil, 2005). Ecological factors play important roles in keeping new
derived species separated. The interplay between these different
processes may become very complex in mountainous areas due to
their rugged topographic features and the profound ecological
heterogeneity created by historical orogenesis and associated cli-
matic changes (Favre et al., 2015; Hoorn et al., 2010). Furthermore,
the mechanisms associated with these historical events do not have
similar effects on population divergence, speciation and species
maintenance across organisms (e.g., Opgenoorth et al., 2010; Ren et
al., 2017; Sun et al., 2014; Zhang, Chiang, George, Liu, & Abbott,
2005). Despite their importance in driving the high biodiversity in
mountainous areas (Myers, Mittermeier, Mittermeier, da Fonseca, &
Kent, 2000), the specific roles played by these mechanisms are still
unknown for most species in mountainous areas.

Comparing closely related species at the population level can offer
insights into the relative importance of geographical versus ecological
segregation (e.g., Abbott et al., 2000; Anacker & Strauss, 2014; Jia et
al., 2012), helping to clarify the mechanisms of speciation. The current
degrees of range overlap between closely related species can result
from continuous contact since divergence or secondary contacts. The
latter may obscure the mechanisms responsible for the initial diver-
gence as, for example, in the case of allopatric speciation followed by
secondary contact, which may be mistaken for ecological speciation
(Barraclough & Vogler, 2000; Fitzpatrick & Turelli, 2006). Furthermore,
the evolutionary outcomes can be highly variable when previously dif-
ferentiated species come into contact. These outcomes can include
the complete breakdown of reproductive barriers followed by the

extinction of one or more taxa, the reinforcement of reproductive

with environmental data when evaluating the effects of geography and ecology on

interspecific divergence and maintenance of closely related species.

climatic changes, closely related species, interspecific divergence, maintenance of species

cohesion, population genomics, Qinghai-Tibet Plateau

isolation between related species, the introduction of adaptive varia-
tion to species through introgression and occasionally hybrid specia-
tion (Abbott et al., 2013; Coyne & Orr, 2004).

To understand the mechanisms that facilitate these processes, we
however need to resolve the phylogenetic relationships between clo-
sely related species. This task is usually difficult to achieve with tradi-
tional genetic markers (e.g., rbcL, matK, ITS), especially for genera
that harbor high species richness and experience hybridization during
their evolution, such as Primula L. (Guggisberg, Mansion, & Conti,
2009; Schmidt-Lebuhn, de Vos, Keller, & Conti, 2012) and Gentiana L.
(Liu, Yan, & Ge, 2016). This problem may be overcome by using many
thousands of DNA markers (e.g., Pante et al., 2015; Wagner et al,,
2013), for example, using recently developed next-generation
sequencing methods such as restriction site associated DNA (RAD)
sequencing (Baird et al., 2008). Additionally, population genomics
allows for discerning genomic regions that diverge neutrally from
those that respond to divergent selection across heterogeneous land-
scapes (e.g., Lexer et al., 2014), which could provide a more accurate
picture of the drivers of divergence compared with traditional neutral
marker studies (Nosil, 2012). Here, based on population genomic
data, we investigate the relative effects of geographic and ecological
factors on interspecific divergence and the maintenance of species
cohesion in closely related species. We test using evolutionary mod-
eling the roles played by orogeny and climatic variations on the evo-
lution and distribution of three species of the genus Primula
(Primulaceae) that is widely and parapatricly distributed in the moun-
tains surrounding the Qinghai-Tibet Plateau (QTP).

The QTP region has experienced drastic habitat changes and har-
bors extremely rich species diversity and endemism (Wu, 1987), espe-
cially the Himalayas and the Hengduan Mountains, which represent
two key biodiversity hotspots on Earth (Myers et al., 2000). The his-
torical orogenesis and the associated climatic changes are likely to
account for the establishment of high species richness in the region
(Wu, 1987). Although the uplifts of the QTP can be dated back as
early as 50 Ma, the times and extent of its following uplifts are contro-
versial (reviewed in Renner, 2016). Some evidence have shown that
the central part of the QTP (i.e., Tibetan Plateau) has reached 4,000 m
since the mid-Eocene (40 Ma; Renner, 2016 and references therein),
while others suggest that a more recent uplift has occurred during the
late Miocene and Pliocene (2.4-8 Ma) at its eastern and northern edge
such as the Hengduan Mountains and northern QTP (Li & Fang, 1999;
Mulch & Chamberlain, 2006; Zheng, Powell, An, Zhou, & Dong, 2000).
Many previous evolutionary studies that focused on the Hengduan

Mountains have indicated that extensive species diversification took
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place in the region during the Pliocene (Li et al., 2012; Liu, Gao, Chen,
& Lu, 2002; Liu, Wang, Wang, Hideaki, & Abbott, 2006; Wang et al.,
2010; Xing & Ree, 2017). However, the effects that the different
stages of uplifts had on the divergence pattern in the QTP are still
unclear. The three species, Primula nutans Georgi, Primula fasciculata
Balf. f. & Kingdon-Ward, and Primula tibetica Watt (section Armerina;
Richards, 2003), studied here, occurring in different areas of the QTP,
that is, the Himalayas, the Hengduan Mountains and the north-east
QTP, respectively (Figure 1a), represent a unique opportunity to eval-
uate, for the first time using population genomic data, whether their
initially interspecific divergence may have been triggered by the uplifts
of these different mountainous areas. Previous phylogenetic and bio-
geographic analyses based on several plastid markers indicated a
monophyletic clade formed only by the three Primula species that
might have originated in the Himalayas during or after the Pliocene
(De Vos, Hughes, Schneeweiss, Moore, & Conti, 2014; Ren, Conti, &
Salamin, 2015). However, their interspecific relationships are still
unresolved based on these markers (Ren et al., 2015). Furthermore,

