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Abstract 22 

Background: Ulmus lamellosa, an endemic and endangered species and one ancient 23 

species of Ulmus, has undergone the climate oscillations and geographical changes. 24 

Elucidating its demographical and genetic differentiation is very important for 25 

understanding the evolutionary history and ecological adaption of forests in Northern 26 

China.  27 

Results: According to ITS and Aat sequences, eighteen and twenty-three haplotypes 28 

were detected respectively. The haplotype distribution was polymorphic in most 29 

populations. All levels-phylogeographic clades were geographically structured, 30 

namely THM, YM and YSM groups. Within U. lamellose, higher genetic diversity 31 

and significant genetic variation were present, YSM and THM had a relatively higher 32 

diversity than that of YM. The divergence of U. lamellosa intraspecies haplotypes 33 

occurred during Miocene-Pliocene that associated with Tertiary major geological 34 

and/or climatic events, which was supported by the gene exchanges among three 35 

groups. During the glaciation, YSM and THM regions might be regarded as refugia 36 

for U. lamellose. A range expansion was not expected at the evolutionary process, 37 

except the THM group based on ITS data. The series Mountains uplift (such as 38 

Yanshan Mountains and Taihang Mountains) in North China after Miocene-Pliocene 39 

and subsequently Quaternary climatic oscillations further promoted the divergence 40 

among populations.  41 

Conclusions: Geographical topology and climate change played a critical role on the 42 

phylogeographic structure of U. lamellosa, leaded to the current pattern of U. 43 
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lamellosa. These results would provide important information and clues for the 44 

demographical study of the trees in Northern China. 45 

Key words: Aat; demographical history; ITS; genetic differentiation; Ulmus 46 

lamellosa. 47 

 48 

Background 49 

Examining how historical and contemporary ecological factors contribute to 50 

demographical history and genetic differentiation of plants is a hotspot question in 51 

ecology and evolution. Climatic oscillations have greatly influence on the 52 

demographic history and genetic diversification patterns of many plant species, 53 

especially during the Pleistocene [1-8]. In Asia, at least four major glaciations are 54 

thought to have occurred, although the glacial advance was not as extensive as that in 55 

Europe and North America, which was believed to have affected the flora and fauna in 56 

the area. Particularly, the Northern China experienced severe climatic oscillations 57 

throughout the Quaternary, despite it was never covered by massive ice-sheets [9-11]. 58 

The climatic oscillations caused by repeated glaciations shifted species ranges and 59 

isolated populations, which could generate a distinct population structure, namely, 60 

“southern richness” and “northern purity” [12-14].  61 

Meanwhile, a possible role of geology in facilitating the population divergence and 62 

species diversification of plants has been revealed [9, 11, 15, 16]. The geographical 63 

and physiognomy complexity due to the mountains in China [17, 18], which often 64 

offered dispersal corridors allowing range expansions/contractions, population 65 
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connection, and gene flow between fragmented populations [19, 20], or might serve 66 

as shelters for range shifts of plants in response to climatic oscillation [21-26]. Some 67 

mountains, such as Taihang, Yanshan, Yinshan and Qinling mountains located in 68 

North China, are an important part of the south-north vegetation transect, and crucial 69 

biodiversity areas covered with diverse plant biomes ranging from tropical to cold 70 

forests and taiga [27, 28]. These mountains formed diverse topography and a wide 71 

spectrum of environmental conditions, generally provided refuge for species during 72 

the Quaternary global climate changes [29, 30]. According information, different 73 

refugia patterns during glacial period have been revealed for the forest trees in 74 

Northern China, such as single refugium, multiple refugia, microrefugia and crytic 75 

refugia [31-33]. Nevertheless, most studies still has focused on the population or 76 

species in southern, southwest and northwest regions of China [3, 24, 34]. The 77 

possible roles of ecological factors (geology and climatic oscillations) in promoting 78 

the population divergence of plants in Northern China are unclear.  79 

Ulmus lamellose (Ulmus), mainly distributed and endemic in North China, is an 80 

important tree in many communities and terrestrial ecosystems. Abundant decylic acid 81 

in seeds makes this species as a critical medicinal and light industrial raw material 82 

[35], and the trunk shows the rich ornamental characteristics [36]. The population size 83 

of this species is decreasing constantly with the environmental degradation and 84 

human destruction, and it has been classified as the Class II State-Protected 85 

Endangered Plant Species in China [37, 38]. Being an ancient and long-lived tree 86 

species [39], U. lamellose might have existed before the uplift of Taihang, Yinshan 87 
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and Yanshan mountains, underlay the climatic oscillations of Quaternary, even the 88 

Tertiary, and was believed an ideal species for studying the influence of geological 89 

and climatic dynamics on species divergence in North China.  90 

Using chloroplast DNA sequences, Liu et al. (2017) preliminary investigated the 91 

molecular phylogeographical structure and biogeographic history of this tree species. 92 

A significant phylogeographic pattern was found in U. lamellose and the intraspecific 93 

divergence of all cpDNA haplotypes began to occur in the late Miocene. Most studied 94 

populations of U. lamellose had not experienced recent expansions. Across the 95 

distribution ranges of this species, multiple refuge areas were identified in North 96 

China [40]. These results provided some lights on the phylogeography and 97 

demographical history of U. lamellose. However, chloroplast genes have the relatively 98 

slower evolutionary ratio than nucleus genes, are generally maternal inheritance, and 99 

cannot reflect the pollen flow in angiosperms [41-43]. Furthermore, the results based 100 

on chloroplast genes only provide limit information on phylogeographic structure and 101 

evolutionary history of plants, especially intra-species [25, 44].  102 

In this study, we point the hypothesis of U. lamellose having multiple refuges in 103 

