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Abstract

The Green Odorous Frog (Odorrana margaretae) around the Sichuan Basin of western China 

displays a ring-shaped distributional pattern and possesses multiple replicate contact zones 

between lineages at various levels of differentiation. To understand its unique speciation 

history and mechanisms, we obtained 1,540 SNPs from 29 populations and 227 individuals 

using ddRAD sequencing. Population structure analysis revealed three groups within the 

species: The West, the North & South, and the East groups. These groups were initially 

isolated at ~2.03 million years ago, and subsequent post-glacial expansion produced the 

current ring-shaped distribution around Sichuan Basin with three contact zones. Hybridization

in those zones involved lineages with different levels of divergence and produced greatly 

different outcomes. Both the hybrid zones at southwest (S-W) and southeast (E-NS) of the 

Basin have extensive admixture and less barrier effect. Consequently, the southern region has 

the highest genetic diversity and becomes an ‘evolutionary melting pot’. In contrast, the 

hybrid zone at northwestern corner (N-W), which resembles the overlap zone between two 

expansion terminals of a ring species, has limited admixture with a narrow geographic cline, 

suggesting partial reproductive isolation between the northern and western populations. The 

three hybrid zones likely resemble three time points along a speciation continuum; while both 

E-NS and S-W hybrid zones are merging, the N-W zone may have passed the ‘tipping point’ 

and is destined for a complete reproductive isolation over time.
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Introduction

The formation of species has been a central issue in modern biology for over a century 

(Darwin, 1859; Dobzhansky, 1937; Mayr, 1942; Schluter, 2000; Gavrilets, 2004; Coyne & 

Orr, 2004; Nosil, 2012). Multiple forces that drive the speciation process, including 

geographic isolation, gene flow, and natural/sexual selection, have been identified and in 

some cases their relative importance have been quantified (Rice & Hostert, 1993; Sobel et al., 

2010; Tazzyman & Iwasa, 2010; Maan & Seehausen, 2011). One challenge to the study of 

speciation process is its continuous nature. Although the speciation continuum has been 

recognized as early as Darwin (Darwin 1859; Walsh, 1861; Clausen, 1951), its complexity 

and impacts on our understanding of the speciation process have only been brought into broad

view in the last two decades (Seehausen et al., 2008; Peccoud et al., 2009a; Merrill et al., 

2011; Shaw & Mullen, 2014). 

Theoretical work predicted that both gradual and sudden changes can occur in a 

speciation continuum. The process of speciation is driven simultaneously by multiple 

evolutionary forces (e.g. genetic drift, mutation, selection, gene flow), which often have 

opposite effects. For nearly a century, theoretical modelling has advanced our understanding 

of the speciation process from gradual to including sudden (Gavrilets, 2014). One of the 

major predictions is that there should be a critical threshold for the rapid transition in the 

degree of reproductive isolation from low to high (“threshold effect”, Gavrilets, 2004; 

“tipping point”, Nosil et al., 2017). Once passed the threshold, the speciation process will 

only move forward (Nosil et al., 2017). On the other hand, there are populations getting ‘stuck
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partway’ at intermediate stages of speciation and may remain in relatively stable equilibrium 

levels of differentiation for an extended time (Berlocher & Feder, 2002; Seehausen et al., 

2008). To understand the cause and consequence of speciation, it is essential to take an 

integrated view of all stages of the speciation process.

There are two common approaches to studying speciation continuum. One is comparing

multiple species pairs after recent speciation, such as in the case of Pundamilia cichlids 

(Seehausen et al., 2008; Seehausen, 2009; Seehausen & Magalhaes, 2010). Alternatively, 

different population pairs within a single species that vary from recently diverged to strongly 

diverged (or near complete reproductive isolation) can be compared, and such approach 

would allow strong inferences about how transitions along the speciation continuum unfold 

from beginning to end within a single taxon (Nosil, 2012). Studies of the pea aphids 

(Acyrthosiphon pisum) probably best exemplified this approach (Peccoud et al., 2009a; 

Peccoud, et al., 2009b). 

Species with a ring-shaped divergence, or ring species, represent a perfect 

demonstration of speciation continuum (Mayer, 1942; Cain, 1954; but see Coyne & Orr, 

2004), with a wide variety of examples have been proposed and explicitly studied (e.g., 

Ensatina salamanders, Wake, 1997; Kuchta et al., 2009; Pereira & Wake, 2009; the Greenish 

Warbler, Irwin et al., 2001; Alcaide et al., 2014). The novelty of ring species is that they 

capture multiple aspects of divergence, from variation among populations, to isolation by 

distance, phenotypic divergence, and reproductive isolation (Kuchta & Wake, 2016). One can 
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sample several populations at different points in the continuum to reconstruct the speciation 

process indirectly instead of examining reproductive isolation build-up over real time.

The Green Odorous Frog (Odorrana margaretae) is a promising model system for 

studying speciation from a continuum perspective. Previous work showed that this stream 

dweller displays a ring-shaped divergence pattern around the Sichuan Basin (Fei et al., 1999; 

Qiao et al., 2018). Likely survived in two refugia during one glaciation episode, its 

populations formed at least two contact zones after subsequent post-glacial expansion. At the 

southern contact zone, extensive exchange occurred and the area formed a zone of admixture 

with high genetic diversity (Qiao et al., 2018). At the northwestern contact zone, the northern 

and western populations had limited gene exchange in a narrow hybrid zone and have likely 

developed partial reproductive isolation. These contrasting hybrid zone dynamics involving 

populations at different levels of divergence may simulate multiple points along a speciation 

continuum. These unique characteristics, multiple replicate hybrid zones with various levels 

of divergence and connected by continuous genetic variation along a ring, make O. 

margaretae an excellent model for studying speciation. 

In this study, we examine the historical population dynamics of O. margaretae using 

data from reduced-representation genome sequencing (double digest RADseq or ddRADseq). 