EEME v

the roles played by historical geological events on their initial inter-
specific divergence and the factors that are influencing the current
distributions of the species and their maintenance remain unknown.
The three species represent prominent floristic elements of alpine
meadows at high altitudes (Hu & Kelso, 1996) in the QTP. All the three
species are insect-pollinated, heterostylous, herbaceous, perennial
plants and usually grow in wet meadows or along hill streams, but in
different areas of the QTP (Hu & Kelso, 1996). Primula tibetica and P.
fasciculata both occur in high altitude between 2,900 and 5,000 m in
the Himalayas and the Hengduan Mountains, respectively, these two
mountain regions representing two key biodiversity hotspots in the
QTP, while P. nutans is distributed mainly below 3,800 m in the north-
east QTP (Figure 1a). In contrast to the other two species endemic to
the QTP, P. nutans can also be found in NW China, Central Asia, N
Mongolia, N Europe, W&E Siberia, and NW North America (Richards,
2003). Furthermore, there is currently an overlap in the geographical
ranges between P. tibetica and P. fasciculata, and between P. nutans
and P. fasciculata, respectively (Figure 1a). They can occur in sympatry,

P. tibetica

FIGURE 1

P, fasciculata

(a) Geographic locations of the 43 populations (colour coded) analyzed in the present study. Small grey squares and stars

represent sampled populations of Primula tibetica and Primula fasciculata from fieldwork, respectively. (b) Plots of posterior probabilities for
individuals of the three species assigned to K genetic clusters from strRucTure analyses for K = 3 [Colour figure can be viewed at

wileyonlinelibrary.com]
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in which case it has been observed that they can flower synchronously
and share pollinators, mainly bees (Hu & Kelso, 1996; field observa-
tion). The distribution pattern coupled with the use of population
genomic data provides a unique opportunity to test the relative roles
of geography and ecology in population/species divergence in this
region. Specifically, the aims of our study are to: (a) test the interspeci-
fic divergence among the three species based on evolutionary model-
ing (i.e., ABC method) and assess whether the divergences could be
congruent with the uplifts of the Hengduan Mountains and northern
QTP; (b) combine generalized linear mixed modeling (GLMM) and spe-
cies distribution modeling (SDM) to better understand the role of

geography and ecology in the maintenance of species cohesion.

2 | MATERIALS AND METHODS

2.1 | Sampling, RAD library preparation, sequencing
and processing of lllumina data

We selected a total of 43 populations from three closely related spe-
cies, P. tibetica, P. fasciculata and P. nutans, which were collected from
the QTP (Figure 1; Supporting Information Table S1). For P. tibetica, we
used the same 16 populations sampled in a previous study (Ren et al.,
2017). Fifteen populations of P. nutans and 12 out of 61 populations of
P. fasciculata, that is, same strategy as applied for P. tibetica to select
populations that were representative of both the geographical distribu-
tion and the diversity of ecological niches (Ren et al., 2017) were used.
In this study, 6 to 20 individuals were chosen from each population,
which gave us a total of 770 individuals who were processed with a
double-digestion restriction site-associated DNA sequencing (RADseq)
following the same protocol as Mastretta-Yanes et al. (2015), which
was already used for P. tibetica (Ren et al., 2017). The DNA was double-
digested with EcoRIl and Msel restriction enzymes. The libraries were
sequenced using single-end reads of 100 bp of length.

Single-end lllumina reads were processed into RAD-tags, using the
sTack-1.30 software pipeline (Catchen, Hohenlohe, Bassham, Amores,
& Cresko, 2013; Catchen et al., 2011). All reads were trimmed to
90 bp in length. We used all 770 samples to build a catalog and
matched each sample against the catalogue to identify alleles. The
execution of the de novo assembly was accomplished using the den-
ovo_map.pl script. Different combination of parameter settings for this
script gave similar results as tested in Ren et al. (2017), we therefore
only considered the following settings for assembly: minimum number
of reads to create a stack (m)=3; maximum distance allowed
between stacks (M) = 3; maximum number of mismatches allowed
between loci (n) = 3; —t flag to remove or break up highly repetitive
RAD-tags during the ustacks component and upper bound of error
rate (¢) = 0.1. We used rxstacks to further filter the data to increase
quality, correct SNP calls, and remove haplotypes that were in excess.
The rxstacks used the output from the denovo_map.pl script as input
combined with the following filters: —conf_filter —conf_lim 0.25 —prune_
haplo -model_type bounded —bound_high 0.1 —Inl_lim -10.0 —Inl_dist.
After rxstacks, cstacks, and sstacks were run again with the same set-

ting as before to rebuild the catalog of reads.