Norther China and the geological changes and climatic oscillations playing an 104 

important role on demographical history for this species. So, our main goals are to 105 

comparatively investigate the demographical history and genetic differentiation of U. 106 

lamellose, analyze the phylogeography pattern of this boreal tree, identify the refugia 107 

patterns during glacial period and estimate the intra-special divergent time during 108 

evolutionary process of this species. These results would shed light on the influence 109 
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of climatic oscillations and orogeny of Mountains (Taihang, Yanshan and Yinshan 110 

mountains) of North China, and offer a theoretical foundation for studying the 111 

phylogeography and demographical history of other forest tree in North China. 112 

Methods 113 

List of abbreviations 114 

Abbreviations Full name 

ITS Internal transcribed spacer 

Aat Single-copy gene 

THM Taihang Mountains 

YM Yanshan Mountains 

YSM Yinshan Mountains 

PCR Polymerase chain reaction 

AMOVA A hierarchical analysis of molecular variance 

SSD Sum of squared deviations 

HRag Harpending’s raggedness index 

ABC Approximate Bayesian Computation 

IBD Isolation by distance 

IBE Isolation by environment 

Plant materials 115 

Our field work was approved by the Chinese government and carried out in 116 

accordance with the laws of the People's Republic of China. All participants held a 117 

letter of permission from the School of Life Sciences of Shanxi Normal University to 118 

collect samples.The samples were classified and identified by the associate professor 119 

of systematic botany (Junxia Su) of Shanxi Normal University based on their 120 

phenotypic characteristics. Voucher specimen were kept in the Herbarium of College 121 

of Life Sciences, Shanxi Normal University (No: 20180703422 - 20180703436). 122 

Two hundred and thirty-two individuals from fourteen natural populations of U. 123 
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lamellose were used in this study. Based on the wild investigation and samples 124 

location, three main geographical groups were assigned based on mountain ranges, 125 

which were marked as THM (Taihang Mountains), YSM (Yanshan Mountains) and 126 

YM (Yinshan Mountains) respectively. All sampling plots covered most of its entire 127 

distribution range in North China. Individuals within each population were separated 128 

at least 30m to avoid sampling clones of the same individual. The detail geographical 129 

location of the populations and the number of sampled individuals were given in 130 

Additional file 1: Table S1 and Figure 1. Leaves of each sample using for DNA 131 

extraction were collected and stored in silica gel at room temperature.  132 

DNA extraction, amplification and sequencing 133 

The genomic DNA was extracted from fresh leaves using CTAB methods [45, 134 

46]. The quality and concentration of the DNA samples were determined by 135 

spectrophotometer and electrophoresis on 0.8% agarose gel.  136 

The regions ITS4, ITS5 of Ribosomal DNA internal transcribed spacer (nrDNA 137 

ITS) and Single-copy gene (Aat) [47, 48] were chosen for this study because of high 138 

sequence variation within and among populations of U. lamellosa. Polymerase chain 139 

reaction (PCR) was performed in a 25μL volume, with 4 μL of template DNA at 140 

approximately 30 ng/μL, 0.5 μL of each forward and reverse primers, 12.5 μL of 2 × 141 

MasterMix (0.2 mM dNTPs, 3 mM MgCl2, 1× PCR buffer and 0.1 U Taq DNA 142 

polymerase), and 7.5 μL of ddH2O. The PCR was run in a PTC-200 Peltier Thermal 143 

Cycler (MJ Research) using the following program: 3 min at 94 °C, followed by 34 144 

cycles of 30 s, 1 min at 55 °C (for ITS and Aat), and 2 min at 72 °C, and a final 145 
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elongation step of 10 min at 72 °C. The PCR products were visualized via 1.5% 146 

agarose gel electrophoresis and purified using a Wizard PCR Preps DNA purification 147 

system (Promega, Madison, WI, USA). The purified PCR products were sequenced 148 

using on an ABI Prism 310 DNA sequencer (Applied Bio systems Inc., Foster City, 149 

CA, USA) by Shanghai Sangon Biotech Co., Ltd. 150 

Data analysis 151 

Genetic diversity and Differentiation Analysis 152 

The DNA sequences from nrDNA ITS and Aat were aligned using CLUSTAL X 153 

software [49] and then adjusted manually. All indels were coded as unordered and 154 

equal weight [50, 51]. The nucleotide diversity (π) and haplotype diversity (Hd) were 155 

calculated for each population by using DNASP software [52-55]. Genetic 156 

differentiation among populations was estimated by computing a distance matrix 157 

based on the number of mutational steps between haplotypes (NST) and by using 158 

haplotype frequencies (GST). The presence of a phylogenetic component in the 159 

phylogeographic structure was assessed by testing whether NST was significantly 160 

higher than GST, on the basis of 10,000 permutations in PERMUT software [56-58].  161 

In order to study the relationship between the differentiation and evolution of 162 

haplotypes, the haplotype network diagram was constructed by using the maximum 163 

parsimony median-joining model in NETWORK software [59]. 164 

The software STRUCTURE was used to infer the population structure [60-62]. A 165 

given number of genetic clusters (K) were used to perform Bayesian assignment of 166 

individuals assuming that each cluster in Hardy–Weinberg and linkage equilibrium, 167 
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and ΔK was calculated to determine the optimal K (from K=1-10) [63]. 168 

A hierarchical analysis of molecular variance (AMOVA) [64] was conducted to 169 

quantify the proportion of total genetic variance explained by the differences between 170 

groups and among populations within groups. The AMOVA using pairwise 171 

differences was conducted using the ARLEQUIN software [54, 65], with the 172 

significance tested by 1000 permutations. 173 

Mismatch distribution 174 

Mismatch distribution analyses [66] were carried out in ARLEQUIN [65] to infer 175 

the historic demographic expansion events within the entire species and in each group. 176 

The goodness-of-fit under a sudden expansion model was tested with the sum of 177 

squared deviations (SSD) and Harpending’s raggedness index (HRag) [67]. A 178 

parametric bootstrap approach with 1000 replicates was used to test the observed 179 

mismatch distribution’s fit to the sudden expansion model. Tajima’s D (Tajima 1989) 180 