Compared to microsatellite DNA data, this type of data (SNP) require smaller sample size 

from each site (Nazareno et al., 2017), which allowed us to include more sampling sites in 

this study. With a high-density sampling and a large amount of genomic data, we aim to 1) 

infer the evolutionary history of O. margaretae, and more importantly, 2) detect dynamics in 
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these replicate hybrid zones. By examining population dynamics at multiple points along a 

speciation continuum of a single species, we hope that this study will provide more insight 

into the speciation process. 

Materials and Methods

Sampling and laboratory protocols

A total of 227 individuals of O. margaretae from 29 locations were collected around the

Sichuan Basin (Figure 1a; Appendix S1). One or two toes were collected from most 

individuals and animals were released on-site. Two or three individuals from each site were 

euthanized and preserved as reference specimens, for which muscle or liver tissues were 

collected. Tissues were stored in 95% ethanol at -20℃. All reference specimens are deposited

at the Herpetology Collection of the Chengdu Institute of Biology, Chinese Academy of 

Sciences. Total DNA was extracted using Qiagen Dneasy Blood & Tissue Kits (Qiagen Inc., 

Valencia, CA, USA). DNA quality, integrity, and quantity were checked using a NanoDrop 

(Thermo Scientific), 1% agarose gels, and a Qubit (Life Technologies).

The ddRAD libraries were prepared according to the protocols of Peterson et al. (2012).

At least 200ng fresh extracted DNA was digested with SbfI and MseI (NEB, Hitchin, UK). 

We manually size-selected fragments between 300-500bp using 2% agarose gel 

electrophoresis (Biowest, Spain). All samples were randomly divided into four libraries as 

evenly as possible. To reduce batch effects, we included 1-2 biological replicates in each 

batch. Libraries were checked for fragment size range using capillary electrophoresis 
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(LabChip GX Touch, PerkinElmer) and for quantity using a fluorometer and real-time PCR. 

Libraries were sequenced on an Illumina HiSeq2500 platform as paired-end, 150 bp reads at 

the Novogene Corporation (Tianjin, China).

Data processing and quality control 

Quality control for raw reads and genotyping were conducted using STACKS v2.53 

(Catchen et al., 2013), and detailed parameters and settings are provided in Appendix S2. For 

the generated SNP data, we first excluded SNPs unique to each of the four libraries, and then 

conducted quality control using PLINK v1.90b3.46 (Purcell et al., 2007) with the following 

parameters: (1) include only SNPs with genotyping rates greater than 90%; (2) remove 

individuals with missing genotype rates greater than 5%; (3) exclude markers not in Hardy-

Weinberg equilibrium (significance level 0.05). All sites were required to have depths of 

coverage of at least 30 reads and no more than twice the mean depth in each individual. We 

also removed loci that were potentially in physical linkage, because they would affect many 

population genetic analyses. If two loci were in linkage disequilibrium (LD; r2 > 0.8 

calculated by PLINK) in 60% or more of the populations, we removed one locus from the 

pair. The resulted loci constituted the full dataset for further analysis.

Population genetic structure analysis

A set of descriptive statistics, including average observed number of alleles, effective 

number of alleles, observed heterozygosity (HO), and expected heterozygosity (HE), were 
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obtained from STACKS for populations with sample sizes greater than four. Pairwise FST 

(Weir, 1996) was used to describe genetic differentiation between populations with minimum 

sample size of four, as n = 4 has been shown to provide accurate estimates (Willing, Dreyer &

Van Oosterhout, 2012). FST was calculated using populations in STACKS (--fstats).

We identified global FST outlier SNP loci using BAYESCAN v2.1 (Foll & Gaggiotti, 

2008). A total of 550,000 iterations were performed, including 50,000 as burn-in and 500,000 

iterations with a thinning interval of 10. Loci with q-value below 0.05 for three replicates 

were considered as outliers. These loci are potentially under selection and we excluded them 

to obtain the neutral dataset for part of the downstream analyses.

We evaluated population genetic structure using four sets of analyses: network and tree,

principle coordinate analysis (PCoA), genetic clustering, and isolation by distance (IBD). The

neutral dataset was used for these analyses.

A neighbor-joining network was constructed based on uncorrected p-distances 

implemented in SPLITSTREE v4.13.1 (Huson & Bryant, 2005). A neighbor-joining tree with 

100 bootstrap replicates was also constructed with R package ‘ape’ (Paradis, Claude, & 

Strimmer, 2004). A PCoA using Euclidean distance between individuals was carried out with 

the R package ‘dartR’ (v.1.0.5, Gruber et al., 2018). The R package ‘ggplot2’ (Wickham & 

Chang, 2008) was used for plotting the results.

The genetic clustering analysis was conducted using TESS3 in R (Caye et al., 2016). 

TESS3 provides a spatially explicit analysis for population structure among sampled 

individuals by modeling continuous geographic variation through space. Starting from K = 1 
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to K = 9, 100 independent runs were performed for each K with a tolerance of 10e-6 and 200 

maximum iterations per run. We used equal weights to the loss function and to the penalty 

function (lambda = 1). For each converged K, we plotted one run with the lowest cross-

validation error, and the result with the lowest value of the root-mean-squared errors (RMSE) 

was kept. Further analysis with subsets of individuals were also conducted, which would 

capture finer hierarchical population structure, although these K values might have no 

demographic or historical meaning (Meirmans, 2015).

An isolation-by-distance (IBD) pattern was examined using R package ‘ade4’ (Dray & 

Dufour, 2007). The genetic distance was represented by FST/(1-FST) values. All geographic 

distances were calculated using R package ‘geosphere’ (Hijmans, 2016). Since the 

populations form a ring-shaped distribution around the Sichuan Basin (except the East group; 

Figure 1), we used an approximate ‘ring distance’ between these populations (Qiao et al., 

2018). Distance between two populations was estimated following suitable habitats around 

the edge of the Basin. For example, distances between a northern and a western site was 

estimated by the sum of distances from the northern site to site 4, from site 4 to site 14, from 

site 14 to site 22, and from site 22 to the western site (Figure 1). A Mantel test with 1,000 

permutations was used to detect significant correlation between the genetic distances and 

geographic distances. 

