
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When tropical and subtropical congeners met

Citation for published version:
Chen, S, Milne, RI, Zhou, R, Meng, K, Yin, Q, Guo, W, Ma, Y, Mao, K, Xu, K, Kim, YD, Do, TV, Liao, W &
Fang, Q 2021, 'When tropical and subtropical congeners met: Multiple ancient hybridization events within
Eriobotrya were detected in the Yunnan-Guizhou Plateau, a tropical-subtropical transition area in China ',
Molecular Ecology. https://doi.org/10.1111/mec.16325

Digital Object Identifier (DOI):
10.1111/mec.16325

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Molecular Ecology

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 16. Dec. 2022

https://doi.org/10.1111/mec.16325
https://doi.org/10.1111/mec.16325
https://www.research.ed.ac.uk/en/publications/7c666339-1bd9-4104-a3cf-09d0f268196a


1 
 

When tropical and subtropical congeners met: Multiple ancient hybridization 1 

events within Eriobotrya were detected in the Yunnan-Guizhou Plateau, a 2 

tropical-subtropical transition area in China   3 

Sufang Chen1*, Richard Milne2*, Renchao Zhou1*, Kaikai Meng1, Qianyi Yin1, Wei 4 

Guo3, Yongpeng Ma4, Kangshan Mao5, Kewang Xu6, Young-Dong Kim7, Truong Van 5 

Do8, Wenbo Liao1, Qiang Fan1 6 

 7 
1 State Key Laboratory of Biocontrol and Guangdong Provincial Key Laboratory of 8 

Plant Resources, School of Life Sciences, Sun Yat-Sen University, Guangzhou 9 

510275, China 10 
2 Institute of Molecular Plant Sciences, University of Edinburgh, Edinburgh EH9 3JH, 11 

UK 12 
3 Department of Horticulture and Landscape Architecture, Zhongkai University of 13 

Agriculture and Engineering, Guangzhou 510225, People’s Republic of China 14 
4 Kunming Botanical Garden, Kunming Institute of Botany, Chinese Academy of 15 

Sciences, Kunming, 650201, China 16 
5 Key Laboratory of Bio-Resource and Eco-Environment of Ministry of Education, 17 

College of Life Sciences, State Key Laboratory of Hydraulics and Mountain  18 

River Engineering, Sichuan University, Chengdu, China 19 
6 Co-Innovation Center for Sustainable Forestry in Southern China, College of 20 

Biology and the Environment, Nanjing Forestry University, Nanjing 210037, China 21 
7 Department of Life Science, Multidisciplinary Genome Institute, Hallym University, 22 

Chuncheon City, South Korea 23 
8 Vietnam National Museum of Nature, Vietnam Academy of Science and 24 

Technology 18 Hoang Quoc Viet, Cau Giay, Ha Noi, Vietnam 25 

 26 
* These authors contributed equally to this work 27 

Authors for correspondence:  28 

Qiang Fan, Email: fanqiang@mail.sysu.edu.cn 29 

Wenbo Liao, Email: lsslwb@mail.sysu.edu.cn 30 

Yongpeng MA, Email: mayongpeng@mail.kib.ac.cn 31 

Kangshan Mao, Email: maokangshan@scu.edu.cn  32 

mailto:fanqiang@mail.sysu.edu.cn
mailto:lsslwb@mail.sysu.edu.cn


2 
 

Running Head: Extensive hybridization in Eriobotrya 33 

 ABSTRACT: 34 

Global climate changes during the Miocene could have created ample opportunities 35 

for hybridization between members of tropical and subtropical biomes at the boundary 36 

between those zones, yet very few studies have tested this hypothesis. The Yunnan-37 

Guizhou Plateau (YGP) in Southwest China is a biodiversity hotspot of vascular plants, 38 

located at a transitional area between the floristic regions of tropical Southeast Asia and 39 

subtropical East Asia. The genus Eriobotrya (Rosaceae) comprises both tropical and 40 

subtropical taxa, and has 12 species recorded from the YGP, making it a good system 41 

to test the hypothesis of between-biome hybridization. Therefore, we surveyed the 42 

evolutionary history of Eriobotrya by examining three chloroplast regions plus five 43 

nuclear genes for 817 individuals (47 populations) of 23 Eriobotrya species (including 44 

19 populations of 12 species in the YGP), plus genome re-sequencing of 33 45 

representative samples. We concluded that: 1) phylogenetic positions for 16 species 46 

(lineages) exhibited strong cyto-nuclear conflicts, most likely due to ancient 47 

hybridization; 2) The YGP is a hotspot for hybridization, where 11 species show clear 48 

evidence of chloroplast capture; 3) Eriobotrya likely originated in tropical Asia during 49 

the Eocene. From the Miocene onwards the intensification of the Eastern Asia Monsoon 50 

and global cooling may have caused shifts of the tropical-subtropical boundary and 51 

secondary contact between species, and thus provided ample opportunity to 52 

hybridization and diversification of Eriobotrya species, especially in the YGP. Our 53 

study highlights the significant role that paleo-climate changes likely played in driving 54 

hybridization and generating rich species diversity in climate transition zones. 55 

 56 

Keywords: Eriobotrya; multiple ancient hybridization; chloroplast capture; genome 57 

resequencing; tropical and subtropical zones; global cooling 58 

INTRODUCTION 59 

Hybridization, defined as crosses between genetically distinct populations (Abbott 60 

et al., 2013) or distinct taxa (Rieseberg, 1997), has attracted rising interest among 61 

evolutionary biologists as an important process in the speciation of plants, animals, and 62 

fungi (Mallet, 2007; Soltis & Soltis, 2009). It has been estimated that as many as 25% 63 

of plant species hybridize naturally, though its prevalence in plant species can vary 64 

dramatically among regions and families (Ellstrand et al., 1996; Whitney et al., 2010). 65 

So far, research on hybridization has mainly focused on cataloging its frequency and 66 

exploring its evolutionary consequences (Goulet, Roda, & Hopkins, 2017), with much 67 

less attention to hot-spot areas where hybridization may be unusually common. 68 

Since the advent of the Eastern Asian monsoon (EAM, approximately 22–25 69 

million years ago [Ma]), the climate in southeastern China has shifted dramatically 70 

from arid to humid (Sun & Wang, 2005; Guo et al., 2008). Xerophilous plants 71 

dominant in the Paleogene were consequently replaced by subtropical evergreen 72 

broadleaved forests, neighboring the tropical evergreen broadleaved forests in the 73 

south (Tao, 2000). Subsequent global cooling from the late Miocene onwards caused 74 
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these subtropical forests to migrate progressively southwards, while maintaining 75 

frequent contact with tropical forests to the south (Jin et al., 2003, Zhu, 2013). This 76 

would have created ample opportunities for hybridization between closely related 77 

species across the tropical and subtropical zones. However, the consequences of such 78 

contact have rarely been explored, and hence little is known about whether 79 

hybridization occurred across this ecological boundary, how often it might have 80 

occurred, and what evolutionary consequences there might have been. 81 

The Yunnan-Guizhou Plateau (YGP) in southwestern China is climatically and 82 

biogeographically located at a transitional area between tropical Southeast Asia and 83 

subtropical East Asia. Strongly affected by the uplift of the Himalayas and the 84 

formation of the eastern monsoon climate, the YGP harbors a great number of 85 

vascular plant species, and has been identified as one of the top biodiversity hotspots 86 

in the world (Barthlott, Lauer, & Placke, 1996). The YGP hence serves as an ideal 87 

region to investigate the role of hybridization in speciation and species diversity in 88 

areas where tropical and subtropical zones meet. 89 

The genus Eriobotrya Lindl. (Rosaceae) is widely distributed across tropical and 90 

subtropical East Asia. Along with its sister genus Rhaphiolepis (which might not be 91 

distinct; Liu et al. 2020), Eriobotrya diverged from Cotoneaster and Heteromeles 92 

approximately 37 million years ago (Zhang et al., 2017), indicating a relatively old 93 

origin. Eriobotrya comprises 29 accepted species, four varieties, and one form 94 