[68] and Fu’s FS (Fu 1997) [69] were also calculated to assess possible expansions 181 

using ARLEQUIN [65]. When the expansions were detected, the parameter value for 182 

the mode of the mismatch distribution (τ) was converted to an estimate of time (T) 183 

since the expansion began by using uT 2  [66, 70]. The value u was calculated as 184 

kgu  , where μ is the number of substitutions per site per year (s/s/y), k is the 185 

average sequence length under study, and g is the generation time in years [71, 72]. 186 

The parameter value α (maturity age of species, about 30 years) and  SS 1  (about 187 

100; S, annual survival rate of adult individuals) was converted to an estimate of time 188 

(g, in number of generations) by using   SSαg  1 [73, 74]. 189 
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Divergence time  190 

The divergence time among haplotypes was estimated to elucidate the historic 191 

events by calibrating a molecular clock implemented in BEAST [44, 75-79]. The 192 

HKY model was selected as the optimal model based on the results of model test for 193 

nucleotide substitutions using JMODELTEST software [80, 81], and coalescence with 194 

constant size was set as the prior tree. Because the mutation rate has not been 195 

estimated for ITS in U. lamellosa or members of the Ulmaceae family, we used 196 

minimum and maximum values of a range of average mutation rates reported of ITS 197 

in angiosperm [3.2 × 10−10 and 9.0 × 10−9 substitutions per site per year (s/s/y)] [82]. 198 

The analysis was run for 50,000,000 generations, sampling every 1000th generation. 199 

The log file was analyzed in TRACER [83], with 1,000,000 generations discarded as 200 

burn in to ensure that the ESS values for all parameters reached a sufficient level 201 

(>200). The trees were analyzed using TREEANNOTATOR, and visualized in 202 

FIGTREE [79, 84]. 203 

Approximate Bayesian Computation 204 

Demographic history was modeled through coalescent-based Approximate 205 

Bayesian Computation (ABC) [76, 85-87] by DIY-ABC software [88]. In order to 206 

reduce the number of model settings and operation time, we used three geographical 207 

groups of U. lamellose populations. First, seven population divergence scenarios were 208 

tested: either a Simple split model (scenario 1), Hierarchical split model (scenarios 209 

2-4), or Isolation with admixture model (admixture, scenarios 5-7). The prior 210 

distributions of all parameters were uniform, and the same range was used for 211 
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common parameters between models. A total of 500,000 coalescent simulations were 212 

run for each scenario. There was up to a 95% confidence level through logistic 213 

regression, and the posteriori probability of each evolutionary event was estimated 214 

using the observation data closest to 1% of the simulated data. An optimal 215 

evolutionary scenario was selected according to the maximum posterior probability 216 

(PP) value. Based on the scenario with the highest support from the population 217 

divergence data, optimal scenarios with effective population size changes were then 218 

tested. Finally, the ancestral group of the optimal scenarios was further inferred. 219 

Historical and contemporary gene flow 220 

The coalescent approach implemented in MIGRATE-N software was used to 221 

estimate the historical gene flow pattern among groups of U. lamellose [89-92]. This 222 

method through Bayesian method estimates for both effective population size (θ 223 

=4Neμ, where μ = mutation rate) and historical migration rates (M = m/μ, where m = 224 

migration rate) among groups [89, 93]. The parameters θ and M could be used to 225 

estimate the number of migrants per generation (Nm) into each population using the 226 

equation 4𝑁𝑚 = 𝜃 ∗ 𝑀 [89, 93, 94]. The analyses were run for five replicates using 227 

a F84 mutation model, with constant mutation rates and starting parameters based on 228 

FST calculations. For each replicate, we used 10 short chains (10,000 trees) and three 229 

long chains (200,000) with 100,000 trees discarded as an initial ‘burn-in’ and a static 230 

heating scheme at four temperatures (1, 1.2, 1.5 and 3, 1000,000). The historical gene 231 

flow was the average of the results of five independent operations, with a confidence 232 

interval of 95%.  233 
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The BAYESASS software (Wilson and Rannala 2003) that carries assignment 234 

tests in a Bayesian framework and a Markov coupled Markov chain (MCMC) was 235 

used to estimate contemporary gene flow [90, 92] between the above three groups of 236 

U. lamellose. After a burn-in of 106, the analyses with a sampling frequency of 103 
237 

were ran 107 iterations. Delta values for the migration (m), allele frequencies (a) and 238 

inbreeding (f) switching proposals were adjusted so that the accepted numbers of 239 

changes were 20–60% of the total number of iterations. The delta values for a, m, and 240 

f were 0.5, respectively. The analyses were performed 20 runs (each with a different 241 

seed) and the one with the lowest deviance was selected for further analyses. The 95% 242 

confidence interval was calculated by mc ±1.96 × SD [74]. 243 

Isolation by distance and environment (IBD and IBE) 244 

The correlations between pairwise FST estimated from the ITS /Aat sequences 245 

and geographic distance, as well as between pairwise FST and environmental distance, 246 

were calculated to assess the effect of geographic distances and environmental 247 

conditions (IBD and IBE) on the observed genetic differentiation [54, 95, 96]. A 248 

matrix of pairwise FST and geographic distance between populations were calculated 249 

using GENALEX software [97]. The matrices of the environmental distance were 250 

computed using PASSAGE software [98].  251 

A multiple matrix regression with randomization (MMRR) was further 252 

performed to test whether the genetic distance responded to variations in the 253 

geographic and/or environmental distances using the R package ‘PopGenReport’ [99, 254 

100]. Regression coefficients of the Mantel test (r) and MMRR (r2) and their 255 
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significance were determined based on 9,999 random permutations. 256 

 257 

Results 258 

Phylogeographical structure and genetic differentiation 259 

Alignment of nrDNA ITS and Aat sequences from 232 U. lamellose individuals 260 

produced a consensus sequence of 652 and 392 base pairs, respectively.  261 

For ITS, eighteen haplotypes were defined with 27 polymorphic sites, including 262 