Historical demographic analysis
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We used a model selection approach to test various demographic scenarios. To facilitate

the analysis, we grouped all samples into four groups according to their genetic structure and 

geographic locations: North (sites 1-7), East (sites 8-10), South (sites 11-21), and West (sites 

22-29) (Figure 1b). A total of 15 models with various levels of complexity were tested (Figure

2). We progressed from simple models to more complex models (see Appendix S2 for a 

detailed description of models). Finally, we used the best-fitting model to estimate parameters

for migration, population sizes, and time of events.

We used a continuous-time coalescent framework FASTSIMCOAL2 V2.6.0.3 (Excoffier et

al., 2013) to perform the model selection. Demographic modeling is based on the site 

frequency spectrum (SFS) of the neutral SNPs. The observed multi-dimensional SFS was 

computed with ARLEQUIN v3.5.2.2 (Excoffier et al., 2010), and the invariable sites in the SFS 

were excluded. We fixed the effective population size for the West group to enable the 

estimation of other parameters (Lanier et al., 2015), because the West group was the most 

cohesive group from our analysis. The East group was fixed when the West was not involved 

in the estimation. The effective population size was calculated from Ne = π / 4μ. Nucleotide 

diversity (π) was estimated from all nucleotide sites using STACKS (for West group, average π

= 0.00024; for East group, average π = 0.00049; which were estimated from pure populations 

only. More details below). The mutation rate per site per generation (μ = 0.776e-9) was 

inferred from Nanorana parkeri (Sun et al., 2015).

All models were compared using Akaike information criterion (AIC) from the 

approximated likelihood and number of parameters. We run 50 replicates for each model with
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different group combinations to obtain the highest likelihood. Each run included 100,000-

200,000 simulations for estimating the composite likelihood and 50 ECM cycles for 

estimating parameters.

Hybrid zone analysis

We investigated three hybrid zones: between the South group and the West group at 

southwest of the Basin (the S-W hybrid zone: sites 11-23), between the North group and the 

West group at northwest of the Basin (the N-W hybrid zone: sites 28-29, 1), and between the 

East group and North & South groups (the E-NS hybrid zone: sites 5-7, 10-21). The 

hybridization between the East and North & South groups were treated as one zone because 

their boundary was difficult to define (Figure 1). The remaining sites constituted the 

corresponding ‘pure zones’ (the N&S pure zone: site 2-4; the E pure zone: site 8-9; the W 

pure zone: site 24-27). We demarcated the ‘pure zones’ and ‘hybrid zones’ of different 

lineages based on the results of genetic clustering analysis (Figure 1b, Appendix S6). If all 

individuals of a site had q score > 0.99 in the TESS3 analysis, the site was designated as 

‘pure’; results from TESS3 analysis with subsets of individuals from two interacting groups 

(e.g. South vs West) were used.

We examined the geographic cline of the hybrid zones using the R package ‘HZAR’ 

(Derryberry et al., 2014) and the neutral dataset. This method examines hybrid zone in a one-

dimensional space, which is particular suitable for the S-W and N-W hybrid zones (but not for

E-NS zone). For the S-W hybrid zone, the cline was defined by distances from site 14 to site 

11

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

21
22



27 along the peripheral of the Basin in a clockwise direction (Figure 1). Similarly, for the N-

W hybrid zone, the cline was defined by distance from site 22 to site 7. We used the mean q 

score from each population, estimated from TESS3 runs without the East group. Fifteen 

models varied in the number of cline shape parameters were tested, which represented all 

possible combinations of three trait interval [pMin, pMax] (fixed to 0 and 1; observed values; 

estimated values) and five fitting tails (none fitted; left only; right only; mirror tails; both tails 

estimated separately) (Derryberry et al., 2014). A null model assuming independent genetic 

variation was also established to ease model comparison. The Markov chain process was set 

to 100,000 in length with a burn-in of 10,000 and a separate seed for each model. We plotted 

the raw data from MCMC process to confirm convergence using a standard plot function of 

MCMC raw entry. The best model was selected based on Akaike information criterion score 

corrected for small sample size (AICc). Finally, the maximum-likelihood clines and summary 

statistics were extracted from the best-fit model.

We also examined the genomic cline using BGC v1.03 (Gompert & Buerkle, 2011; 

Gompert & Buerkle, 2012). This Bayesian genomic cline model detects movement of genetic 

materials from one genomic background to another within hybrid zones, and estimates 

introgression patterns based on two key parameters. Cline parameter α designates an increase 

(positive value) or decrease (negative value) in the probability of ancestry from one group to 

the other for a locus, whereas cline parameter β specifies an increase (positive value) or 

decrease (negative value) in the rate of transition from one group to the other (Gompert & 

Buerkle, 2012). Thus, α represents the direction of shifts in genomic clines, whereas β reflects
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the strength of the barrier effect to gene flow between the two groups. We screened diagnostic

SNP loci from the full dataset for the BGC analysis. A locus is diagnostic when its frequency 

difference from the two interacting groups at the opposite ends of each hybrid zone is equal to

or greater than 0.75. We run five independent MCMC chains with 100,000 steps and 

discarded the first 75,000 steps as burn-in. Samples were recorded from the posterior 

distribution every 25 steps. We combined five chains after inspecting the convergence of 

MCMC outputs. Loci with α or β values with 95% CI significantly deviated from zero were 

designated as gene flow outlier loci with exceptional introgression. The input transformation 

and result plotting were accomplished with the help of R package ‘genepopedit’ (Stanley et 

al., 2017) and ‘ClinePlotR’ (available at https://github.com/btmartin721/ClinePlotR.git). 

We examined the distribution of locus-specific FST for each hybrid zone. The pairwise 

FST was calculated between populations (with sample size  4) respectively from two sides of 

the cline centre and then took the average. These included sites 5-7, 11, 14, 16, 18, 20, 21 vs. 