(POWO, www.ipni.orgpowo.science.kew.org, including one species that was recently 95 

described by Kang et al. (2021). Most Eriobotrya species are diploid, there is no 96 

known apomixis in the genus, and all are easily separable by morphology. The YGP is 97 

the most important distribution center of Eriobotrya, with at least 12 Eriobotrya 98 

species recorded there (Gu & Spongberg, 2003; Yang et al., 2005; Li et al., 2013). 99 

Therefore, Eriobotrya serves as a good system to study the roles that hybridization 100 

between species of tropical and subtropical zones has played in the evolutionary 101 

history of the YGP flora. 102 

Within Eriobotrya, spontaneous hybrids (mostly F1 generation) have been 103 

reported between E. japonica (Thunb.) Lindl. and E. prinoides Rehder & E.H.Wilson 104 

in Sichuan (China) (Fan et al. 2014), whereas Liu et al. (2020) detected strong cyto-105 

nuclear incongruence in phylogenetic relationships among nine Eriobotrya species. 106 

Therefore, hybridization might be a significant evolutionary force within this genus, 107 

but a systematic examination is required to determine its extent, and evolutionary 108 

consequences.  109 

In this study, we collected 817 individuals from 47 populations of 23 Eriobotrya 110 

species distributed in China, Vietnam, Myanmar, Nepal, and Malaysia, including 19 111 

populations of 12 Eriobotrya species in the YGP. Based on Sanger sequencing of 112 

three chloroplast regions and five nuclear genes of these samples, haplotype network 113 

and Bayesian clustering analyses were performed to resolve genetic relationships 114 

among these species. Furthermore, shallow whole-genome Illumina sequencing was 115 

performed for 33 representative Eriobotrya samples and one Rhaphiolepis species to 116 

extract sequences of complete chloroplast genomes and 197 single-copy nuclear 117 

genes, which were used to reconstruct chloroplast and nuclear phylogenetic trees with 118 

http://www.ipni.org/
http://www.ipni.org/
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better resolution. By further integration of geographical distribution, ancient climate 119 

and geological changes—we aimed to (i) infer the origin of Eriobotrya and its 120 

subsequent dispersal routes, (ii) identify instances of past hybridization and thereby 121 

infer its roles in the evolutionary history of Eriobotrya, and hence (iii) determine to 122 

what extent hybridization occurred at the boundary of tropical and subtropical zones 123 

in the YGP and elsewhere, and what effect this might have had on the evolution of 124 

Eriobotrya within either biome. 125 

 126 

MATERIAL AND METHODS 127 

Sample collection 128 

A total of 817 individuals were sampled from 47 populations of 23 Eriobotrya 129 

species distributed in China, Vietnam, Myanmar, Malaysia, and Nepal (Fig. 1, Fig. 2 130 

and Table S1), plus 41 individuals of Rhaphiolepis, Cotoneaster, Photinia, and Sorbus 131 

(Table S2). Each population was ascribed to one of three geographical areas based on 132 

its position relative the boundary between tropical and subtropical zones (Institute of 133 

Geography & Chinese Academy of Sciences, 1959; Zhu, 2013) (Table S1): 134 

subtropical China (SUB), and tropical Asia (TRO), and the intermediate area between 135 

them (INT). 136 

From each individual, fresh leaf material was dried and stored with silica gel. 137 

The geographic location of each population was recorded using a Garmin GPS unit 138 

(GPSMAP 62sc, Taiwan) within a margin of 10 m. The voucher specimens for each 139 

population were deposited in the Herbarium of Sun Yat-sen University (SYS). Total 140 

genomic DNA was extracted using a modified CTAB method (Huang, Ge, & Sun, 141 

2000).  142 

Sequence analysis of the population samples 143 

Three chloroplast regions (rbcL, psbB, and rpl20-rps12) and five nuclear genes 144 

(PXMP2, C23H, PEPC, GDSL2, and TPP2) were sequenced for the 817 Eriobotrya 145 

and 41 outgroup samples, using primers designed according to previous studies (Fay, 146 

Swensen, & Chase, 1997; Heinze, 2007; Fan et al., 2014; Li et al., 2017) (Table S3, 147 

q.v. for gene ontology annotations). PCR amplification and Sanger sequencing were 148 

performed according to Fan et al. (2014). 149 

The original sequences were assembled and edited using SeqManTM II 150 

(DNASTAR, Inc., Madison, WI). Indels were identified by sequencing and checking 151 

the sequence chromatogram from both strands. Haplotype inference was implemented 152 

with DNAsp v5.10.01 (Librado & Rozas, 2009). Haplotype networks were 153 

constructed for the concatenated chloroplast regions, and for each of the five nuclear 154 

genes, using Network 4.6.1.2 (www.fluxus-engineering.com) with the median-joining 155 

algorithm (Bandelt, Forster, & Rohl, 1999). 156 

To determine whether each Eriobotrya species maintains a distinct gene pool, or 157 

shows the signal of genetic admixture, Bayesian cluster analyses (Fuchs et al., 2015) 158 

were conducted using STRUCTURE v2.3.4 (Pritchard, Stephens, & Donnelly, 2000). 159 

Individuals with >2 missing genes were excluded and then polymorphic sites for the 160 

five nuclear genes were extracted with DNAsp. To minimize the effect of linkage 161 

disequilibrium (LD), sites with r > 0.2 (calculated with DNAsp) were removed (Xu et 162 
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al., 2019). The remaining polymorphic sites from all five genes were concatenated 163 

and transformed into STRUCTURE input data format by replacing A, T, G, and C 164 

with 0, 1, 2, and 3 respectively, using a custom Perl script. Next, STRUCTURE 165 

analysis was performed on 285 polymorphic sites across 723 individuals of 23 166 

Eriobotrya species to investigate species delimitation and population structure, setting 167 

an admixture model with correlated allele frequency, a 100,000 burn-in period, and 6 168 

iterations of 100,000 Markov chain Monte Carlo replicates per K (2–18). 169 

STRUCTURE HARVESTER (http://taylor0.biology.ucla.edu/structureHarvester/, 170 

Earl, & Vonholdt, 2012) was then used to determine the optimum K. From this 171 

analysis, any gene pool to which more than one species was assigned was termed a 172 

species complex, and in all such cases, STRUCTURE analysis was further performed 173 

on that species complex alone to see whether its components can be discriminated 174 

from one another. 175 

Genome re-sequencing and chloroplast genome assembly 176 

For genome re-sequencing analysis, at least one sample was selected for each 177 

species except for three species that had already been sequenced, i. e. E. japonica 178 

(Jiang et al., 2020), E. laoshanica W.B.Liao, Q.Fan & S.F.Chen (Chen et al., 2020) 179 

and E. shanense D.H. Kang, H.G. Ong & Y.D. Kim (Kang et al., 2021). For any 180 

species whose chloroplast haplotypes had been attributed to >1 different clades, 181 

between 2 and 5 individuals were resequenced. A total of 33 Eriobotrya individuals 182 

from 20 species, plus one Rhaphiolepis individual (Table S1) were selected for 183 

genome re-sequencing. High-quality total DNA was extracted using the TIANamp 184 

Genomic DNA Kit (TIANGEN Biotech Co. Ltd, Beijing), and then sent to Novogene 185 