17 parsimony informative sites (Table 1). Among the 18 haplotypes, the most 263 

common haplotype was H1 (in 13 of 14 populations), followed by H2 (in 3 of 14 264 

populations). Thirteen of the 14 populations were polymorphic, whereas the only one 265 

population exhibited one haplotype (MS population; Table 1 and Fig. 1a). All 266 

haplotypes presented a ‘star-like’ network, the common haplotype (H1) was in the 267 

central position regarded as an ancient one that connected other descendant 268 

haplotypes (Fig. 1b).  269 

For Aat, twenty-three haplotypes (H1-H23) were defined containing 33 270 

polymorphic sites, of which 26 were parsimony informative sites (Table 1). Among 271 

the 23 haplotypes, 13 haplotypes were unique for populations and 10 haplotypes were 272 

shared by different populations, and the most common haplotype was H4 (in 5 of 14 273 

populations). Most of the population contained both shared and unique haplotypes. 274 

Eleven of the 14 populations had high haplotype diversity, and only one haplotype 275 

was found in MS, LS and WLS population. The geographical distribution of 276 

haplotypes H1 to H23 and their occurrence at each location were shown in Fig. 1c and 277 
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Table 1. Compared other haplotypes, H4 had a more connection and relatively 278 

situated in the middle of the network, was an ancient one (Fig. 1d). 279 

High genetic diversity in U. lamellosa was detected. At the species level, the 280 

estimated haplotype diversity (Hd ITS, Hd Aat) were 0.424 and 0.941, and the nucleotide 281 

diversity (π ITS, π Aat) were 0.00212 and 0.01601, respectively. For three groups, the 282 

highest values of Hd ITS (0.909) and π ITS (0.00939) existed in the YSM group, 283 

followed by the THM and YM groups. On the contrary, the highest values of Hd Aat 284 

and π Aat existed in the THM and YM groups. Among populations, the haplotype 285 

diversity (Hd ITS, Hd Aat) was 0-0.929 and 0-1.000, and the nucleotide diversity (π ITS, π 286 

Aat) within populations was 0-0.00852 and 0-0.01197(Table 1). However, the highest 287 

value of Hd was detected in different populations for different data (Hd ITS=0.798 for 288 

SFS population; Hd Aat =1.000 for SGS, HHG, SFS, MLG populations). The highest π 289 

ITS value also existed in the SFS population (0.00583), the highest π Aat value was 290 

found in SGS and HHG populations (Table 1).  291 

No matter which molecular markers were used, genetic differentiation among 292 

populations was significantly higher when computed using a distance matrix (NST ITS 293 

= 0.435; NST Aat = 0.738) than when using haplotype frequencies (GST ITS = 0.117; GST 294 

Aat = 0.192; P < 0.05), indicating a significant phylogeographic structure within U. 295 

lamellosa. For ITS, the STRUCTURE output showed that ΔK supported the existence 296 

of three clusters (Additional file 3: Fig. S2), which corresponded roughly with our 297 

geographically assignment to U. lamellosa (Table 1 and Fig. 1). Nevertheless, the 298 

STRUCTURE output of Aat data showed that ΔK supported the existence of four 299 
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clusters (Additional file 3: Fig. S2), but we prefer to divide the U. lamellosa into three 300 

clusters because the THM group could be further classified into two clusters.  301 

Higher inter-population differentiation of this species was confirmed by AMOVA 302 

analysis (ΦST ITS = 0.550, ΦST Aat = 0.674, P < 0.01, Table 2). A large amount of 303 

variation (ITS: 40.60%, Aat: 41.96%) occurred among the three groups, and only 304 

14.43% (ITS) and 25.40% (Aat) differences presented among populations within 305 

groups, whereas 44.97% (ITS) and 32.64% (Aat) of the variation was within 306 

populations (Table 2).  307 

Phylogenetic relationships and divergence time estimations 308 

The phylogenetic relationships of the ITS haplotypes (H1–H18) reconstructed 309 

using Bayesian approach was shown in Fig. 2. All haplotypes were clustered into 310 

three major clades I-III, which was basically consistent with the geographical 311 

distribution of the populations (namely YSM, THM and YM group). Clade I 312 

contained H9-H12 in the SFS population, which were found in YSM group. Clade II 313 

contained H8 and H16, which were found in THM and YSM group. Clade III 314 

consisted of twelve haplotypes (H1-7, H13-15, H17 and H18) found in THM and YM 315 

group.  316 

For Aat data, all haplotypes were also clustered into three major clades: I, II and 317 

III (Additional file 2: Fig. S1), which was basically consistent with that of haplotype 318 

network. Clade I and II contained most of haplotypes, which were found in THM and 319 

YSM group. Clade III contained H5-H7, H15-H17 and H23, which were found in 320 

THM and YM group. 321 
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The phylogenetic tree based on ITS data showed that, when Ulmus_pumila and 322 

Ulmus_rubra were used as outgroups, all haplotypes from U. pumila and U. rubra 323 

formed a monophyletic group, the haplotypes of U. lamellose formed another 324 

monophyletic group (Fig. 2). The ESS values were greater than 200 for all the nodes 325 

discussed below. The haplotype identified in outgroups was divergent from all other 326 

haplotypes at around 14.50 Ma (95% HPD: 8.47–22.20 Ma). The eighteen haplotypes 327 

(H1–H18) of U. lamellosa formed a lineage that was divergent at around 13.10 Ma 328 

(95% HPD: 7.79–20.20 Ma). This suggested that the intraspecific divergence of all 329 

haplotypes most probably began in the period between Middle Miocene to the early 330 

stage of the Late Miocene. Within U. lamellose, all haplotypes could be roughly 331 

classified into three lineages, and the divergence time from clade I to clade III were 332 