10 (n = 83) for the E-NS zone, sites 11, 14, 16, 18, 20, 21 vs. 22, 23 (n = 64) for the S-W 

zone, and sites 28 vs. 1 (n = 22) for the N-W zone. The pairwise FST estimated from STACKS 

was used and we plotted the distribution of these FST values. Furthermore, we compared the 

FST values for those gene flow outlier loci detected by BGC to the genome average to test if 

those loci showed elevated differentiation.

Finally, we examined potential coupling among the BGC outlier loci using linkage 

disequilibrium (LD) and locus-specific geographic cline. Significant coupling is a signature of

barrier loci in a hybrid zone (Felsenstein, 1981; Barton 1983; Butlin & Smadja, 2018). We 
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used the squared correlation coefficient of LD (r2), which is particularly suitable for bi-allelic 

loci and small or variable sample sizes (Weiss & Clark, 2002; Blackburn et al., 2017). The 

coefficient was calculated using VCFtools (Danecek et al., 2011). We estimated pairwise LD 

for the BGC outlier loci. Within each hybrid zone, the closest site to the zone centre was used 

to represent the hybrid zone: site 11 (n=10) for the E-NS hybrid zone, site 21 (n = 7) for the 

S-W hybrid zone, and site 28 (n=12) for the N-W hybrid zone. For each zone, the r2 was 

calculated within every population and took the average, and the r2 value was taken into 

account only if a locus was polymorphic in every population. Lastly, we compared locus-

specific geographic clines for the BGC outlier loci from the N-W and S-W hybrid zones.

Results

Data

Approximately 2,767 million raw reads were obtained, and 75.16% reads were included

in SNP calling. Three individuals were removed because of excessive missing data. The 

dataset generated from STACKS consisted of 227 individuals, with 4,979 unique loci shared by

all populations. After quality control, 1,540 SNPs were retained (the full dataset). The final 

mean coverage depth was 64.11 (±25.28 SE) per individual. We further constructed a neutral 

dataset by excluding 255 FST outlier loci detected by BAYESSCAN (FDR-adjusted p< 0.05). 

The final neutral dataset included 1,285 SNP loci.

Population genetic structure
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Descriptive statistics and pairwise FST were calculated based on the full dataset, and the 

results are provided in Appendix S3 and S4. The southern populations had relatively high 

heterozygosity (HE). Furthermore, overall population differentiation was high and the pairwise

FST varied between 0.037 and 0.704. The western populations had high pairwise FST with other

regional populations, and varied between 0.244 and 0.704 with a median of 0.401 (SD = 

0.090). Although geographically close, the western and the northern populations showed the 

highest differentiation (FST = 0.284-0.704). In particularly, site 28 (W) and site 1 (N) were 

48.21 km apart, but the pairwise FST between them was 0.635. The eastern populations also 

showed high differentiation from other regional populations (FST = 0.207-0.552). The southern

and the northern populations had the least population differentiation, although they were 

geographically far apart (Figure 1a). 

Analyses of population structure were based on the neutral dataset. Both the network 

and the NJ tree produced three main groups: The West group (sites 22-29), the East group 

(sites 8-10), and the North & South group (sites 1-7, 11-21; Figure 3a, Appendix S5). 

Samples from the western side of the Sichuan Basin formed the West group (Figure 3a). 

Within this group, individuals from several populations were mixed together (sites 22-25, 

Appendix S5), but populations became more distinctive further north (sites 26-29, Appendix 

S5). The East group included populations from the eastern margin of the Basin (sites 8-10; 

Figure 3a). The North & South group included populations from both the northern and the 

southern sides of the Basin. Populations from the south largely mixed together while 
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populations from the north were more distinctive and were nested inside of the southern 

populations (Appendix S5).

The PCoA also revealed a three-group pattern (Figure 3b), which was consistent with 

the network and the NJ tree. The first PCoA axis (27.91% of the total variation) captured 

primary differences between the West group (sites 22-29) and the others, whereas the second 

axis (15.92%) discriminated the East group (sites 8-10) from the North & South group (Figure

3b). Since populations of the West and the North & South groups formed the ring distribution 

(more description below), we further tested patterns among them by excluding the East group.

Indeed, the populations showed a clear transition pattern compatible with their geographic 

locations (Figure 3c). 

The genetic clustering analysis from TESS3 provided a spatially explicit population 

structure of sampled individuals (Figure 1b, c, Appendix S6). Three clusters were detected, 

including a West cluster, an East cluster, and a North & South cluster (Figure 1b, c). This is 

consistent with results from the network and PCoA. The West cluster was the most distinctive

cluster from others (Figure 1b, c; Appendix S6). The cluster remained intact even with K= 4, 

and had little mixing with other clusters. The East cluster was also distinctive and remained 

intact when K= 4, but had extensive mixing with the southern populations. Interestingly, it 

had little mixing with the northern populations (Figure 1b, c; Appendix S6). The northern and

the southern populations shared a large proportion of their genetic makeup, although 

geographically they were far apart. This integration between the northern and southern 

populations was further demonstrated when the East cluster was excluded from the analysis 
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(Appendix S6). Populations from the West cluster and the North & South cluster constituted a

ring-shaped distribution around the Sichuan Basin (Figure 1), which was previously detected 

with microsatellite loci (Qiao et al. 2018). Furthermore, the admixing between the West 

cluster and North & South cluster revealed two very different patterns at two contact zones: at

S-W contact zone, admixture occurred across a broad geographic zone (sites 11-23), but at N-

W contact zone, admixture occurred across a narrow zone (sites 1, 28-29; Figure 1b, c).

A strong IBD pattern along the ring was detected. The Mantel tests detected a 

significant strong correlation between the FST/(1−FST) values and the ring geographic distances

around the Sichuan Basin (PMantel < 0.001, r = 0.69).