Co., Ltd. (Beijing, China) for genome re-sequencing using an Illumina Hiseq X Ten 186 

platform. Approximately 6 Gb of clean data were obtained for each individual and 187 

then assembled into a circled chloroplast genome with NOVOPlasty 2.7.2 188 

(Dierckxsens, Mardulyn, & Smits, 2017), using the chloroplast genome and rbcL gene 189 

of E. japonica (GenBank accession: KY085905) as the reference and seed, 190 

respectively. 191 

Phylogenetic reconstruction based on chloroplast genomes 192 

The 34 chloroplast genomes assembled in this study, together with 21 chloroplast 193 

genomes of Eriobotrya, Rhaphiolepis, and 28 other Rosaceae species downloaded 194 

from the NCBI website (Table S4), were aligned using MAFFT v7.407 (Katoh & 195 

Standley, 2013) and then manually checked and adjusted using Mega-X (Kumar et al., 196 

2018). After removing gaps, the aligned chloroplast data were used to reconstruct 197 

phylogenetic trees based on maximum likelihood (ML) using IQ-TREE v1.6.8 198 

(Nguyen et al., 2015) and Bayesian inference (BI) using MrBayes 3.2 (Ronquist et al., 199 

2012). The best-fit model of DNA substitution was determined using IQ-TREE by 200 

calculating the Bayes information criteria. For Bayesian inference, one cold and three 201 

incrementally heated Markov chain Monte Carlo (MCMC) chains were run for 202 

10,000,000 generations with 25% as burn-in. Four Amelanchier spp. were set as the 203 

outgroup species based on Zhang et al., (2017). 204 

Identification of single-copy nuclear genes 205 

Coding-region sequences of 959 single copy nuclear genes shared by Arabidopsis, 206 

http://taylor0.biology.ucla.edu/structureHarvester/
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Populus, Vitis, and Oryza (Duarte et al., 2010) were extracted from the Arabidopsis 207 

thaliana cDNA library 208 

(http://www.plantgdb.org/HKDB/phplib/download.php?GDB=At) using a custom 209 

Perl script. A BLASTn search was then performed against the cDNA library of E. 210 

japonica (Jiang et al., 2020), and 676 top BLAST hits were obtained. Complete 211 

sequences of these 676 genes (including introns and UTRs) were then extracted from 212 

the whole genome sequences of E. japonica according to gene annotations of their 213 

cDNA. Using these genomic sequences as the query, a BLASTn search was 214 

performed against the whole genome sequences of E. japonica to see whether 215 

additional copies existed in the genome. Each gene was considered to be a single-216 

copy gene in Eriobotrya, if no additional copy was detected with a score > 400 and an 217 

identity > 90. Manual checks were further performed to ensure that these BLAST hits 218 

were located on the 17 chromosomes of E. japonica. As a result of this, 197 nuclear 219 

genes were treated as single-copy in the genome of Eriobotrya. 220 

Genome-wide SNPs calling 221 

Illumina sequencing reads were obtained from 42 individuals in total, comprising 222 

33 Eriobotrya individuals and one Rhaphiolepis philippinensis (S.Vidal) Kalkman 223 

individual sequenced in this study, plus eight others: three Cotoneaster species (Meng 224 

et al., 2021), two samples of E. laoshanica (Chen et al., 2020), and one accession each 225 

of Crataegus mollis (Torr. & A.Gray) Scheele (NCBI SRA accession: SRR3157040) 226 

and Malus domestica Borkh. (NCBI SRA accession: DRR183255), and E. japonica 227 

(Jiang et al., 2020). These were cleaned using fastp (Chen et al., 2018) by removing 228 

reads containing five or more unknown “N” bases or those having more than 10% of 229 

bases with a Q value < 20. 230 

Next, using the whole genomic sequences of E. japonica as references, we used 231 

BWA 0.7.12-r1039 (Li, 2013) to map the short reads, SAMtools v1.9 (Li, 2011) to 232 

transform the resulting SAM files into BAM files and remove the duplicate reads, 233 

BCFtools v1.9 (http://samtools.github.io/bcftools/) to call SNPs, and also to filter sites 234 

with low quality (<20), low depth (<5), or those neighboring gaps (<5 bp), then to 235 

merge all outputs, and finally to extract SNPs across all samples. Gaps were not 236 

considered in the following analyses. 237 

Phylogenetic reconstruction based on SNPs in the 197 nuclear genes 238 

 Based on information from gene annotations, BCFtools was used to extract SNPs 239 

from the 197 single-copy nuclear genes across the 42 samples. After removing sites 240 

shared by fewer than 10 samples, bases in each SNP site were extracted for each gene 241 

with a custom Perl script, generating 197 FASTA files for phylogenetic tree 242 

reconstruction. 243 

Several methods that model ILS using multi-locus sequence data have been widely 244 

applied to infer species trees, and here we choose ASTRAL (Zhang et al., 2018) to 245 

construct a species tree. A total of 197 phylogenetic trees were first reconstructed, one 246 

for each gene, using the ML method implemented in IQ-TREE. From these the species 247 

tree was then reconstructed using ASTRAL v5.7.5, with local posterior probability (PP) 248 

and quartet score (QS) calculated for each node. 249 

At the same time, a phylogenetic tree was reconstructed using the ML method based 250 

http://www.plantgdb.org/XGDB/phplib/download.php?GDB=At
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on the concatenated SNPs from the 197 single-copy genes. Best models for each nuclear 251 

gene, and for the concatenated 197 genes, were auto detected with IQ-TREE, setting “-252 

m MFP+ASC”. 253 

Testing for incongruence between chloroplast and nuclear phylogenetic trees 254 

We first identified potential conflict signals by visually comparing support for 255 

any incongruence between the topology based on the chloroplast genome, and that 256 

based on the 197 nuclear genes. To simplify the analyses, we constructed simplified 257 

chloroplast and nuclear databases (SM datasets) by removal of all the species showing 258 

strong incongruence, and constructed ML trees from each such dataset. For each 259 

species that showed incongruence between chloroplast and nuclear data, its sequences 260 

were added to the SM datasets, and two Netwick trees were constructed based on 261 

chloroplast or nuclear data. This was done independently for each such species. Tree 262 

incongruence was then assessed using AU and weighted HW tests implemented in 263 

IQTREE. 264 

Incongruence among gene trees could be explained by introgressive 265 

hybridization, or incomplete lineage sorting (ILS) (Maddison, 1997). To test whether 266 

ILS alone can explain incongruence between chloroplast and nuclear phylogenetic 267 

trees, DendroPy 4.4.0 (Sukumaran & Holder, 2010) was applied to simulate 20,000 268 

chloroplast trees under the coalescent scenario, using the species tree as a guide tree 269 

with branch lengths scaled by four to account for the fact that any uni-parentally 270 

inherited organelle genome has one fourth of the effective population size of the bi-271 

parentally inherited autosomal nuclear genes (Folk, Mandel, & Freudenstein, 2017, Li 272 

et al. 2021). Clade frequency of the simulated chloroplast genes was summarized on 273 

the empirical chloroplast tree with Phyparts (Smith et al., 2015). It was assumed that 274 

clades from the chloroplast tree should be present in the simulated gene trees with a 275 

high frequency under a scenario of ILS alone, whereas under a scenario of 276 

hybridization they would be unique to the empirical chloroplast tree and be absent or 277 

at low frequency in the simulated gene trees. 278 

Gene flow detection 279 

The program Dsuite (Malinsky, Matschiner, & Svardal, 2021) facilitates rapid 280 

genome scale estimations of gene flow across tens or even hundreds of populations or 281 

species directly based on the four-taxon D-statistic. We set as inputs the VCF file 282 

generated from genome-wide SNPs calling, plus the ML tree produced from the 283 

concatenated 197 nuclear genes, with R. philippinensis designated as outgroup, then 284 