4.56 Ma (95% HPD: 1.77–8.09), 2.69 Ma (95% HPD: 0.05–7.74) and 10.18 Ma (95% 333 

HPD: 5.69-15.90), respectively.  334 

Demographical history 335 

The SSD and HRag values were non-significant (P > 0.05) of all groups based 336 

on ITS sequences. Nevertheless, the unimodal mismatch distribution for THM was a 337 

perfect fit to the expected expansion distribution (Table 3), as supported by a 338 

significant Tajima’s D statistic value. Thus, U. lamellosa experienced a recent 339 

demographic expansion in the Taihang Mountains and the demographic expansion 340 

occurred approximately 0.0038 Ma. In addition, mismatch distributions and neutrality 341 

test for Aat haplotypes were multimodal and differed strongly from the predictions 342 

under a model of sudden population expansion, which was evidenced by 343 
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non-significant values (P > 0.01) of Tajima’s D statistics for three groups (Table 3).  344 

An ABC framework permitted an evaluation of speciation scenarios for U. 345 

lamellosa. The scenario 2 (Fig. 3a ,3b) had the highest posterior probability (ITS: 346 

Direct estimate: 0.4540, 95% CI: 0.0176-0.8904; Logistic regression: 0.5913, 95% CI: 347 

0.5694-0.6132; Aat: Direct estimate: 0.2360, 95% CI: 0-0.6082; Logistic regression: 348 

0.4695, 95% CI: 0.4584-0.4807) and did not overlap with those obtained for the other 349 

scenarios (Fig. 3c, 3d, 3e, 3f). And this scenario was fitted to the observed data 350 

confirmed by PCA results. According to the model checking, error for the scenario 2 351 

was low (ITS: Direct approach: 0.061, Logistic approach: 0.075; Aat: Direct approach: 352 

0.071, Logistic approach: 0.077). Consequently, the scenario 2, namely, YSM group 353 

might be a common ancestor of THM and YM group diverged at time t2. 354 

Subsequently, YM group diverged from THM group at the time t1 (Fig. 3a, 3b). 355 

Under the scenario 2, posterior media parameter estimates indicated that the first 356 

divergence occurred in 10.36 × 106 (ITS: 95% CI: 4.23 × 106 _ 12.88 × 106) and 8.25 × 357 

106 (Aat: 95% CI: 2.56 × 106 _ 12.73 × 106) years with a generation time of 130 years. 358 

The effective population size was estimated based on the sequencing data. For 359 

ITS data, the THM group has the largest effective population size (5.92 × 105, 95% CI: 360 

1.88 × 105_ 9.52× 105) among groups, followed by YSM group (4.56 × 105, 95% CI: 361 

1.06 × 105_ 9.49 × 105) and YM group (1.74 × 105, 95%CI: 1.96 × 104_ 8.59× 105). For 362 

Aat, the median values of the effective population size were 2.35 × 105 (95% CI: 4.65 363 

× 104_ 8.70× 105) for THM group, 2.79 × 105 (95% CI: 4.50 × 104_ 9.21 × 105) for 364 

YSM (the ancestral group), and 2.17 × 105 (95% CI: 1.56 × 104_ 9.27 × 105) for YM 365 
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group. There was no significant difference in effective population size among all 366 

groups.  367 

Historical and contemporary gene flow 368 

In general, the historical gene flow was asymmetric. For ITS sequences, the 369 

historical gene flow (0.204-1.752) were higher than the modern gene flow. The 370 

highest level of migration occurred from YSM to THM (1.752, 95% CI: 0.394-3.797), 371 

and the lowest level of gene flow occurred in the opposite direction (THM to YSM: 372 

0.204, 95% CI: 0.013-0.245, Fig. 4a). The higher level of migration occurred between 373 

THM and YM (YM to THM: 0.923, 95% CI: 0–2.931; THM to YM: 0.839, 95% CI: 374 

0.122-1.999, Fig. 4a) and the lower level occurred from YSM to YM (0.714, 95% CI: 375 

0.117-1.999). According to Aat sequences, the historical gene flow was generally high. 376 

The higher level of migration also occurred from THM to YM (6.184, 95% CI: 377 

0-46.437; Fig. 4c) than the opposite direction. Nevertheless, a relative high level of 378 

migration occurred from YSM to YM (3.477, 95% CI: 0–4.744). 379 

In addition, modern gene flow was low and asymmetrical. The BAYESASS 380 

analysis showed that the mean contemporary gene flow (m) of ITS among three 381 

groups ranged from 0.008 to 0.279 (Fig. 4b). Similarly, the higher level of migration 382 

occurred from YSM -THM-YM (YSM-THM: 0.058, 95% CI: 0-0.138, THM-YM: 383 

0.264, 95% CI: 0.104-0.423). However, a strong migration occurred from YM to 384 

THM (0.279, 95% CI: 0.208-0.349). For Aat sequences, the mean contemporary gene 385 

flow (m) among three groups ranged from 0.008 to 0.260 (Fig. 4d). The highest level 386 

of migration occurred from YM to THM (0.260, 95% CI: 0.175-0.345). And the 387 
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higher level of migration also occurred from YSM-THM-YM (YSM-THM: 0.030, 95% 388 

CI: 0-0.084, THM-YM: 0.036, 95% CI: 0.006-0.065).  389 

Isolation by distance and environment (IBD and IBE) 390 

Pairwise FST values between populations used as genetic distance were plotted 391 

against the respective pairwise geographic distance and environmental distance 392 

(Additional file 4: Fig. S3). The positive correlation between the matrix of genetic 393 

distances and geographical distances was significant (ITS: r = 0.594, P < 0.05; Aat: r 394 

= 0.391, P < 0.05). The correlations between pairwise FST estimated from the ITS /Aat 395 

and environmental distance were non-significant (P > 0.05). 396 

The multiple matrix regression with randomization (MMRR) analyses also 397 

revealed a significant effect of IBD on the divergence of this species. Furthermore, 398 

IBD explained more genetic variation than IBE (ITS: MMRR ≈ 12.4 times as much; 399 