We used the same settings as in Ren et al. (2017; m = 3, r = 0.5,
min_maf = 0.01, max_obs_het = 0.5) to filter the catalog of reads,
using the populations module to generate three datasets (i.e., one for
each species; D1-D3) and one dataset considering all the three spe-
cies together (D4) for downstream population genetic analyses. We
retained polymorphic RAD loci that were only present in all popula-
tions for each dataset and scored for each RAD locus only the first
SNP if several were present. Pairwise Fst values for different data-
sets and different genomic fractions (see below) were calculated
among populations in Genobive 2.0b27 (Meirmans & Van Tienderen,

2004), and significance was determined using 1 x 10* permutations.

2.1.1 | Interspecific divergence

To investigate interspecific divergence and the extent of hybridiza-
tion/introgression among the three species, we first identified popu-
lation genetic structure, using a Bayesian method implemented in
STRUCTURE 2.3.4 (Pritchard, Stephens, & Donelly, 2000) based on data-
set D4. sTrRucTUre analysis was performed under the “Admixture
model” and the “Correlated allele frequency model” with K-values
ranging from 1 to 10. Ten independent runs were performed for
each value of K using 5 x 10* generations for the burnin and
2.5 x 10° generations for the sampling. The optimal K was chosen
using the delta-K method of Evanno, Regnaut, and Goudet (2005) as
implemented in sTRUCTURE HARVESTER (Earl & VonHoldt, 2012). The
coefficient for cluster membership of each individual was averaged
across the ten independent runs using cLumpp (Jakobsson & Rosen-
berg, 2007) and plotted using pisTrRucT (Rosenberg, 2004). Secondly,
a maximume-likelihood phylogenetic tree was estimated from unlinked
SNPs with a GTR + G model, using pHymL 3.0 (Guindon et al., 2010)
based on the same dataset. This algorithm is able to estimate phylo-
genetic trees using standard IUPAC coding for polymorphic nucleo-
tide sites, allowing us to include all unlinked RAD loci within our
concatenated dataset. A PHYLIP file was generated by the popula-
tions module in sTacks using the —phylip_var setting. Nodal support

of phylogenetic tree was estimated from 1,000 bootstrap replicates.

2.1.2 | Modeling of historical divergence

To further understand the historical divergence of the three species
and assess the congruence of the divergence times with the uplifts of
the Hengduan Mountain and northern QTP, we used approximate
Bayesian computation (ABC) method implemented in piv-asc 2.1.0
(Cornuet, Ravigné, & Estoup, 2010; Cornuet et al., 2014). The ABC
method, based on coalescent theory, does not need outgroup data
and mutation model parameterization for SNP dataset because SNPs
are polymorphic and present only two allelic states (Cornuet et al.,
2014), which made this method more preferred than snapp (Bryant,
Bouckaert, Felsenstein, Rosenberg, & RoyChoudhury, 2012) in this
study. We subsampled two individuals from each of the 43 popula-
tions ten times and pooled individuals into “species” groups based on
the results of sTRucTUrRE and PHYML to generate unbiased estimates of

species history and to reduce computational time. We selected for
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each subdataset a single SNP per locus and the SNPs had to be pre-
sent in at least 80% of the individuals from each species and in all
the three species. The ten subdatasets were listed in Supporting
Information Table S2. We tested seven possible scenarios for the
divergence relationships between species: P. nutans diverged from
the common ancestor first (SC1-SC2), P. tibetica diverged from the
common ancestor first (SC3-SC4), P. fasciculata from the common
ancestor first (SC5-SC6) and all three species diverged simultaneously
from their ancestor (SC7, Supporting Information Figure S1).

For each subdataset, we gave each scenario a uniform prior
probability (Supporting Information Table S3) and selected all sum-
mary statistics to generate a reference table containing 7 x 10° sim-
ulated datasets (on average 10° per scenario). The simulated SNP
dataset was generated following the algorithm proposed by Hudson
(2002). The parameters defining each scenario (i.e., population sizes,
divergence times and times of population size changes) were consid-
ered as random variables drawn from prior distributions. For each
simulation, piv-asc drew a value for each parameter from its prior
distribution and performed coalescent simulations to generate a sim-
ulated pseudo-observed dataset (POD) with same number of gene
copies and loci per population as observed. It then calculated sum-
mary statistic for each POD and the observed data. Based on a dis-
tance and a tolerance, it decided for each POD whether its summary
statistic was sufficiently close to that of the observed data. We used
1% of the simulated datasets closest to the observed data to esti-
mate the relative posterior probabilities for each scenario via a poly-
chotomous weighted logistic regression. Based on the most likely
scenario, local linear regression on the 1% closest simulated datasets
with a logit transformation was used to estimate the posterior distri-
bution of historical demographic parameters (Cornuet et al., 2010).
The time parameters are estimated in generations and converted
into years by multiplying generation time, which was set to 1 year
for the three species (Ren et al., 2017).

The next step was to evaluate the level of confidence for choosing
the best-supported scenario. We evaluated the ability of the ABC analy-
sis to discriminate between the chosen scenarios by analyzing 1,000
simulated datasets with the same number of loci and individuals as each
of our subdatasets. We estimated the probabilities of type | and type Il
error and computed bias and precision for our estimations of diver-
gence times as described in Cornuet et al. (2010). The PODs were pro-
duced from the posterior distributions of each parameter, which
provide a more relevant estimation of accuracy of parameter estimation
in the vicinity of the observed dataset than blindly computing accuracy
indicator over the whole prior space (Cornuet et al., 2010). The number
of simulated data closest to the observed data was set to 5,000 to have
a precise estimation of the accuracy measures. Finally, we performed an
evaluation of the fit of each scenario to our datasets by running a
model-checking analysis following again Cornuet et al. (2010).