Dsuite was used to calculate the D statistic, f (the admixture fraction), and test 285 

whether D is significantly different from zero. The D-statistic estimates were then 286 

visualized with the Ruby script “plot_d.rb” (https://github.com/mmatschiner), in 287 

which each square represented the highest estimate of D for each combination of P2 288 

and P3 taxa. 289 

Species network analysis 290 

Due to computer limitations, the 33 Eriobotrya samples sequenced in this study 291 

and two samples of E. laoshanica sequenced previously (Chen et al., 2020) were 292 

divided into small datasets containing 10-15 samples to detect possible reticulation 293 

events using PhyloNet 3.8.0 (Wen et al., 2018). In addition, 197 individual gene trees 294 

https://github.com/mmatschiner
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were generated for each dataset based on the ML method implemented in IQTREE. 295 

Finally, species networks that model ILS and gene flow were inferred with PhyloNet. 296 

Network searches were performed with the command “InferNetwork_MPL” allowing 297 

nodes with support > 0.8 (-b 0.8), between 0 and 4 hybridization events, and 50 runs 298 

of the search. Whether diversification in Eriobotrya was tree-like or reticulate was 299 

indicated by the log-pseudolikelihood values. 300 

Based on the above analyses, six possible reticulation events were revealed: one 301 

was detected between species in tropical Asia, one in subtropical China, and four in 302 

the intermediate area. Three datasets were then assembled to show all possible 303 

reticulation events according to the geographic distributions of sampled material 304 

(Table S1) and their phylogenetic relationships. Dataset TRO comprised all 305 

populations collected from the geographical area TRO, plus two populations from the 306 

geographical area INT that fell within the same clade, with Cotoneaster Medikus set 307 

as outgroup for this clade. Dataset INT comprised all remaining populations collected 308 

from the geographical area INT, with E. bengalensis (Roxb.) Hook. f. was set as the 309 

outgroup. Finally, dataset SUB comprised nine populations collected from the 310 

geographical area SUB, belonging to three species all of which also have populations 311 

in TRO or INT, i.e. E. cavaleriei (H. Léveillé) Rehder, E. fragrans Champion ex 312 

Bentham and E. deflexa (Hemsl.) Nakai., with E. bengalensis again set as outgroup.  313 

Divergence time estimation 314 

Complete chloroplast genomes of the 33 Eriobotrya samples, one Rhaphiolepis 315 

sample, and 49 chloroplast genomes downloaded from the NCBI website were 316 

aligned with MAFFT. After removing gaps, Bayesian analyses were performed using 317 

BEAST version 1.8.4 (Drummond et al., 2012), setting an uncorrelated lognomal 318 

relaxed clock, the GTR + I + F + G4 nucleotide substitution model, and a Yule 319 

speciation process. Markov chain Monte Carlo (MCMC) analyses were performed for 320 

20 million generations, and parameters were sampled every 1000th generation. 321 

Convergence of the MCMC chain to its stationary distribution was assessed in Tracer 322 

v1.5 (beast.community/tracer), and then a consensus tree was produced using 323 

TreeAnnotator after burn-in of the first 5000 trees. 324 

Based on previous research on tribe Pyreae, Rosaceae (Xiang et al., 2016, Zhang 325 

et al., 2017), the genera Amelanchier, Photinia and Cotoneaster are closely related to 326 

Eriobotrya and Rhaphiolepis. Three constraint points were therefore set according to 327 

the fossil records of Amelanchier, Photinia, and Cotoneaster (Wolfe & Wehr, 1987, 328 

1988; Yang & Yang, 2010), setting the minimum age of the stem node of the most 329 

recent common ancestor (MRCA) of each genus to 40.4, 40.4, and 15.5 Ma 330 

respectively. For the three constraint points, we used a log-normal distribution with a 331 

mean of 1.5, and a standard deviation of 1. 332 

For the tree based on 197 concatenated nuclear genes, Crataegus, Cotoneaster, 333 

and Malus were selected as outgroup. The TN93+I+G4 nucleotide model was selected 334 

to perform the BEAST analysis, as mentioned above. As Crataegus formed a sister 335 

relationship with Amelanchier, the minimum root age of the tree and the minimum 336 

divergence time between Cotoneaster and other genera were set to be 40.4 and 15.5 337 

Ma, respectively. 338 
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Inferring the ancient distribution of Eriobotrya 339 

All the 33 Eriobotrya samples that were re-sequenced in this study, plus E. 340 

laoshanica (re-sequenced in our previous study, Chen et al. 2020), R. indica 341 

(Linnaeus) Lindley (common in subtropical southeastern China) and R. philippinensis 342 

(re-sequenced in this study), were ascribed to one of the three geographical areas 343 

defined above (TRO, SUB or INT, Table S1). The online software PastML 344 

(https://pastml.pasteur.fr/, Ishikawa et al., 2019) was then used to infer the ancestral 345 

distribution of every inner nodes within the rooted chloroplast ML phylogenetic tree. 346 

RESULTS 347 

Haplotype network based on population data 348 

For the concatenated three chloroplast regions, reliable sequences were obtained 349 

for 640 individuals and the aligned length was 2,918 bp. After removing gaps, a total 350 

of 37 haplotypes were identified across all the sampled Eriobotrya and Rhaphiolepis 351 

species. According to the chloroplast haplotype network (Fig. 3a), these 37 haplotypes 352 

can be divided into five clades, each of which occupies a distinct geographical area 353 

(Fig. 2, Table S5). These clades are: 1) cSA, comprising ten haplotypes sampled from 354 

the geographical area TRO, plus two sampled from the geographical area INT; 2) 355 

cYN consisting of two haplotypes of Rhaphiolepis and nine Eriobotrya haplotypes 356 

sampled from INT (all in the YGP); 3) cSC, including one haplotype sampled from 357 

TRO, four from INT, and all three haplotypes sampled from the geographical area 358 

SUB; 4) cRH comprising five haplotypes of Rhaphiolepis; and 5) cHK, comprising 359 

only one haplotype sampled from INT. 360 

For the five nuclear genes, reliable sequences were obtained for between 744 and 361 

786 individuals, and the aligned length ranged from 379 to 835 bp. The number of 362 

polymorphic sites ranged from 65 to 188, which defined between 87 and 202 363 

haplotypes. These nuclear genes harbored very high haplotype diversity, ranging from 364 

0.829 to 0.971 (Table 1). According to the haplotype network of the gene PXMP2 365 

(Fig. 3b), three clades could be identified: 1) nRH including all the Rhaphiolepis 366 

species; 2) nSA containing five species sampled from TRO and two species (E. 367 

seguinii and E. henryi) from the YGP; and 3) nSC, including all other Eriobotrya 368 

species. In the haplotype network of the gene TPP2, the clade nSA was subdivided 369 

into two subclades, nSAI and nSAII; also a new clade nYN was formed comprising 370 

multiple haplotypes of seven species mostly from the YGP, however all these seven 371 

species also had haplotypes in the clade nSC (Fig. 3c). In the haplotype networks of 372 

PEPC and C23H, the clade nSA was again subdivided, but this time into four 373 

subclades (Fig. 3d and Fig. S1a). However, the last nuclear gene GSDL2 did not 374 

provide clear resolution (Fig. S1b). 375 

Structure analysis of the concatenated five nuclear genes 376 

Analyses from Structure Harvester showed that the highest ΔK value was at K = 4 377 

(Fig. 4a and Fig. 4b). The assignment results for K = 4 divided the 723 individuals of 378 