Aat: MMRR ≈ 3.7 times as much). 400 

 401 

Discussion 402 

Phylogeographic structure and genetic differentiation of U. lamellose 403 

A high level of genetic diversity was observed at U. lamellose (Hd ITS=0.424, π 404 

ITS=0.00212; Hd Aat=0.941, π Aat=0.01601), which was similar with other plant, such as 405 

Gentiana lawrencei var. farreri (Hd=0.414, π=0.0026) and was consistent with the 406 

results of Liu et al. (2017)[40]. Compared with cpDNA data (Hd=0.783, 407 

π=0.00891)[40], the genetic diversity index of U. lamellose was higher than that of 408 

ITS sequences and lower than that of Aat sequences (Table 1). The different 409 
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evolutionary trajectories and rates of nuclear and plastid markers may be the cause of 410 

different degrees of variation and reflect different biogeographic events such as pollen 411 

flow and seed dispersal [7, 16, 18, 44, 57, 101, 102]. And the difference between ITS 412 

and Aat data might be due to that the single copy gene was more conservative.  413 

High genetic diversity might reflect the accumulation of nucleotide mutations 414 

over long evolutionary time-scales for a wind-pollinated, dioecious and perennial of U. 415 

lamellosa species [103, 104]. In addition, the geographical distribution of this species 416 

may also be one of the factors determining high genetic diversity. Widespread species 417 

generally may have higher levels of genetic variability [105]. U. lamellose widely 418 

distributed in North China (Additional file 1: Table S1 and Fig. 1).  419 

In YSM group, higher genetic diversity was than in THM/YM group (Table 1). 420 

Being an ancestor for other two groups populations (Fig. 3), this group could have a 421 

higher diversity and variation. Meanwhile, it suggested a smaller influence of 422 

historical climatic oscillations on this group. The Yanshan Mountains, running 423 

roughly east-west, is an important mountain in North China [106]. The heterogeneous 424 

geology in this mountain might have facilitated the existence of multiple glacial 425 

refugia for the plants [28, 107]. In our study, higher haplotype diversity was detected 426 

in YSM group. The populations in this group contained five unique haplotypes 427 

(H8-H12, H16). Therefore, YSM group could be regarded as a refugia for U. 428 

lamellose at the glacial period. In addition, although THM group having lower genetic 429 

diversity, QLY, SGS, JM and HLS populations in this group (Table 1) presented 430 

highest genetic diversity. THM should be believed another refugia for U. lamellose. 431 
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YS group, was not regarded as a refugia in this study, inconsistent with Liu et al. 432 

(2017), not only having the lowest genetic diversity but also being a descendent of 433 

THM and YSM (Fig. 3).  434 

Significant genetic differentiation among groups and among populations within 435 

groups (ΦST ITS= 0.542, ΦST Aat=0.620, ΦCT ITS =0.406, ΦCT Aat =0.562, Table 2) were 436 

revealed in the studied populations, which suggested a long period of isolation in the 437 

distribution of U. lamellose. Our results also found asymmetrical and lower 438 

contemporary gene flow (ITS: 0.0058-0.0690, Aat: 0.0083-0.1636, Fig. 4) among 439 

three groups. Meanwhile, a significant isolation by distance (r ITS = 0.594, r Aat = 0.39, 440 

P < 0.05) was found in populations of the species. Such findings pinpointed that 441 

mountains as barriers may have driven the population differentiation through 442 

long-term geographic isolation. More strikingly, most haplotypes were private to a 443 

single group. This pattern was more likely resulted from long-term in situ 444 

diversification among isolated montane habitats. 445 

Moreover, a strong phylogeographic structure (ITS: NST=0.435 > GST=0.117, P < 446 

0.05, Aat: NST=0.738 > GST=0.192, P < 0.05) was founded, which was consistent with 447 

Liu et al. (2017). Theoretically, phylogeographic structure often arises as a 448 

consequence of restricted gene flow among populations and genetic drift within 449 

populations over relatively long periods of time [56, 108, 109]. According to field 450 

investigation, the habitats of U. lamellosa were natural fragmentation [38]. With the 451 

uplift of Mountains in North China, the populations were isolated and fragmented. 452 

The climatic fluctuations throughout inter-/postglacial events would further accelerate 453 
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the fragmentation of U. lamellosa. Such isolation made it difficult for pollinators to 454 

locate flowers that limiting dispersal ranges and form potential barriers for gene flow 455 

to occur. Due to decay and animal consumption, the dispersal of seeds of U. lamellosa 456 

was also restricted [36, 57]. The historical and modern restricted gene flow (Fig. 4) 457 

among populations supported this view. In addition, fragmentation is a consequence 458 

of isolation that can be from either geographic or environmental factors [40]. The 459 

fragmented populations of U. lamellosa cannot counteract the effects of genetic drift. 460 

Under the limited gene flow and genetic drift, the phylogeographical structure 461 

presented in this species.  462 

Demographical history  463 

No matter what molecular markers were used, most of the populations have not 464 

experienced expansion in U. lamellosa, which supported by the mismatch distribution 465 

(Table 3) as well as non-significance Tajima’s D and Fu’s FS values, was consistent 466 

with Liu et al. (2017). Interestingly, U. lamellosa experienced a recent demographic 467 

expansion in the THM group (ITS) that occurred approximately 3800 years ago. This 468 

was strongly supported by ABC analyses that revealed the THM group has the larger 469 

effective population size (5.92 × 105, 95% CI: 1.88 × 105_ 9.52× 105) than ancestral 470 

populations (YSM group). Furthermore, a higher gene flow occurred from THM to 471 

YM (Fig. 4).  472 

In the northern China, despite the absence of major Quaternary glaciations, 473 

significant climatic oscillations still occurred [110-112]. During this period, the plant 474 

community might have experienced the upward and downward migration of the local 475 
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altitude, rather than the southward retreat and northward advance in latitude [113]. 476 