2.1.3 | Species distribution models

The overlap of geographical ranges between the three closely related
species was observed during our fieldwork. The current overlap and
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potential historical contacts may influence the maintenance of spe-
cies cohesion if reproductive isolation among them was not com-
plete. To evaluate the potential overlap of distributions of the three
species due to past climatic oscillations, an ensemble of species dis-
tribution models was generated for P. nutans and P. fasciculata for
the present and the last glacial maximum (LGM) following the same
methodology applied for P. tibetica (Ren et al., 2017), using three dif-
ferent techniques: generalized linear model, gradient boosting
machine and random forests, as implemented in the R package
‘biomod2’ (Thuiller, Lafourcade, Engler, & Aradjo, 2009). A total of
67 and 89 species occurrences obtained from the field collections
and herbarium records were used as presence data to calibrate the
models for P. nutans and P. fasciculata, respectively. To avoid poten-
tial sampling bias (Syfert, Smith, & Coomes, 2013), we retained only
the points that were separated by at least 2.5 arc-minutes from each
other (i.e., matching the resolution of the climatic data). These occur-
rences represented almost all the relevant regions for the two spe-
cies in the QTP based on the distribution described in Flora of China
(Hu & Kelso, 1996) as a reference. We used the WorldClim database
(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) for the environmen-
tal variables and, to avoid multicollinearity, we used the same ones
as for P. tibetica (see Ren et al., 2017). The variables included in the
models were as follows: isothermality (Bio3), maximum temperature
of warmest month (Bio5), minimum temperature of coldest month
(Bio6), annual temperature range (Bio7), precipitation seasonality
(Bio15), precipitation of the wettest quarter (Bio16), and precipita-
tion of the driest quarter (Bio17). We run ten replicates per method,
where each replicate was calibrated on 70% of the data and evalu-
ated on the remaining 30% using the area under the curve (AUC) of
a receiver-operating characteristics plot (Swets, 1988) and the true
skill statistics (Allouche, Tsoar, & Kadmon, 2006). The averaged and
pondered consensus model (the contribution of each replicate was
weighted proportionally to their AUC values) was then projected
onto LGM with three different general circulation models (GCMs):
CCSM4, MIROC-ESM, MPI-ESM-P available from http://cmip-pcmdi.
linl.gov/cmip5/ processed on WorldClim database. The consensus
model was converted into a binary model (presence/absence) by
applying a threshold that allow a maximum of 5% of omission error
(i.e., omission error is the percentage of the real presence predicted
as absences in the model; Fielding & Bell, 1997).

2.1.4 | Outlier detection and GLMM

Geographical and ecological factors may have different effects on the
divergences of genomic regions that are under different selective pres-
sure. For example, the divergences of neutral genetic markers are often
concordant with a model of isolation by distance, where geographical
distance plays the major role (Wright, 1943). Adaptation to ecological
niches may cause genomic regions in different populations to become
more divergent (positive selection) or similar (negative selection)
depending on the direction of selection. To investigate the effects of
geographical and ecological factors on driving population divergence
and maintaining species cohesion among the three closely related
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species, we first performed genomic scans to identify polymorphic loci
that could be potentially under balancing (negative) and divergent (posi-
tive) selection in each species (datasets D1-D3). We used both savescan
2.1 (Foll & Gaggiotti, 2008) and LosiTaN (Antao, Lopes, Lopes, Beja-Per-
eira, & Luikart, 2008) to compare the results obtained with these two
distinct methods. LosiTan (based on the fdist Fst outlier methods; Beau-
mont & Nichols, 1996) uses the island model as a null distribution of
Fst, while BavescaN assumes that populations have diverged indepen-
dently from a common ancestor. The two methods were shown to have
low rates of false positive and false negative errors as suggested using
simulations (Narum & Hess, 2011). BavescaN estimates population-speci-
fic Fst coefficients by the Bayesian method described in Beaumont
(Beaumont & Balding, 2004) and uses a cut-off based on the mode of
the posterior distribution to detect SNPs under selection (Foll & Gag-
giotti, 2008). We used a prior odds value of 10, with 1 x 10° iterations
and a burn-in of 5 x 10* iterations. We identified loci that were signifi-
cant outliers at a false discovery rate (FDR) of 0.05. For LosITAN,
100,000 simulations were run on the three datasets separately, with
default parameters. Both the “neutral mean Fst” and “force mean Fst”
options were used. We used a more conservative threshold to identify
outliers in LosiTAN, which generally identifies greater number of outliers
than eavescan (e.g., Huang et al., 2017). Loci outside the 99% confidence
interval and those at FDR of 0.01 were considered outliers and we only
kept the loci that were identified by both methods as outliers. Loci that
were identified as balancing and divergent outliers by both methods
were further segregated into a negative and a positive outlier dataset,
respectively, while the remaining loci (with overlapped outliers
removed) comprised the neutral dataset.