Eriobotrya species examined into 4 gene pools (G1-4), each of which demonstrated a 379 

small amount of admixture with other gene pools (Fig. 4c). The second highest ΔK 380 

value was at K = 12, at which gene pool G2 was unaffected but G1, G3 and G4 381 

subdivided into two, five and four categories, respectively. Within G3, there was 382 

https://pastml.pasteur.fr/
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admixture between the Yunnan taxa E. obovata W. W. Smith, E. salwinensis Handel-383 

Mazzetti, E. elliptica Lindley and E. bengalensis Hook. f. var. angustifolia Cardot; 384 

within G4, E. cavaleriei was divided across two categories, one of them shared with 385 

E. fulvicoma W. Y. Chun ex W. B. Liao, F. F. Li & D. F. Cui. Among the 12 gene 386 

pools at K=12, only four gene pools comprised a single species, four showed a degree 387 

of admixture between species, and four comprised two or more species and were 388 

hence defined as species complexes (C1-C4, Fig. 4d). STRUCTURE analyses were 389 

then performed independently on each of these four complexes and these showed that 390 

most Eriobotrya species were distinct (Fig. 4e-h), with two exceptions: E. sp2 391 

comprised a mixture of germplasm from E. japonica and E. malipoensis K. C. Kuan 392 

(Fig. 4g), whereas E. deflexa (from Hainan) shared same gene pool with E. fragrans 393 

(Fig. 4h). 394 

Phylogenetic analysis based on chloroplast genomes 395 

Complete chloroplast genome sequences were obtained for all the 33 Eriobotrya 396 

individuals and one R. philippinensis individual. The assembled chloroplast size 397 

varied from 159,853 bp (R. philippinensis) to 161,460 bp (E. prinoides Rehder & E. 398 

H. Wilson), with an average of 160,153 bp. In combination with 49 chloroplast 399 

genome sequences downloaded from the NCBI nucleotide database, the aligned 83 400 

chloroplast genomes were 148,931 bp in length after removing gaps. With 401 

Amelanchier as the outgroup, the chloroplast phylogenetic trees based on ML and 402 

Bayes methods had identical topology, in which all the ingroup species fell into the 403 

same five clades as for the chloroplast haplotype network analysis, with high support 404 

values for each clade (Fig. 5a). 405 

Phylogenetic analysis based on 197 nuclear genes 406 

The species tree constructed from 197 single-copy nuclear genes revealed that 407 

Rhaphiolepis diverged first from all the Eriobotrya species, forming an independent 408 

clade nRH. All the Eriobotrya species could be divided into three clades (nSAI, 409 

nSAII, and nSC, Fig. 5b) with high support values (QS > 40 and PP = 1.00). Within 410 

the genus, 25 nodes had high support values (QS > 40 and PP ≥0.99), while 11 nodes 411 

in the subclade nSC had low support values (QS < 40 and PP < 0.9). The QS value for 412 

the species tree was estimated to be 0.70. 413 

The ML and Bayesian trees constructed from the concatenated SNPs from the 197 414 

nuclear genes were identical to one another, and also very similar to the species tree 415 

(Fig. 5b), except for of minor differences around three nodes (Fig. S2). 416 

Species in conflict and tests of incongruence 417 

Careful comparison of the haplotype networks (Fig. 3) and phylogenetic trees 418 

(Fig. 5) constructed from the chloroplast and nuclear datasets showed that 419 

phylogenetic positions for most Eriobotrya species were in strong conflict. To clarify 420 

their relationships, phylogenetic trees were constructed from only ten Eriobotrya 421 

species for which no strong conflict was detected, plus one Cotoneaster outgroup, 422 

based on chloroplast genomes and the concatenated nuclear genes (Fig. 5c). However, 423 

even within this reduced tree phylogenetic positions for three species were slightly 424 

different between the chloroplast and nuclear trees. However support values on the 425 

nodes involved in each of these conflicts were low in chloroplast and/or nuclear trees 426 
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(BS≤90), so the incongruence was only weakly supported.  However, the AU and 427 

weighted SH tests for the three species with conflicting positions (Table S6) showed 428 

that for two of them (E. angustissima Hook.f. and E. deflexa), the nuclear data 429 

significantly rejected the phylogenetic trees constructed from chloroplast data, 430 

whereas chloroplast data could not reject the phylogenetic trees constructed from 431 

nuclear data. For the third conflicted species (E. laoshanica), the reverse was true: i.e. 432 

nuclear data could not reject the chloroplast tree, while the chloroplast data rejected 433 

the nuclear tree significantly (Table S6). Hence, the phylogenetic relationships among 434 

the 11 species were defined as shown in Table S6. 435 

R. philippinensis and the remaining 25 Eriobotrya individuals with strongly 436 

conflicted positions were each added individually to the simplified dataset and then 437 

AU and weighted SH tests (Table S7) were performed. For every one of these 438 

individuals, the nuclear data significantly rejected trees from chloroplast genome data, 439 

and vice versa. 440 

In addition, a total of 20,000 chloroplast trees were simulated using the software 441 

Dendropy and mapped to the empirical chloroplast ML tree (Fig. S3). It was apparent 442 

that most clades were unique to the empirical chloroplast tree and absent in the 443 

simulated trees, supporting a scenario of hybridization. 444 

Species networks construction 445 

The PhyloNet network analyses predicted one hybridization event each in the 446 

TRO and SUB datasets, and four hybridization events within the INT dataset (Fig. 6) 447 

based on the log-pseudolikelihood values (Table S8). PhyloNet analyses were also 448 

performed with many other combinations of samples, and no additional hybridization 449 

events were predicted. 450 

ABBA-BABA tests for gene flow among species and populations 451 

D-statistics resolved a species complex not resolved by other methods, here 452 

termed the S-O-T-B complex, comprising E. salwinensis, E. obovata, E. 453 

tengyuehensis W. W. Smith, and E. bengalensis var. angustifolia. Furthermore, D-454 

statistics showed multiple significant reticulation events between species, of which 455 

three were clearly resolved (Fig. 7): 1) between E. cavaleriei (including E. fulvicoma) 456 

and the S-O-T-B complex; 2) between E. prinoides (together with its two close 457 

relatives E. grabrescens J.E.Vidal, Adansonia sér. and E. elliptica) and the S-O-T-B 458 

complex; 3) between E. serrata J. E. Vidal and E. malipoensis (together with its two 459 

close relatives E. japonica and E. sp2 in Vietnam). 460 

Divergence time estimation  461 

Based on the chloroplast genome data, the stem age of Eriobotrya was dated to 462 

41.07 Ma (95% HPD: 38.95–45.10 Ma, Fig. 8a). Rhaphiolepis was nested within 463 

Eriobotrya and together they formed a monophyletic group, whose TRMCA or crown 464 

age was dated to 31.80 Ma (95% HPD: 29.49–35.33 Ma), at which time clade cSA 465 

diverged from other Eriobotrya and the eight Rhaphiolepis species examined. Clade 466 

cSC diverged next, ~14.37 Ma (95% HPD: 12.82–16.11 Ma), followed by cHK 467 

(comprising only E. fragrans from Hong Kong) ~13.46 Ma (95% HPD:12.02–15.12 468 

Ma). Finally, clade cRH (formed by the Rhaphiolepis species) diverged from cYN 469 

~13.11 Ma (95% HPD: 11.74-14.77 Ma).  470 
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Based on the concatenated 197 nuclear genes, the stem age of all the Eriobotrya 471 

species plus R. philippinensis was dated to 40.52 Ma (95% HPD: 38.21–45.78 Ma, Fig. 472 