Population historical demography

Among the three splitting models (models 1-3), model 2 was the best, suggesting that 

the West group split-off first and followed by the split between the South and East groups 

(Figure 2a). Model 6, with recent gene flow or secondary contact, outperformed all other 

migration models (models 4-8) in all four pairs (Figure 2b). Model 8 with two migration 

matrices performed near as well as Model 6, and the recent migration rate was much larger 

than the ancient migration rate (Appendix S7), which was similar to the secondary contact 

model. Therefore, we selected Model 6 to carry over to the next steps. For the population size 

change modeling (models 6, 9-12), models with a population size increase for the East group 

(Figure 2c: E-N, E-S; Appendix S7) and a population size decrease for the North/South group 

(Figure 2c: W-N, W-S; Appendix S7) performed better; however, the inclusion of population 
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growth introduced a very large fluctuation in parameter estimates in the subsequent complex 

models. Subsequently, we selected a suboptimal model, model 6 with constant population size

for all pairs (Figure 2c). Among the three-group interaction models (models 13-15), model 13 

performed the best (Figure 2d), suggesting that the first secondary contact event between the 

West and North & South groups occurred earlier than the contact event between the East and 

South groups. Another secondary contact event between West and North & South groups 

occurred much later.

Figure 4 presents all parameter estimates from the final model (Model 13) for all 

samples. Consistent with the ring distribution, two secondary contacts events were included 

between the North & South and the West groups: one at the southwest (S-W), and one at the 

northwest (N-W). A third secondary contact event was included between the East and the 

North & South groups. Under Model 13 (Figure 4), the first splitting event between the South 

and the West groups occurred at ~1,015,213 generations ago. At ~17,579 generations later, 

the second split event separated the East group from the North & South group. At ~466,735 

generations ago, migration between the West and South groups initiated, followed by 

migration between the East and South groups at ~26,796 generations ago. The migration 

between the North and West groups occurred only recently at ~3,059 generations ago.

Comparison of hybrid zones

The geographic cline analysis revealed very different clines between S-W and N-W 

hybrid zones (Figure 5). The model without a fixed tail represented the best fit model for both
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hybrid zones. The centre in the S-W hybrid zone was between site 21 and 22 with a cline 

width of 105.40 km (Figure 5a). For the N-W hybrid zone, the cline was much narrower with 

a width of 24.39 km and centred at region between site 1 and 29 (Figure 5b). 

The genomic cline analysis also revealed markedly different profiles for the three 

hybrid zones. A total of 205 diagnostic SNPs for the E-NS hybrid zone and 298 SNPs for S-

W and N-W hybrid zones were detected and retained. All three showed asymmetric 

introgression at different extents with more positive α outlier loci than negative ones, and this 

was particularly true for the N-W hybrid zone (Table 1, χ2 test P<0.00001). In terms of 

introgression rate, the E-NS hybrid zone exhibited the most uniformity of the entire genome 

with only two outlier loci for β (Table 1, Appendix S8). Conversely, the hybrid zones of N-W 

and S-W showed a large number of outlier loci with restricted introgression (β > 0, Table 1, 

Appendix S8), and a large proportion of them (48.5%) were shared between these two zones. 

Furthermore, the N-W hybrid zone showed a distinct profile with the largest number of β 

outlier loci and the strongest asymmetric introgression. Also, none of the positive β loci 

showed any asymmetric movement, and only 13 loci with negative β were in asymmetric 

movement (α > 0; Appendix S8). In the S-W hybrid zone, 2 positive β outlier loci were with 

high probability of ancestry from the West (α < 0), and 8 negative β outlier loci were with 

high probability of ancestry from the North & South (α > 0).

The FST distributions of the E-NS and S-W hybrid zones were similar with left-skewed 

distribution and dominated by low values (Figure 6). For the N-W hybrid zone, the FST had a 

bimodal distribution with peaks near FST = 0 and FST = 1 (Figure 6). Of the 1540 loci analysed,
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191 loci had fixed differences within N-W zone. Furthermore, the differentiation across loci 

was linked with patterns of introgression. The genomic cline outlier loci demonstrated a 

higher differentiation than the average genomic level (Table 1), particularly the β outliers. 

Among all BGC outliers, the positive β loci had the highest FST (except in the E-NS hybrid 

zone, which had only one positive β locus).

As expected, the LD levels of BGC outliers were markedly higher than average 

genomic level (Table 1). Furthermore, we noticed that there were much fewer polymorphic 

outlier loci in the N-W zone (25/189) than in the S-W zone (95/167) and many loci were 

fixed. We identified three large linkage groups from the S-W hybrid zone involving a total of 

20 loci with extreme LD (Appendix S9). All of those loci were BGC outliers shared by the S-

W and N-W hybrid zones, with the majority being β positive outliers. Thirteen of these loci 

were fixed and 12 had FST of 1 in the N-W zone (Appendix S10).

The locus-specific geographic cline analyses further demonstrated strong coupling 

patterns among loci with reduced introgression (β > 0) in both S-W and N-W hybrid zones. 

The pattern was particularly strong in the N-W zone; all loci (except one) revealed nearly 

identical narrow and steep clines with a small variability for the centre and width (Table 1, 

Appendix S11). Furthermore, other outlier loci also showed pattern of coupling in the N-W 

zone, but not in the S-W zone (Appendix S11). 

Discussion 

1. Historical demography and the formation of the ring-shaped divergence 
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Our data and analysis confirmed the ring-shaped divergence of the Green Odorous Frog 

around the Sichuan Basin (Qiao et al., 2018), but revealed substantial discontinuity along the 

ring. The populations are divided into three distinctive groups, the East, the West, and the 

North & South group, and the latter two groups form the ring distribution (Figure 1). 

Demographic analysis suggested that the three groups remained in isolation for extended time

and only recently became re-connected (Figure 4). The re-connection produced three contact 

zones, and substantial admixture occurred in two of them. At the third contact zone, the North

and West groups met at the northwestern corner of the Basin but only limited hybridization 

occurred, and partial reproductive isolation may have developed.