The different genomic fractions (i.e., neutral RAD loci and loci
under negative and positive selection, respectively) identified by out-
lier detection for each species were further applied in a GLMM
approach to test whether population divergence of these different
genomic fractions was driven by geographical or ecological or both
factors (e.g., Lexer et al., 2014). The modeling was run in the R pack-
age ‘MCMCg M’ (Hadfield, 2010). Genetic divergence Fst metrics
for multilocus nuclear RADseq datasets were used as response vari-
ables for each species. We used geospheric distances between popu-
lations (“GEO” from here onwards) and pairwise differences of
altitude between populations (“ALT” from here onwards) as predictor
variables to assess the spatial effects. For environmental predictors,
we used two different kinds of variables: (a) 19 WorldClim variables
(Hijmans et al., 2005); “CLI” for climatic data from here onwards)
and (b) three edaphic variables (Soil-carbon, moisture, PH; “SOI” for
edaphic variables from here onwards) obtained from the Center for
Sustainability and the Global Environment (http://nelson.wisc.edu/sa
ge/data-and-models/atlas/maps.php). The Euclidean distances of
these variables between populations for each of the three species
were calculated in the R package ‘ade4’ (function ‘dist.quant’).

We ran 16 different models for each species that resulted from
combinations of the four predictor variables: a null model without
any predictor; four models with a single predictor variable (GEO, CLI,
SOL or ALT); six models with different combinations of two predic-
tors; four models with different combinations of three predictors

and one with all the four predictors. The input files and R script for
each species can be found in Data Accessibility. The deviance infor-
mation criterion (DIC) and associated DIC differences and weights
were used to compare all models for each genomic fraction and
draw conclusions on the relative roles of different drivers of diver-
gence for each of them. MCMCg mm Was initiated with standard pri-
ors and run with a burn-in of 2 x 10° followed by 1 x 107 iterations
with a thinning interval of 1 x 10°. Chain convergence was con-

firmed by inspecting trace plots using the R package ‘CODA’.

3 | RESULTS

3.1 | Sequence data quality and processing

The average number of sequence reads among the 770 samples of
the three species was 2.16 million (2.11-2.23 million) and the aver-
age number of reads per sample that were used in the assembly of
the RAD-tags was 1.58 million (1.53-1.64 million; Supporting Infor-
mation Table S4). Datasets D1-D3, containing 2822, 6086, and
12925 single-SNP loci, were used for the outlier detection in P. tibet-
ica, P. fasciculata, and P. nutans, respectively. Dataset D4 including
all samples of the three species used for structure analysis and build-
ing a phylogenetic tree contained 748 single-SNP loci.

3.2 | Interspecific divergence

Both the strucTure and phylogenetic tree suggested a clear species
delimitation of the three species (Figure 1b, Supporting Information
Figure S2). At K = 3 (the best K value chosen by STRUCTURE HARVESTER),
we detected only one individual of P. fasciculata that was signifi-
cantly introgressed by P. nutans. Little gene flow among species was
detected.

3.3 | Estimates of historical divergence

Our ABC modeling of the historical divergence of the three species
indicated that the scenario involving an initial divergence of P. tibet-
ica followed by a later divergence of P. nutans and P. fasciculata
(SC3; Supporting Information Figure S1) provided the best fit to our
RADseq data in all of the ten datasets tested (Supporting Informa-
tion Table S5). The evaluation of the type | error rate (Supporting
Information Table S5) showed that 56.4%-70.4% of the datasets
simulated with SC3 were correctly identified as being produced by
SC3 across the ten subdatasets. A high rate of false negative errors
was only observed with SC4 (18.2%-24.1%). Both scenarios (SC3
and SC4) suggested P. tibetica diverged first. Estimation of the type
Il error (i.e., false positive) was also low (Supporting Information
Table S5). The only scenario producing significant type Il error rate
was again SC4, with 20.5%-24.6% of PODs wrongly selected as
being generated by SC3 across the 10 subdatasets. Overall, exclud-
ing SC4, our analyses displayed a strong power (more than 80%) to
discriminate among the tested scenarios. A check of the goodness-

of-fit of the distributions of the parameters for the scenarios with
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FIGURE 2 Summary of inferred
interspecific divergence of the three
species. Effective population sizes (N1 and
N1b, Primula tibetica; N2 and N2b, Primula
fasciculata; N3 and N3b, Primula nutans),
times of divergence in years (t1, t2) and
durations of founder events (db1-db3) are
indicated [Colour figure can be viewed at
wileyonlinelibrary.com]

N, = 1.79E+07

P. tibetica

the real dataset further indicated that SC3 was the best-supported
scenario (Supporting Information Table S5).

The parameter values were estimated for each dataset based
on the best-fit scenario SC3. Results dealing with the estimation
of bias and precision on time parameters under SC3 for the ten
subdatasets were summarized in Supporting Information Figure S3.
The genomic data provided substantial information for the estima-
tion of divergence times. Here we showed only the averaged val-
ues based on the ten subdatasets (Supporting Information
Table S6). Our ABC modeling suggested that P. tibetica diverged
first c. 4.65Ma (95% highest posterior density [HPD]: 1.74-
8.80 Ma; Figure 2), and P. nutans and P. fasciculata originated from
a common ancestor c¢. 3.17 Ma (HPD: 1.58-5.21 Ma). After the
divergences, all three species experienced a long period of founder
events, and started to expand their population sizes by a factor of
five or 10 times at the beginning or middle Quaternary (Support-

ing Information Table Sé).