8b), and R. philippinensis diverged from the monophyletic group containing all the 473 

Eriobotrya species at about 25.21 Ma (95% HPD: 23.65–28.48). Within Eriobotrya, 474 

clades nSAI and nSAII diverged from clade nSC successively at 21.97 Ma (95% HPD: 475 

20.65–24.85 Ma) and 19.55 Ma (95% HPD: 18.33–22.08 Ma), respectively. Within 476 

clade nSC, subclades nSCI, nSCII, nSCIII, and nSCIV diverged from subclade nSCV 477 

at 14.01 Ma (95% HPD: 13.14–15.85 Ma), 12.66 Ma (95% HPD: 11.85–14.31 Ma), 478 

10.97 Ma (95% HPD: 10.27–12.40 Ma), and 10.07 Ma (59% HPD: 9.44–11.40 Ma), 479 

respectively. 480 

Ancestral distribution of the Eriobotrya species 481 

PastML analyses assigned the ancestor of all the Eriobotrya species, and all the 482 

inner nodes of clade cSA, to the tropical area. Within clade cSC, the two inner nodes of 483 

the three species in subtropical China (E. cavaleriei in Jixangxi, E. fragrans in 484 

Guangdong, and E. fulvicoma in Guangdong) were assigned to the subtropical area, 485 

while all the other inner nodes were assigned to the intermediate area (Fig. S4).  486 

DISCUSSION 487 

Here, we provide multiple forms of evidence to support a central hypothesis that 488 

global climate changes during the Miocene could have created ample opportunities for 489 

hybridization between members of tropical and subtropical biomes at the boundary 490 

between those zones. We focused our research on the genus Eriobotrya and the Yunnan-491 

Guizhou Plateau (YGP) in Southwest China, which is a transitional area between the 492 

tropical Southeast Asia and the subtropical East Asia floristic regions, and found that 493 

numerous hybridization events in Eriobotrya are likely to have taken place and 494 

contributed to the rich species diversity in the genus. A recent phylogenetic delineation 495 

of biogeographic regions for Chinese flora (Ye et al., 2019) suggests different affinities 496 

for the YGP depending on methodology: based on taxonomic regionalization, it is a 497 

part of the tropical Southeast Asia floristic region, yet according to phylogenetic 498 

regionalization it is part of the subtropical East Asia floristic region. This reflects the 499 

complex evolutionary history of vascular in this biodiversity hotspot (Ye et al., 2019), 500 

but rampant hybridization might be a contributor to this anomaly.  Hence we advocate 501 

that hybridization during diversification, as detected here in Eriobotrya, was a key 502 

process during the evolution of regional flora at the transitional area between the 503 

tropical and subtropical floristic regions of East Asia.  504 

  505 

Extensive cyto-nuclear conflicts in Eriobotrya 506 

Recent studies using high throughput sequencing found that extensive interspecific 507 

gene flow commonly occurs in temperate and tropical trees (Larson et al., 2021; Linan 508 

et al., 2020; Schley et al., 2020; Wang et al., 2020), and our phylogenetic survey also 509 

revealed multiple instances of interspecific gene flow in Eriobotrya. The phylogenetic 510 

positions of R. philippinensis and 16 Eriobotrya species exhibited strong cyto-nuclear 511 

conflicts between a phylogenetic tree constructed from chloroplast genomes (Fig. 5a) 512 

and that based on 197 nuclear genes (Fig. 5b). Possible explanations for such 513 

incongruences include ILS, gene tree estimation errors, or interspecific gene flow 514 
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(hybridization) (Morales-Briones, Liston, & Tank, 2018).  The mapping of the 20,000 515 

simulated chloroplast trees with the empirical chloroplast tree (Fig. S3) indicated that 516 

hybridization rather than ILS caused most of these strong cyto-nuclear conflicts. Further, 517 

ILS would lead to random retention patterns for ancestral chloroplast genomes (Escobar 518 

et al., 2011; Ferrer Obiol et al., 2021). Under ILS, therefore, the 11 YGP species that 519 

exhibit cyto-nuclear conflict would be expected to be randomly distributed across the 520 

cYN, cSC, or cSA clades of the chloroplast phylogenetic tree, but in fact all of them 521 

retained chloroplast genomes from the common ancestor of the clade cYN. 522 

Artificial hybridization experiments among 12 Eriobotrya species showed that 523 

nearly 70% of inter-specific combinations successfully set fruits (Li et al., 2016), 524 

suggesting that post-zygotic reproductive isolation in Eriobotrya species is incomplete. 525 

Furthermore, hybridization events commonly leave only one cytotype within the 526 

resulting lineage (Seehausen, 2004). Taken together, this indicates that the occurrence 527 

of multiple hybridization events is the most probable explanation for most of these cyto-528 

nuclear conflicts within Eriobotrya. Specific hybridization events that would explain 529 

the observed discordance in each of the 17 species that exhibit it are summarized and 530 

listed in Table 2. 531 

Regarding the consequences of these hybridization events, haplotype networks of 532 

four nuclear genes examined (Fig. 3b, 3d, Fig. S1) supported that nuclear haplotypes 533 

for 14 Eriobotrya species involved in hybridization could all come from their male 534 

parents, as their putative parents located in different clades and all these nuclear 535 

haplotypes were found in the clade of their male parents. For the last two species E. 536 

fragrans in Guangdong and E. bengalensis var. angustifolia, both parents located in the 537 

same clades, and nuclear haplotype network did not provide clear clues about whether 538 

they came from male or female parents. However, in the haplotype network of the last 539 

nuclear gene TPP2 (Fig. 3c), seven of the species involved in hybridization in the YGP 540 

each possessed two categories of haplotypes: in each case, one category of haplotypes 541 

clustered in the clade nSC representing the paternal genome, and the other category of 542 

haplotypes formed the clade nYN representing the maternal genome. These data 543 

provided clear clues that hybridization has occurred during the evolutionary history of 544 

these species, however it appears that only a small part of the maternal genomes have 545 

been retained in the genomes of putative hybrid lineages. In such cases, the detection 546 

of hybridization events based on nuclear data alone may be difficult. In this study, 547 

although Bayesian clustering analysis (Fig. 4), species network analysis (Fig. 6), and 548 

gene flow analysis (Fig. 7) were performed on nuclear data, none of them successfully 549 

identified the above predicted hybridization events. This phenomenon, termed 550 

chloroplast capture, probably results from hybridization between two species, followed 551 

by repeated backcrossing with the pollen donor, yielding a hybrid entity with the 552 

nuclear genome nearly the same as male parent and the chloroplast genome of the 553 

female parent (Seehausen, 2004, Soltis, 2013; Acosta & Premoli, 2010; Hojjati et al., 554 

2019).  555 

Of particular interest is that certain clades present in the chloroplast tree (cYN, cRH, 556 

and cHK; Fig. 5a) were absent from the nuclear tree (Fig. 5b), with the species 557 

concerned distributed across other clades. This pattern could also be seen in haplotype 558 
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network analyses with population data (Fig. 3 and Fig. S1). This means that none of the 559 

23 sampled Eriobotrya species could have served as chloroplast donors to species 560 

within the missing clades (cYN, cRH, or cHK), and because our study sampled all 16 561 

Eriobotrya species recorded from China, including all 12 from the YGP, it is very 562 

unlikely that any extant local species could be the donor in these cases. Instead, it 563 

appears that the donor species are either extinct or might in some cases have migrated 564 

southwards into tropical Asia. 565 

Hybridization hotspot in the YGP, a tropical-subtropical transition zone 566 

Although hybridizations and hybrid zones between plant species pairs have 567 

occasionally been reported in transitional zones along various environmental gradients 568 