Past climatic changes, such as glaciation, likely caused the initial isolation of the three 

groups (Qiao et al., 2018), and each group has a separate refugial history. The West group 

includes sites 22-29 (Figure 1a), which are distributed along the western side of the Basin. All

analyses consistently showed that they are closely related and form a cohesive group 

(clustering analyses, Figure 1b, Appendix S6; PCoA, Figure 3b, c; network and tree, Figure 

3a, Appendix S5). This is consistent with the early results from microsatellite DNA data 

(Qiao et al., 2018). Nevertheless, there are subtle variations within this group. Populations 

from southern locations (sites 22-26) have higher genetic diversity than populations from 

northern locations (site 27-28; Appendix S3). This is likely a consequence of a range 

expansion from south to north (Qiao et al., 2018). There is a dense and reticulate water 

network in this region, which may function as corridor and facilitate the dispersal (riverine 

corridor hypothesis; Ye et al., 2018). Furthermore, the southmost population (site 22) has the 
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highest diversity (Appendix S3), which are likely results from admixture with populations of 

the South group. 

The populations from the south (sites 11-21) and north (sites 1-7) form the second 

group (the North & South group) and are probably originated in another refugium. The 

northern populations are likely derived from the south and are results of a northward range 

expansion (Qiao et al., 2018). The NJ tree most clearly demonstrates the pattern, with the 

northern individuals nesting inside the southern individuals (Appendix S5). Although the NJ 

tree was constructed without an outgroup, the demographic analysis clearly demonstrated that 

the West group split off first and hence the root was placed between the West group and the 

rest. The dual northward expansions of this group and the West group eventually produced 

the ring-shaped distribution (Figure 1). A strong IBD pattern (r = 0.69) around the Basin 

suggests that the genetic exchanges among the chain population are mostly gradual and 

continuous, and the PCoA also shows gradual transformation (Figure 3c). Our results are 

consistent with those from the early study by Qiao et al. (2018). The Huaying Mountains may 

act as an important dispersal corridor between the south and the north (Figure 1a). The species

distribution model clearly demonstrated that there are ample suitable habitats in these 

mountains (Qiao et al., 2018). The current population status at the Huaying Mts. is unclear. 

We discovered one distribution record with a single specimen deposited in the China West 

Normal University (Hu & Deng, 1990), but we have not been able to recover any samples 

from this region. Another interesting aspect of this group is that the southern populations have

extensive gene exchange with both the West and East group (Figures 1& 4), which resulted in
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the southern populations having the highest genetic diversity and being an evolutionary 

melting pot (Qiao et al., 2018). 

Three populations from southeastern corner of the Basin (sites 8-10) form the East 

group (Figure 1). This group was not detected by the microsatellite data (Qiao et al., 2018). 

The current range of this group is restricted to the southeastern corner of the Basin; however, 

the admixture between the South and East groups occurs most intensely at the southern sites 

(sites 11, 12, 13, Figure 1b, c), suggesting that the contemporary or historical range of the 

East group are likely much larger and further south and/or east. There are several distribution 

records in central and southern China, which are further east and south of the Sichuan Basin 

(Fei et al., 2009). Our expeditions unfortunately did not recover any samples; if confirmed, 

these populations are possibly closely related to the East group. Another interesting aspect of 

this group is that it has limited exchange with the North group even within close geographic 

proximity (i.e., sites 5, 6, 7), despite its extensive genetic exchange with the South group 

(Figure 1a). A likely cause is a natural contemporary genetic barrier, the Yangtze River at the 

Three Gorges area. The water flow is extremely fast in this section of the river, which may 

prevent frogs from crossing. The connection between the South and North groups, as well as 

the historical south to north expansion, likely across the river at a more interior location of the

Basin, where the river is wider but flatter. The northern population may further expand 

eastward to their current location at north of the Three Gorges area. The deep gorges can be a 

major cause for habitat segmentation and act as dispersal barrier, and major river as dispersal 
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barrier for amphibians have been well documented (the riverine barrier hypothesis, e.g. Funk 

et al., 2007; Gehring et al., 2012). 

Based on all evidence, we reconstructed a scenario that has produced the current ring-

shaped distributional pattern. The ancestral populations of the Green Odorous Frog might 

have been widely distributed in mountains of southwestern China. The first splitting event 

between the western populations and the rest occurred at ~2.03 million years ago (MYA; 

1,015,213 generations, estimated with 2 years/generation). Shortly after, the South lineage 

split from the East at 997,634 generations ago. The region experienced intense geological 

activities with tectonic uplift and climatic oscillations in the late Pleistocene (0.78-2.58 

MYA), which might have produced the initial isolation. Nevertheless, many localized areas in

the southwestern mountains of China experienced mild climatic oscillation throughout the 

Pleistocene, and the presence of stable habitats in the region is likely the primary cause of 

lineages isolation and diversity maintenance (Hewitt, 1996, 2000; Li & Fang, 1999). The 

admixture between the West and the South groups occurred towards the end of Pleistocene 

(~0.93 MYA, 466,735 generations). In the meantime, populations from the southern regions 

expanded northward, and some of them passed through the fold-and-valley of the eastern 

Sichuan Basin (i.e. the Huaying Mts.) and further spread to the northern rim of the Basin. The

reconnection between the East and South groups occurred during the expansion of southern 

populations at ~54,000 years ago (26,796 generations). Finally, the expanding fronts of the 

West group and North group met at the northwestern corner of the Basin at approximately 

6,000 years ago (3,059 generation). With a large differentiation generated from the initial 
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isolation and along the dispersal, the two groups produced only limited hybridization at the 

contact zone.

The extended isolation produced the initial divergence, which is probably essential in 

the formation of the current ring-species like pattern. The most recent common ancestor of the

chain populations is estimated at ~2.03 Ma, which is younger than any known ring species 

(Alcaide et al., 2014; Kuchta et al., 2009). The spatial distribution of the species, with a 

perimeter of ~1000 km, is also much smaller than other known ring species (a ‘micro-ring’). 

The early prolonged isolation probably is necessary to produce the observed levels of 

divergence that eventually developed into partial reproductive isolation. 