Therefore, U. lamellosa might take refuge in situ and only experience limited 477 

expansion during the interglacial period. The geographical distribution of haplotypes 478 

also supported this expansion in the historical demography of U. lamellosa, with the 479 

occurrence of often frequent haplotype H1 (ITS data) and H4 (Aat data) in the 480 

populations (Fig. 1a, 1c).  481 

The intraspecific divergence of all U. lamellosa ITS haplotypes (13.10 Ma, 95% 482 

HPD: 7.79-20.20 Ma) probably began during the period between Middle Miocene and 483 

the early stage of the Late Miocene (Fig. 2). This estimated divergence time was 484 

earlier than that based on cpDNA data (9.27 Ma, 95% HPD: 5.17-13.33 Ma), about 485 

the Late Miocene [40].  486 

The period from Miocene to Pliocene is an important differentiation epoch for 487 

the tree species in China. And Miocene was a period of climatic instability and abrupt 488 

environmental changes. A global cooling event reoccurred in the Miocene (14 Ma) [11, 489 

14, 114]. Before and after 16~12 Ma, the monsoon circulation was significantly 490 

enhanced in Asia [14, 115-117]. The severe climate fluctuations prompted the U. 491 

lamellosa populations to migrate from YSM (ancestral group) to southern and then 492 

colonized in Taihang Mountains (THM group, descendent one). The deformation of 493 

Taihang Mountains occurred with the significant uplift of the Tibetan-Himalayan 494 

Plateau [14, 118-120]. And the uplift height of the northern section of Taihang 495 

Mountains is only half of the western part of Yanshan Mountains during Miocene 496 

[118]. Low height of Taihang Mountains did not become a geographical barrier and 497 
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did not blocked U. lamellose migration to northwest and northeast, which supported 498 

by the gene exchange among YSM, THM and YM groups (Fig. 4 and Additional file 3: 499 

Fig. S2). 500 

In ABC, the divergence between THM and YM group was dated back to 3.54 Ma 501 

(ITS) and 3.25 Ma (Aat) (ITS: 95% CI: 5.36 × 105- 6.24× 106; Aat: 95% CI: 3.82 × 502 

105- 6.28 × 106; Fig. 3), corresponding to the Pliocene. And the YM group diverged 503 

from the THM group (Fig. 3a, 3b), was a descendant of THM. During the Pliocene, 504 

most of Taihang Mountains had only < 800m elevation [118]. From Eocene to the end 505 

of Pliocene, Yinshan Mountains rapidly raised. The uplift of Yinshan Mountains 506 

might hinder the glacial activities and climatic oscillations. Consequently, the 507 

populations in Taihang Mountains began to migrate toward north, forming YM group. 508 

This also was supported by the higher gene flow from THM to YM group (Fig. 4). 509 

In addition, the demographic history of U. lamellosa also had been influenced by 510 

climatic oscillations and historical processes during the Quaternary [14, 121], which 511 

was supported by the divergence time of Clade Ⅱ (2.69 Ma, 95% HPD: 0.05-7.74, Fig. 512 

2). In this period, the Taihang Mountains and Yanshan Mountains were uplifted 513 

sharply along with the Himalayan orogeny movement and finally formed in the 514 

Pleistocene (about 2.5 Ma B.P.) [16]. Meanwhile, a repeated glacial period had 515 

occurred since the Quaternary. These would further promote the differentiation among 516 

U. lamellosa populations and finally lead to the current pattern of this species. 517 

 518 

Conclusions 519 
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In summary, the studies found that both geographical topology and past climatic 520 

changes have contributed to demographical history and genetic differentiation pattern 521 

of U. lamellosa in the Northern China. Higher genetic diversity and significant 522 

genetic variation occurred in this species. The limited range expansion and the 523 

existence of refugia in Northern China, allowed U. lamellosa to persist in situ and to 524 

maintain high diversity. The divergence of haplotypes occurred during 525 

Miocene-Pliocene, which associated with Tertiary major geological or climatic events. 526 

Subsequently, the series Mountains (for example Yanshan Mountains and Taihang 527 

Mountains) uplift of North China after Tertiary and Quaternary climatic oscillations 528 

might block the gene exchange and further promote the divergence of populations. 529 

These results in the present study not only revealed the roles of geology and climatic 530 

oscillations in driving the population demography and divergence of U. lamellosa, but 531 

also provide important information and clues for demographical study of the trees in 532 

Northern China. 533 
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Tables: 896 

Table 1 The estimated diversity indexes of Ulmus lamellosa populations 897 

Groups 
Population

s 

Sample 

sizes 

ITS sequences Aat sequences 

Number haplotypes 
Haplotype 

diversity (Hd) 

Nucleotide 

diversity (π) 
Number haplotypes 

Haplotype 

diversity (Hd) 

Nucleotide 

diversity (π) 

THM 

CC 17 
H1(13), H6(2), 

H15(2) 
0.396 0.00066 

H2(3), H3(1), H4(5), 

H10(2), H15(4), H16(2) 
0.857 0.00720 

HS 22 H1(20), H2(2) 0.318 0.00052 H12(11), H13(5), H14(6) 0.833 0.00808 

QLY 22 H1(18), H6(2), H7(2) 0.517 0.00140 H3(11), H4(6), H8(5) 0.833 0.00638 

SGS 15 H1(10), H2(5) 0.667 0.00103 H14(5), H19(5), H20(5) 1 0.01190 

MS 11 H1(11) 0 0 H17(11) 0 0 

JM 18 H1(12), H2(6) 0.667 0.00103 H10(18) 0 0 

HHG 15 H1(12), H2(3) 0.439 0.00073 H15(5), H21(5), H22(5) 1 0.01190 
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LS 14 H17(7), H18(7) 1 0.00309 H17(7), H23(7) 1 0.00513 