3.4 | Species distribution models

The results of SDMs showed that the three species occupy mostly
different environments (Figure 3a,b). The predicted potential distribu-
tion at the current conditions was consistent with current records
for each species, with some overlap between P. tibetica and P. fascic-
ulata (880 pixels), but large overlap between P. nutans and P. fascicu-
lata (5,520 pixles; Figure 3c). During the LGM, the predictions based
on the three GCMs (CCSM4, MIROC and MPI) were mostly consis-
tent, although large mismatches between the estimated distributions
were observed for the three species. We only considered here the
most likely predictions that were recovered based on all three GCMs
(Figure 3). When comparing the predicted distributions during the
all

present and LGM for each species, three species have
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experienced expansions from the LGM to present (Figure 3c). Two
main glacial refugia were identified for P. tibetica, which were located
in the central and southwestern Himalayas. Primula fasciculata was
predicted to have retreated to eastern QTP after having occupied a
much larger region during the LGM. Finally, the prediction for P.
nutans during the LGM vyielded restricted refugia distributed mainly
in the north-east QTP and some valleys of the Hengduan Mountains,
mostly nested in the main refugium of P. fasciculata.

3.5 | Outlier loci and modeling of genetic, spatial,
and environmental data

A larger number of outliers were identified by LosiTaN than by Bavescan
(Supporting Information Table S7), but we only considered the outliers
detected by both methods to reduce false positive errors. Outlier detec-
tion by both methods identified 106 potentially non-neutral outlier
RAD loci in P. fasciculata, 60 of which were negative outliers and 46
were positive outliers (Supporting Information Table S7). In P. nutans,
61 RAD loci were revealed as outliers, 24 of which were showing nega-
tive and 37 were positive. Similarly, 76 RAD loci in P. tibetica were iden-
tified as outliers, 43 of which were negative and 33 were positive.
None of these loci was shared as outlier in all of the three species.
Generalized linear mixed models of genetic divergence for nega-
tive, neutral and positive RAD polymorphisms with GEO, CLI, SOI,
and ALT as predictor variables revealed complex and different dri-
vers of variation in the genomic data for the three species (Table 1,
Supporting Information Table S8). For P. nutans, geographical dis-
tance (GEO) was the main driver for the variation in negative and
neutral RAD datasets, with DIC weights equal to 0.197 and 0.352,
respectively. The best predicted models for the divergence of posi-
tive outlier RAD loci were GEO+CLI+SOI (DIC weight 0.295), indi-
cating that climatic and edaphic variables were involved in triggering
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divergent selection between populations in P. nutans. For
P. fasciculata, GEO+SOI+ALT (DIC weight 0.456) was the best model
in driving the variation in negative RAD polymorphisms. The model
including all of the four predictors (GEO+CLI+SOI+ALT) was best
supported in driving the variation in neutral and positive RAD poly-
morphisms in this species. The highest DIC weight value (0.861) for
the positive dataset indicated that both the spatial and environmen-
tal variables have played important roles in divergent selection
between populations of this species. The model including all four
predictors also best predicted the divergence of positive outlier RAD
polymorphisms in P. tibetica (DIC weight 0.429). For negative and
neutral datasets in P. tibetica, the best-supported model was GEO+-
CLI+ALT (DIC weight 0.444 and 0.553, respectively). Similarly, more
variables were involved in driving divergent selection among popula-

tions in these species as expected.

4 | DISCUSSION

Our results based on RAD sequencing clearly distinguished the three
Primula species, in contrast to a previous study based on few

chloroplast and nuclear genes that failed to delimit the relationships
among them (Ren et al., 2015). The timeframes of the first divergence
of P. tibetica from a common ancestor and a later divergence between
P. nutans and P. fasciculata estimated by ABC modeling coincide with
the extensive uplift of the Hengduan Mountains and the northern
QTP, which occurred during the late Miocene and the Pliocene. The
expansion of common ancestral populations due to open cold habitats
created by these uplifts of mountains followed by geographic isolation
may have driven the initial interspecific divergence. Our study there-
fore suggests that both geographical and environmental factors have
been involved in the initial divergence of populations that led to the
separation of the three species. These factors were also important for
the maintenance of species cohesion despite potential secondary con-

tact between them due to the Quaternary climatic oscillations.

4.1 | Interspecific divergence in response to the
uplifts of mountains

Using a replicated subsampling strategy, all the ABC models support a
scenario that P. tibetica diverged first from a common ancestor and that
a divergence event between P. nutans and P. fasciculata in a later stage.
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TABLE 1 Results of GLMM set up to predict genetic divergence (Fs7) between populations of the three species with GEO, CLI, SOI and
ALT as predictor variables. Deviance information criterion (DIC), DIC difference to the best-supported model (delta DIC) and DIC weights for
each model are detailed shown in Supporting Information Table S8. Here we showed only the values of DIC weights. For each model