2. Hybrid zone dynamics and speciation continuum

The Green Odorous Frog presents an intraspecific system with three replicate contact 

zones at different levels of differentiation. Furthermore, two of the zones are along its ring, 

and the belt-shaped distribution makes the hybrid zone analyses more tangible. This case 

provides excellent opportunities to examine what happened to diverged lineages after re-

connection. 

The E-NS hybrid zone exhibits extensive admixture, particularly at the south. Genetic 

elements from the East group is detected in all southern populations (Figure 1), and the East 

and South groups have the lowest level of divergence (pairwise FST = 0.207-0.305; Appendix 

S4), compared to other interacting groups. Furthermore, we detected only one barrier gene in 

this hybrid zone (β > 0; Table 1). The number of barrier gene is directly related to the overall 
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effective selection against hybrids (Barton, 1983; Barton & Gale, 1993), and thus the barrier 

effect is the least among the three hybrid zones. The admixture likely occurred over a large 

area, potentially through multiple contact points at the southern area of the species’ 

distribution. As discussed earlier, the contemporary or historical range of the East group is 

potentially much larger and several distribution records from southern China may belong the 

East group.

The S-W and N-W hybrid zones are two zones along the ring distribution, and likely 

represent two stages along a speciation continuum. At the contact fronts, the FST ranges 0.245-

0.364 in the S-W zone, and ranges 0.559-0.704 in the N-W zone (Appendix S4). Both the S-

W and N-W hybrid zones possess large numbers of barrier loci (β > 0; Table 1), and 48.5% of

these loci (136 in total) are shared between the two zones. Previous studies of multiple hybrid 

zones between two species have suggested the shared markers with restricted gene flow could

be linked to processes important for reproduction, and likely play roles in the initial phase of 

speciation (e.g., sunflowers, Buerkle & Rieseberg, 2001; crikets, Larson et al., 2014). The 

barrier effect appears to be enhanced along the northward expansion of the ring as the N-W 

zone has more barrier loci than the S-W zone (Table 1). Furthermore, these barrier loci show 

strong coupling with high LD (Table 1). It has been widely accepted that association among 

different barriers to gene flow is a key to the speciation process (Mayr 1963, Butlin & 

Smadja, 2018), and the buildup of LD among selected loci increases the efficacy of selection 

(Barton 1983). The strong coupling process is also reflected in the near identical and steep 

geographic cline for these loci in the N-W hybrid zone (Appendix S11). Moreover, the 
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coupling may have led to elevated divergence. These barrier loci have higher FST than the 

genomic average (Table 1), and many highly linked barrier loci reached fixation in the N-W 

zone (FST = 1; Appendix S9, S10). Such accumulation of differentiation at linked sites very 

likely enhanced reproduction isolation in the N-W zone. 

The fates of the S-W and N-W hybrid zones are likely quite different: while the S-W 

zone is merging, the N-W zone is developing reproductive isolation. The S-W hybrid zone 

shows extensive exchange of genetic material across a large area (Figure 1), and has a wide 

geographic cline (105.40 km; Figure 5). On the other hand, the N-W hybrid zone has a narrow

and steep geographic cline (24.39 km), which suggests low introgression rate. Its distribution 

pattern of locus-specific FST suggests that it is likely at a late stage of speciation with a 

substantial collection of loci in fixation (Figure 6; Wu, 2001; Seehausen et al., 2014). We 

would like to argue that the level of divergence of the N-W hybrid zone may have crossed a 

critical threshold (Gavrilets, 2004; or ‘tipping point’, Nosil et al., 2017), and is destined for a 

complete reproductive isolation. The overall level of divergence between the North and West 

groups is high (average pairwise FST = 0.451 and as high as 0.704 at contact front; Appendix 

S4). Additionally, specific genes (barrier loci, ‘speciation genes’) may be more important than

the overall divergence (Felsenstein, 1981; Kirkpatrick & Servedio, 1999; Coyne, Coyne, & 

Orr, 2004; Nosil & Schluter, 2011). A large proportion of strongly coupled barrier loci have 

reached fixed difference. These hybridizing populations are likely on a positive feedback loop

that will further enhance the divergence in the hybrid zone (Nosil et al., 2017).

27

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

53
54



Another interesting observation of these hybrid zones is the asymmetric introgression. All

three zones have asymmetric introgression, but the N-W zone is particularly so (α outlier loci,

Table 1; Figure 4). Selection is the primary mechanisms in determining patterns of 

hybridization and introgression in many species (Ballard & Whitlock, 2004; Lexer & 

Widmer, 2008). However, we found very few overlaps between α and β outlier loci and none 

between β positive loci (barrier) and α outlier loci (asymmetric movement) (Appendix S8). 

The small geographic range of the ring distribution and our fieldwork did not suggest any 

obvious abrupt ecological change along the ring. Alternatively, asymmetric introgression may

reflect the genomic footprint left by the receding species in the wake of a moving hybrid zone 

(Buggs 2007). However, determining the cause of asymmetric introgression is difficult 

(Barton & Hewitt, 1985; Buggs 2007), and repeated sampling over time will be needed.

3. Conclusion and future directions

The Green Odorous Frog system provides three replicate contact zones with various 

levels of divergence within a single species, including one zone with partial reproductive 

isolation. This is unique comparing to other replicate systems, such as the cichlid fishes that 

involve multiple species pairs or the pea aphid system that involves a single species but with 

limited divergence. Furthermore, its ring-shaped distribution around the Sichuan Basin makes

the contact zone close to be one-dimensional. This makes hybrid zone analysis much more 

tangible. Additionally, it adds another intriguing factor, migration, to the system. Migration 

occurs not only across the hybrid zone, but also through the chain populations of the ring. If 
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gene flow indeed enhances the reinforcement process (Dobzhansky, 1940; Nosil et al., 2017), 

this added gene flow through the ring may provide a unique opportunity to examine 

reinforcement.