TGS 14 H1(10), H8(4) 0.5 0.00155 H4(9), H9(5) 0.667 0.00680 

HLS 18 
H1(10), H3(2), 

H4(2), H5(4) 
0.636 0.00127 

H1(5), H2(2), H3(6), 

H4(5) 
0.81 0.00705 

   0.359 0.00084  0.926 0.01506 

YSM 

SFS 20 

H1(3), H8(2), H9(6), 

H10(7), H11(1), 

H12(1) 

0.929 0.00839 H5(7), H6(7), H7(6) 0.8 0.00272 

WLS 18 H1(12), H16(6) 0.667 0.00309 H5(18) 0 0 

   0.909 0.00939  0.714 0.00219 

YM 

JFS 12 H1(11), H5(1) 0.275 0.00063 H4(8), H18(4), 0.667 0.00680 

MLG 16 
H1(12), H13(3), 

H14(1) 
0.423 0.00109 H11(5), H12(5), H13(6) 1 0.00510 

   0.332 0.00079  0.933 0.00969 

Total 232 18 0.424 0.00212 23 0.941 0.01601 
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Table 2 Analysis of molecular variance (AMOVA) based on ITS and Aat sequences for Ulmus lamellosa 898 

Source of variance d.fa SSb Variance components Variance percentage (%) Fixation indices (P < 0.01) 

Among groups 2 26.684(39.147) 0.346(0.981) 40.60(41.96) ΦCT =0.406(ΦCT =0.562) 

Among populations within groups 11 15.287(83.274) 0.123(1.621) 14.43(25.40) ΦSC =0.243(ΦSC =0.254) 

Within populations 231 43.631(55.476) 0.383(1.261) 44.97(32.64) ΦST =0.550(ΦST =0.674) 

In parentheses--the results based on Aat data; Outside parentheses--the results based on ITS data. 899 

 900 
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Table 3 Neutrality tests (Tajima’s D and Fu’s FS tests) and mismatch distribution analyses 

Groups 

ITS sequences Aat sequences 

  Mismatch distribution analyses   Mismatch distribution analyses 

Tajima’s D Fu’s FS SSD (PSSD) HRag (PHRag) Tajima’s D Fu’s FS SSD (PSSD) HRag (PHRag) 

THM 

-2.211 

(P<0.01) 

-10.024 

(P<0.01) 

0.00028 

(0.800) 

0.19533 

(0.630) 

-0.296 

(P>0.1) 

-2.907 

(P>0.1) 

0.010 

(0.250) 

0.013 

(0.880) 

YSM 

0.498 

(P>0.1) 

0.132 

(P>0.1) 

0.404 

(0.350) 

0.072 

(0.420) 

0.413 

(P>0.1) 

-0.071 

(P>0.1) 

0.048 

(0.170) 

0.286 

(0.240) 

YM 

-1.751 

(P>0.1) 

-0.999 

(P>0.1) 

0.009 

(0.540) 

0.234 

(0.560) 

1.394 

(P>0.1) 

-0.839 

(P>0.1) 

0.054 

(0.350) 

0.191 

(0.330) 

Total 

-0.605 

(P>0.1) 

-0.044 

(N.A.) 

0.069 

(0.274) 

0.336 

(0.393) 

0.015 

(P>0.1) 

0.449 

(N.A.) 

0.105 

(0.258) 

0.307 

(0.445) 
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Figture: 904 

 905 

Fig. 1 Geographical distribution and the median-joining network of haplotypes. (a) Geographical 906 

distribution of 18 ITS haplotypes; (b) The median-joining network of 18 ITS haplotypes; (c) 907 

Geographical distribution of 23 Aat haplotypes; (d) The median-joining network of 23 Aat 908 

haplotypes 909 

 910 

 911 
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 912 

Fig. 2 The chronogram for Ulmus lamellose based on BEAST analysis of ITS sequences. 913 

Positions of the fossil calibrations were indicated by a five-pointed star. Divergence times were 914 

labeled on each node. Blue bars at nodes represented the 95% highest probability density (HPD) 915 

for the age of that node. 916 

 917 

 918 

 919 

 920 
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 921 

Fig. 3 The Approximate Bayesian Computation analysis of Ulmus lamellose assessed using 922 

DIYABC software. Time in generations was t (t2≥t1). (a) optimal model (ITS), (c)(e) posterior 923 



 50 

probabilities (ITS), (b) optimal model (Aat), (d)(f) posterior probabilities (Aat). 924 

 925 

 926 

Fig. 4 Estimates of historical gene flow using MIGRATE, contemporary gene flow using 927 

BEYASASS and 95% confidence intervals (CI) (in parentheses) within (a) historical gene flow 928 

based on ITS, (b) contemporary gene flow based on ITS, (c) historical gene flow based on Aat, 929 

and (d) contemporary gene flow based on Aat. 930 

 931 

 932 



Figures

Figure 1

Geographical distribution and the median-joining network of haplotypes. (a) Geographical distribution of
18 ITS haplotypes; (b) The median-joining network of 18 ITS haplotypes; (c) Geographical distribution of
23 Aat haplotypes; (d) The median-joining network of 23 Aat haplotypes



Figure 2

The chronogram for Ulmus lamellose based on BEAST analysis of ITS sequences. Positions of the fossil
calibrations were indicated by a �ve-pointed star. Divergence times were labeled on each node. Blue bars
at nodes represented the 95% highest probability density (HPD) for the age of that node.



Figure 3

The Approximate Bayesian Computation analysis of Ulmus lamellose assessed using DIYABC software.
Time in generations was t (t2≥t1). (a) optimal model (ITS), (c)(e) posterior probabilities (ITS), (b) optimal
model (Aat), (d)(f) posterior probabilities (Aat).



Figure 4

Estimates of historical gene �ow using MIGRATE, contemporary gene �ow using BEYASASS and 95%
con�dence intervals (CI) (in parentheses) within (a) historical gene �ow based on ITS, (b) contemporary
gene �ow based on ITS, (c) historical gene �ow based on Aat, and (d) contemporary gene �ow based on
Aat.
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