comparison, the best-supported model is shown in bold italics

Primula nutans

Primula fasciculata

Primula tibetica

RAD/ RAD/ RAD/ RAD/
Model negative neutral positive negative
NULL 0.132 0.000 0.000 0.000
GEO 0.197 0.352 0.117 0.105
CLI 0.129 0.000 0.000 0.000
SOl 0.109 0.000 0.000 0.000
ALT 0.052 0.000 0.000 0.000
GEO+CLI 0.057 0.155 0.161 0.080
GEO+SOl 0.034 0.146 0.099 0.000
GEO+ALT 0.078 0.141 0.052 0.046
CLI+SOI 0.045 0.000 0.000 0.000
CLI+ALT 0.054 0.000 0.000 0.000
SOI+ALT 0.043 0.000 0.000 0.000
GEO+CLI+SOlI 0.011 0.058 0.295 0.207
GEO+CLI+ALT 0.022 0.065 0.080 0.031
GEO+SOI+ALT 0.014 0.058 0.043 0.456
CLI+SOI+ALT 0.019 0.000 0.000 0.000

GEO+CLI+SOI+ALT  0.004 0.024 0.151 0.075

Primula tibetica diverged first c. 4.65 Ma (HPD: 1.74-8.80 Ma), whereas
P. nutans and P. fasciculata originated from a common ancestor more
recently c. 3.17 Ma (HPD: 1.58-5.21 Ma; Figure 2; Supporting Informa-
tion Table S6). These divergence times were largely consistent with a
period of recent uplift of the eastern and northern QTP during the late
Miocene and Pliocene (Li, Shi, & Li, 1995; Mulch & Chamberlain, 2006).
In fact, numerous studies of other herb, shrub, and conifer groups that
grow in the eastern and northern QTP have demonstrated that intra- or
interspecific divergences took place during the Pliocene (Li et al., 2013;
Liu et al., 2002, 2013; Xing & Ree, 2017; Xu et al., 2010; Zhou et al.,
2012). Furthermore, our sampling of the three species that covers the
Himalayas, the Hengduan Mountains and north-east QTP, respectively,
provided a unique opportunity to evaluate the effects of the uplift of a
particular region surrounding the QTP on species divergence.

The time frames of the interspecific divergence among the three
species are congruent with the extensive uplift of the Hengduan
Mountains and northern QTP that occurred during the Late Miocene
and the Pliocene (8-2.4 Ma; Li & Fang, 1999; Zheng et al., 2000).
Given the occurrence of the three species in high altitudes of the QTP
region at present and the close relationships among them, their com-
mon ancestor may have already adapted to high altitudes (i.e., cold
niches), which is also congruent with a previous study on P. tibetica
(Ren et al., 2017). The open cold habitats created during the uplift of
the Hengduan Mountains and northern QTP would probably have
allowed the expansion of the common ancestor to the Hengduan
Mountains and northern QTP area. However, the occurrence of high

mountains separated by deep valleys resulted from this extensive

RAD/ RAD/ RAD/ RAD/ RAD/
neutral positive negative neutral positive
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.003 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.036 0.031 0.129
0.000 0.002 0.003 0.000 0.000
0.000 0.000 0.051 0.000 0.000
0.000 0.001 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.279 0.100 0.040 0.027 0.118
0.000 0.000 0.444 0.553 0.335
0.000 0.003 0.039 0.000 0.000
0.000 0.033 0.000 0.000 0.000
0.721 0.861 0.385 0.388 0.419

uplift may have limited gene flow between these expanded popula-
tions and the ancestral population, leading to geographical divergence
and the origin of P. tibetica, which is capable of surviving and repro-
ducing currently at high altitudes in the Himalayas. Similarly, the rapid
uplift of the Hengduan Mountains and northern QTP associated with
topographic and climatic changes may have further triggered the
divergence between P. nutans and P. fasciculata. Furthermore, the
niche differentiation that can be observed in the current SDMs of
these three species (Figure 3) would suggest that adaptation to their
specific ecological niches have occurred. The long periods with foun-
der events that were identified for all three species followed by a rapid
expansion (Figure 2) could have allowed the establishment of different
adaptive alleles in the populations (Gavrilets & Boake, 1998), which in
turn may have further reinforced the initial interspecific divergence
(Barton & Charlesworth, 1984; Templeton, 1980; Weinberg, Starczak,
& Jorg, 1992).

It should be noted that the timeframes of divergence estimated
with our RADseq data are much older than previous estimates based
on few chloroplast markers (1.7-8.8 vs. 0.5-2 Ma; Supporting Infor-
mation Table S6; Ren et al., 2015). Previous estimates were obtained
by secondary calibration that is inherently subject to bias and errors
(Sauquet et al., 2012) and should be treated with caution (Ren et al.,
2015). The origin of P. nutans based on RADseq data in this study is
estimated at c. 3.17 Ma (HPD: 1.58-5.21 Ma), which is in agreement
with macrofossil evidence that suggests the present-day arctic flora
developed c. 3-4 Ma at a time when global temperature decreased

sharply (Matthews & Ovenden, 1990; Zachos, Pagani, Sloan, Thomas,
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& Billups, 2001). However, this study only focused on the QTP and
further studies involving a finer sampling across the entirely distribu-
tion of P. nutans associated with large-scale genomic data should be
employed to gain a detailed knowledge of evolutionary history of
this species (e.g.,, Wang et al., 2016).