Several key questions remain to be answered. For example, what have caused the partial

reproductive isolation at the N-W hybrid zone, mate choice or genetic incompatibility? What 

are the functions of the coupled barrier loci shared between the S-W and N-W hybrid zones? 

Which process is more important in speciation, divergence of speciation genes (or key genetic

elements) or loci coupling? We hope this unique study system will help us to address many 

important questions regarding the speciation continuum.
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Table 1. Results of the hybrid zone comparison analyses. Bayesian genomic cline (BGC) analysis is based on 205 diagnostic loci for the E-
NS hybrid zone and 298 for the S-W/N-W hybrid zones. Number of BGC outlier loci and the range of values for cline parameters are 
displayed. FST values are pairwise FST between populations on both sides of the cline centre in each hybrid zone. FST of E-NS zone are from 
sites 5-7, 11, 14, 16, 18, 20, 21 vs. 10; FST of S-W zone are from sites 11, 14, 16, 18, 20, 21 vs. 22, 23; FST of N-W zone are from sites 28 
vs. 1. The squared correlation coefficient of LD (r2) values are locus average from a representative population near the cline centre of each 
hybrid zone. FST and r2 values, geographic cline centre and width for genomic cline outliers in different hybrid zones are compared. For r2 
and FST values, the standard deviations are indicated in parentheses.

Genome-level α > 0 α < 0 β > 0 β < 0

E-NS zone
# of BGC outlier loci - 46 (ES) 32 (SE) 1 1
BGC parameter values - 1.597  4.548 -5.586  -2.031 4.061 -4.984
FST 0.182 (0.247) 0.474 (0.362) 0.835 (0.249) 0.758 0.593
r2 (site 11) 0.115 (0.147) 0.377 (0.176) 0.365 (0.116) - -
S-W zone
# of BGC outlier loci - 40 (SW) 21 (WS) 90 26
BGC parameter values - 1.120  4.314 -3.177  -1.338 2.695  13.281 -10.861  -4.687
FST 0.194 (0.254) 0.257 (0.168) 0.139 (0.159) 0.789 (0.129) 0.590 (0.234)
r2 (site 21) 0.190 (0.220) 0.477 (0.208) 0.486 (0.159) 0.483 (0.274) 0.395 (0.163)
Geographic cline centre 354.0  464.4 261.1  487.0 319.7  443.2 369.2  459.7 329.4  447.8 
Geographic cline width 16.5  207.3 80.2  495.8 56.6  292.2 30.5  175.7 58.2  285.8
N-W zone
# of BGC outlier loci - 32 (NW) 0 (WN) 112 58
BGC parameter values - 1.176  3.525 - 4.724  11.158 -10.659  -3.927
FST 0.308 (0.398) 0.722 (0.334) - 0.920 (0.114) 0.835 (0.242)
r2 (site 28) 0.230 (0.290) 0.504 (0.217) - 0.659 (0.252) 0.603 (0.257)
Geographic cline centre 358.7  399.8 338.9  385.5 - 361.6  407.8 356.0  401.7 
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Geographic cline width 3.9  62.8 6.3  81.8 3.1  58.0 2.5  61.8
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Figure captions

Figure 1. (a) Map of western China with sampling sites of O. margaretae. (b) Individual 
assignment probability bar plot at the best-fit (K = 3), inferred by TESS3 and based on 
the neutral dataset (1,285 SNPs). Numbers 1-29 are sampling sites, which are arranged 
in a ring shape by their relative locations around the Sichuan Basin. Individual samples 
are grouped by their genetic composition and geographic location (North & South, East,
and West), or grouped by their hybrid status (pure zone or hybrid zone). (c) Spatial 
interpolation of population ancestry coefficients across the geographic distribution.

Figure 2. Demographic simulation analysis using FASTSIMCOAL26. Four sets of comparison 
of 15 models with different parameter combinations were conducted. Distribution of the 
top 10 minimum AIC values from 50 replicate simulations are presented. (a) Models of 
three alternative splitting scenarios among the West (W), North & South (NS) and East 
(E) groups. (b) Five pairwise interaction models with migration. (c) Five pairwise 
interaction models with recent migration and population size change. For (b-c), ‘P1’ and 
‘P2’ represent the groups applied in pairwise modelling, and their corresponding group 
pairs are indicated at the right side of figure. (d) Splitting models with secondary contact 
events happened in different order. Black lines in dots represent the time nodes for 
different historical events (e.g., migration, bottleneck). Lines with arrow indicate 
directions of gene flow. 

Figure 3. Population differentiation in O. margaretae. (a) A Neighbor-Net network of all 
individuals. Numbers 1-29 are sampling sites; (b) The first two axes of PCoA for all 
samples; (c) The first two axes of PCoA when the East group is excluded. All analyses 
are based on the neutral dataset (1,285 SNPs). 

Figure 4. A schematic representation of the historical demography of O. margaretae around 
the Sichuan Basin (time is not to scale). Polygons represent populations, whereas the 
width indicates effective population size. Nanc is the effective population size of the 
most recent common ancestor to all populations; NE&NS refers to the size of the 
common ancestor of the East and North & South groups. ‘Tmrca’ refers to the time to 
the most common ancestor of three groups. ‘TE&NS’ refers to the time to the most 
common ancestor for East and North & South groups. ‘Tsc1’ refers to the time of the 
first migration event between the North & South and West groups. ‘Tsc2’ refers to the 
time of the reconnection event between the East and South groups. ‘Tsc3’ refers to the 
time of the second migration event between the North & South and West groups. Lines 
with arrow indicate the directions of gene flow, and the numbers above the lines are 
numbers of effective immigrants per generation. All parameters were estimated from 
the simulation run with the highest likelihood in 50 repeats.
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Figure 5. Geographic clines of the S-W and N-W hybrid zones inferred using HZAR. Dashed 
vertical lines show maximum-likelihood estimates of cline centre and width. All 
distances are approximate estimates following the edge of the Sichuan Basin.

Figure 6. Distributions of locus-specific pairwise FST of three hybrid zones. 
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