(e.g. latitudinal or altitudinal gradients, and vegetation transition zones; Abbott, 2017), 569 

there have been very few reports of extensive hybridization events within a single genus 570 

within a particular biome transition zone. Nevertheless, in our study, 11 of the 12 571 

Eriobotrya species collected from the YGP had been involved in hybridization events, 572 

suggesting a pattern of multiple hybridization events facilitating species diversification. 573 

These 11 species formed a monophyletic clade (cYN) in the chloroplast tree (Fig. 5a), 574 

whereas in the nuclear tree, two of them clustered with the widespread species E. 575 

bengalensis in the clade nSA, while the remaining nine were scattered across clade nSC 576 

(Fig. 5b). A plausible explanation is that at least four species of the clade nSC in 577 

subtropical China, and also E. bengalensis from tropical Asia, had invaded the YGP, 578 

hybridized with and ultimately replaced local species. These processes could have 579 

occurred simultaneously through pollen swamping and repeated backcrossing to the 580 

invader, leading to eventual chloroplast capture. 581 

Chloroplast capture events observed in tropical Asia could also have resulted from 582 

the southward dispersal of Eriobotrya species currently in the YGP, such as E. serrata 583 

in Vietnam and E. bengalensis var. angustifolia in Myanmar (Table 2). E. serrata might 584 

have further spread to tropical areas such as Vietnam and Myanmar, possibly invading 585 

the range of a congener by hybridizing with standing stock of another species, then 586 

gradually replacing it by repeated crossing, especially if changing conditions caused 587 

selection to favour the invader. This could lead to chloroplast capture by the invader, 588 

for example, Betula pubescens captured the plastid of B. nana (Eidesen, Alsos & 589 

Brochmann 2015). This might also have occurred in E. elliptica sampled from Tibet, 590 

China and E. glabrescens from Myanmar (Table 2). It is also possible that E. prinoides 591 

in the YGP captured cpDNA of local species during further spread to tropical areas of 592 

Tibet then Myanmar in this way.  593 

Furthermore, both PhyloNet and STRUCTURE analysis revealed reticulate 594 

evolution among the S-O-T-B complex, which comprises four taxa endemic to the YGP: 595 

E. salwinensis, E. obovata, E. tengyuehensis and E. bengalensis var. angustifolia; 596 

however these analyses showed different relationships among them. Furthermore, D-597 

statistics revealed significant gene flow between the S-O-T-B complex and both E. 598 

cavaleriei and E. prinoides (Fig. 7). The quartet score and local posterior probability 599 

for the phylogenetic position of the S-O-T-B complex were very low (QS=34 and 600 

PP=0.39), also indicating strong conflict among gene trees (Fig. 5b). Therefore, 601 

hybridization might have been involved in the origin of the S-O-T-B complex, 602 
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diversification within it, and/or its subsequent interaction with species outside the 603 

complex.  604 

In addition, PhyloNet analysis supported gene flow from the ancestor of E. 605 

cavaleriei to the ancestor of E. malipoensis and from the ancestor of E. malipoensis to 606 

E. serrata (Fig. 6c), with the latter further supported by D-statistics (Fig. 7) and the low 607 

values of QS and PP for the phylogenetic position of the subclade nSCII (QS=39 and 608 

PP=0.8, Fig. 5b). In the STRUCTURE analysis across 727 individuals of 23 Eriobotrya 609 

species, instances of genetic admixture occurred sporadically across many Eriobotrya 610 

species, suggesting interspecific gene flow involving numerous Eriobotrya species (Fig. 611 

4c-d). Within the clade nSC in the nuclear species tree (Fig. 5b), QS and PP values for 612 

11 nodes were very low (QS<40 and PP<0.90), showing conflicts in gene trees possibly 613 

resulting from ILS, tree estimation errors or hybridization. Hence, our study revealed 614 

an extraordinarily complicated history of reticulate evolution among Eriobotrya species, 615 

especially in the YGP. Nevertheless, the STRUCTURE analysis based on unlinked 616 

SNPs in five nuclear genes showed that most species can be assigned to independent 617 

gene pools (Fig. 4d-h) indicating that these species are independent evolutionary units 618 

that may have experienced, and in many cases been altered or even formed by, ancient 619 

hybridization events. 620 

Paleoclimate changes drove diversification and hybridization of Eriobotrya 621 

The reconstructed biogeographic history suggests that Eriobotrya most likely 622 

expanded northward to southern China from tropical areas, and diverged into two clades, 623 

one from tropical Asia and the other southern China. Ancestral area reconstruction 624 

indicated that Eriobotrya probably originated from tropical areas (Fig. S4), and that it 625 

diverged (along with its sister genus Rhaphiolepis) from other related genera at 41.07 626 

Ma based on chloroplast genome analysis (Fig. 8a), or 40.52 Ma based on nuclear data 627 

(Fig. 8b), slightly earlier than previous estimates based on chloroplast genomes (~36 628 

Ma (Zhang et al., 2017) or transcriptome analyses (~34 Ma; Xiang et al., 2016). This 629 

period corresponded to the warm Eocene, when most genera of Maleae first arose 630 

(Zhang et al. 2017). Around 9 Ma later, ~31.80 Ma, Eriobotrya diversified into a 631 

tropical Asian clade (cSA) and a predominantly southern Chinese clade (comprising the 632 

four subclades cHK, cRH, cSC, and cYN) (Fig. 8a), indicating that Eriobotrya had 633 

spread to southern China around the early Oligocene. 634 

The establishment of the East Asian Monsoon (EAM) (22–25 Ma) greatly changed 635 

the climate in subtropical China, creating many suitable habitats for the development 636 

of subtropical evergreen forests (Tao, 2000). The global temperature reached a climatic 637 

optimum at 14–16 Ma, coincident with the intensification of the EAM at ~14 Ma (Sun 638 

& Wang, 2005, Zachos et al., 2001). This intensification of the EAM might have 639 

supported a high speciation rate in southern China (Kong et al., 2017), such as the early 640 

diversification and subsequent radiation of the fern genus Lepisorus in the Miocene and 641 

Pliocene (Wang et al., 2012). In this study, crown diversification within the subtropical 642 

Chinese clade (cHK+cRH+cSC+cYN) was dated to 14.37 Ma (Fig. 8a), while the 643 

TMRCA of the nuclear clade nSC was also dated to a similar age (14.01 Ma, Fig. 8b). 644 

Hence the intensification of EAM and the climatic optimum during the Miocene might 645 

have provided a suitable environment for the spread of these Eriobotrya species in 646 
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subtropical China, which further diversified into four clades (cYN, cRH, cSC, and cHK 647 

in Fig. 5 & 8).  648 

Among these, Clade cYN comprises 11 Eriobotrya species, all of which were 649 

involved in ancient hybridization events. Based on the TRMCA of this clade (8.35 Ma) 650 

and the ages of its internal nodes (mostly 6-8 Ma), it appears that most of those 651 

hybridization events occurred in the YGP around 6-9 Ma and later, during or after the 652 

intensification of the EAM around 7-9 Ma (Lu & Guo, 2014). Kadereit (2015) proposed 653 

that climate-induced changes in distribution ranges could have greatly promoted hybrid 654 

speciation. Climate-driven range expansion can cause lineages to meet and hybridise, 655 

whereas contraction of parental lineages could result in geographical isolation and the 656 

stabilization of hybrid lineages newly isolated from their parents, such as the speciation 657 

of Ostryopsis intermedia (Liu et al., 2014, Wang et al., 2021) and Pinus densata (Wang 658 

et al., 2011). 659 

The co-occurrence of the intensification of the EAM and continuous global cooling 660 