4.2 | Species maintenance in secondary contact
zones

Climatic oscillations during the Quaternary had a dramatic effect on
species distribution ranges (Comes & Kadereit, 1998; Hewitt, 2004).
The postglacial expansion or retreat to the same refugium may have
resulted in secondary contact of previously isolated species, which
may cause introgression between species (e.g., Li et al., 2013), or even
trigger hybrid speciation if reproductive isolation is incomplete (Abbott
et al., 2013; Ma, Szmidt, & Wang, 2006; Rieseberg, 1997; Sun et al.,
2014). However, our analyses based on population genomic data indi-
cate no hybridization between the three Primula species (Figure 1)
despite clear overlap in their geographic distribution and potential sec-
ondary contacts, especially between P. fasciculata and P. nutans, iden-
tified based on the niche modeling analysis (Figure 3b,c) or during our
field collection (Figure 1). The lack of hybridization or introgression is
unexpected between these species because hybridization in the genus
Primula is common and has been described in multiple studies (Guggis-
berg et al., 2009; Ma, Tian, Zhang, Wu, & Sun, 2014; Zhu et al., 2009).
Furthermore, P. nutans (section Armerina) can even hybridize with P.
mistassinica (section Aleuritia), a more distantly related species, which
resulted in an intersectional allopolyploidization event giving rise to
the tetraploid species P. egaliksensis (Guggisberg et al., 2009).
Hybridization was also a likely explanation for the incongruent rela-
tionships of the three species between chloroplast and nuclear trees,
but the conclusion may be biased by the use of a single nuclear gene
that provides low resolution to infer phylogenetic relationships (Ren et
al., 2015). The lack of evidence for nuclear introgression in contact
zones based on our population genomic data may suggest complete or
nearly complete reproductive isolation between the species. However,
the biological characteristics of the three species are not well
described and further experimental and field studies are needed to
investigate the degree of reproductive isolation among them.
Although there is no clear explanation for the lack of hybridiza-
tion between the three species in the contact zone, the different dri-
vers of variation in the genomic data observed for the three species
(Table 1, Supporting Information Table S8) may provide some
insights to explain the maintenance of species cohesion. Our GLMM
analyses revealed that the drivers of population divergence in P.
tibetica and P. fasciculata are complex and different from those of P.
nutans (Table 1). The former two species occur mainly in the Hima-
layas and Hengduan Mountains, respectively. These regions display
extreme elevational gradients within relatively short distances, which
lead to profound ecological heterogeneity. Therefore, it is not sur-
prising that both the spatial and environmental variables are involved
in population divergence across genomic regions (Table 1). Mufoz-
Pajares et al. (2017) also found that both spatial/environmental

variables and historical factors play important roles in shaping pat-
terns of genetic differentiation in a montane herb at different spatial
scales. The SDMs suggested that P. tibetica and P. fasciculata have
adapted to their specific ecological niches (i.e., different predicted
distributions; Figure 3), and such different ecological niches have
influenced their population divergence as indicated by GLMM. The
interplay between geographical distance and ecological factors could
help the maintenance of species boundaries between them.

By contrast, geographic distance is the predominant mechanism
explaining the patterns of divergence and gene flow in the neutral
genomic fractions of DNA in P. nutans. Geographic distance also
received some support for the fraction of SNPs under divergent selec-
tion in this species (Table 1). The genetic differentiation among popu-
lations is much lower in P. nutans than in the other two species
(Supporting Information Table S7), indicating higher gene flow among
populations in P. nutans. The occurrence of this species at lower alti-
tude (average altitude 3,311 m compared with P. fasciculata—4,256 m
and P. tibetica—4,093 m) where topography is less complex (Figure 1),
and higher dispersal ability suggested by the much wider distribution
occupied by P. nutans when compared to the two other species
(Richards, 2003) may account for the high gene flow observed in this
species. Interspecific gene flow between P. nutans and P. fasciculata
may be restricted because the genomic regions in the latter species
were probably linked to local adaptation as indicated by GLMM
(Table 1). If hybridization has occurred between them, high gene flow
among populations in P. nutans and local selection in P. fasciculata may
have potentially diluted the introgressed alleles (Du, Petit, & Liu, 2009;
Petit & Excoffier, 2009; Zhou et al., 2010).

5 | CONCLUSIONS AND PERSPECTIVES

We combined population genomics and SDMs to test the relative roles
of geography and ecology in speciation, population divergence and the
maintenance of species cohesion over a large area of the QTP. The
QTP region represents a prime example for this type of spatial and
environmental setting, and the studies of other biodiversity hotspots
associated with mountains would be similarly fruitful. Our analyses
indicated that the divergence times of three closely related species are
congruent with the uplifts of the Hengduan Mountains and northern
QTP, which provides evidence for an important role of geographic iso-
lation during orogenesis in triggering the initial interspecific divergence
of three cold-adapted species in mountains. When they came into sec-
ondary contacts due to past climatic changes, the combination of geo-
graphic and ecological segregation would have limited or prevented
interspecific gene flow among contact populations, which facilitates
the maintenance of their divergence. This nonhybridization pattern in
contact zones between closely related species would represent an
ideal model to further investigate the mechanisms involved in the
development of reproductive barriers in general. Furthermore, know-
ing the relative roles played by geographic and ecological factors in
diversification will help to better understand the processes during the
accumulation of biodiversity in this globally unigue region.
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