during the late Miocene could have greatly changed local habitats within the YGP and 661 

adjacent regions, possibly favouring certain hybridised lineages that combined 662 

beneficial germplasm from original local stock with that from invaders.  This cooling 663 

might also have caused southward migration of many lineages into tropical areas such 664 

as Vietnam and Myanmar, leading to further instances of hybridization, only this time 665 

with cooler-adapted lineages invading the range of tropical ones. Notably, the 666 

chloroplast phylogeny contains three clades (cYN, cRH, and cHK) that are not in the 667 

nuclear tree, suggesting that the members of each of these clades donated chloroplasts 668 

to invading lineages before going extinct, perhaps due to climate change and/or 669 

competition from invading and hybrid lineages.  670 

Overall, the history of Eriobotyra appears to be one in which range shifts and 671 

invasions seem to have occurred at the genomic level, rather than the species level, in 672 

a lot of its lineages. 673 

CONCLUSION         674 

Our work demonstrated multiple and frequent hybridization events in Eriobotrya, 675 

mostly centered in the YGP, which bordered the tropical and subtropical zones. Based 676 

on our data, we postulate that climatic warming in the mid-Miocene (ca. 14 Ma) 677 

allowed tropical and subtropical Eriobotrya species to invade the YGP, possibly leading 678 

to multiple hybridization events with local species as part of the invasion process. Later, 679 

a comparable process occurred in the opposite direction as global cooling allowed the 680 

resultant lineages to invade more tropical areas to the south and interact with lineages 681 

there. At the same time, the intensification of the EAM and the continuous global 682 

cooling during the late Miocene (approximately 8 Ma) could have favored hybrid 683 

lineages over local species in the YGP, promoting their establishment and extinction, 684 

respectively.  685 

In addition to these climate change-driven processes, further hybridization events 686 

occurred among lineages within the YGP leading to the formation of the S-O-T-B 687 

complex. Therefore the YGP, serving as the distribution and biodiversity center of 688 

Eriobotrya, has greatly contributed to the speciation and diversification of Eriobotrya. 689 

All in all, our case study using Eriobotrya as a model system highlights the potential 690 



17 
 

contribution of paleoclimate change to driving hybridization, and consequent range 691 

invasions at a genomic level, promoting rapid species diversification in climate 692 

transition zones. 693 

 694 
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Tables 969 

 970 

Table 1 Genetic diversity of the five nuclear genes 971 

Loci Number of 

individuals (N) 

Aligned 

length 

polymorphic 

sites (S) 

Number of 

Haplotypes (H) 

Haplotype 

diversity Hd 

Nucleotide 

diversity (π) 

PMP2 744 835 161 175 0.971 0.011 

C23H 787 684 188 202 0.946 0.010 

PEPC 765 676 116 139 0.934 0.007 

GDSL2 780 415 65 87 0.857 0.010 

TPP2 786 379 100 101 0.829 0.016 

972 

https://doi.org/10.1016/j.palaeo.2013.04.007
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Tables 2 Putative hybrid species and their parent species predicted from cyto-nuclear conflicts in 973 

phylogenetic trees 974 

Putative hybrid species Putative Female parent Putative Male parent Locations 

Rhaphiolepis species Ancestor of the RH clade Rhaphiolepis sp. ? 

E. henryi Ancestor of the YN clade E. bengalensis  China: Yunnan 

E. seguinii Ancestor of the YN clade E. bengalensis China: Yunnan 

E. prinoides Ancestor of the YN clade Ancestor of E. prinoides China: Yunnan 

E. salwinensis Ancestor of the YN clade Ancestor of E. prinoides China: Yunnan 

E. bengalensis var. 

angustifolia in Yunnan 

Ancestor of the YN clade Ancestor of E. prinoides China: Yunnan 

E. obovata Ancestor of the YN clade Ancestor of E. prinoides China: Yunnan 

E. tengyuehensis Ancestor of the YN clade Ancestor of E. prinoides China: Yunnan 

E. malipoensis Ancestor of the YN clade Ancestor of E. japonica China: Yunnan 

 Ancestor of E. cavaleriei Ancestor of E. japonica China: Yunnan 

 Ancestor of E. laoshanica Ancestor of E. japonica China: Yunnan 

E. serrata in Yunnan Ancestor of the YN clade Ancestor of E. japonica China: Yunnan 

E. sp1 Ancestor of the YN clade Ancestor of E. deflexa China: Yunnan 

E. cavaleriei in Yunnan Ancestor of the YN clade E. cavaleriei China: Yunnan 

E. fragrans in Guangdong E. cavaleriei E. deflexa China: Guangdong 

E. fragrans in Hongkong The HK clade E. deflexa China: Hongkong 

E. deflexa in Taiwan Ancestor of E. stipularis E. deflexa China: Tawan 

E. elliptica E. bengalensis Ancestor of E. prinoides China: Tibet 

E. sp2 Ancestor of E. stipularis Ancestor of E. japonica North Vietnam 

E. glabrescens E. bengalensis Ancestor of E. prinoides Myanmar 

E. bengalensis var. 

angustifolia in Myanmar 

E. bengalensis 

 

Ancestor of E. japonica Myanmar 

E. serrata in Vietnam E. bengalensis Ancestor of E. japonica South Vietnam 

E. bengalensis var. 

angustifolia in Vietnam 

E. angustissima E. stipularis South Vietnam 

975 
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Figures 996 

Fig. 1 The studied species Eriobotrya. a. E. seguinii; b. E. henryi; c. E. salwinensis; d. 997 

E. prinoides; e. E. obovata; f. E. japonica; g. E. malipoensis; h. E. cavaleriei; i. E. 998 

fragrans; j. E. deflexa. Photo of E. japonica was taken by Shaoping Chen, E. deflexa 999 

was taken by Mutan Hsieh, and others by Q. Fan. The border line between tropical 1000 

and subtropical zones was drawn according to Institute of Geography & Chinese 1001 

Academy of Sciences (1959). 1002 

 1003 

Fig. 2 Map depicting the distribution of 47 sampled populations of Eriobotrya, four 1004 

clades of chloroplast haplotypes (cSA, cYN, cSC and cHK), and three clades of 1005 

nuclear haplotypes (nSAI, nSAII and nSC). 1006 

 1007 

 1008 

Fig. 3 Haplotype networks of the combined four chloroplast regions (a) and three 1009 

nuclear genes PXMP2 (b), TPP2 (c) and PEPC (d) constructed for 817 Eriobotrya 1010 

individuals. Clades divided in chloroplast haplotype: cSA, cYN, cSC and cHK. 1011 

Clades divided in nuclear haplotypes: nSA and nSC in the gene PXMP2; nSAI, nSAII, 1012 

and nSC in the gene TPP2; and nNV, nDU, nBE, and nSH in the gene PEPC. 1013 

 1014 

 1015 

Fig. 4 The best K values based on mean L(K) (a) and ΔK (b), assignment results for 1016 

K=4 (c) and K=12 (d) across 723 individual based on unlinked SNPs from five 1017 

nuclear genes, assignment results for optimal K value across three species in the clade 1018 

nSAI (e), three species in the clade nSAII (f) , five species in the subclades nSC1 and 1019 

nSCII (g), three species in subtropical China including E. deflexa, E. fragrans, and E. 1020 

cavaleriei (h). The two clades nSAI and nSAII and the five subclades (nSC1, nSCII, 1021 

nSCIII, nSCIV, and nSCV) was divided according to nuclear species tree. C1-C4: 1022 

species complexes in which >1 species were assigned to the same gene pool.  1023 

 1024 

 1025 

Fig. 5 The ML phylogenetic tree constructed from chloroplast genomesof 83 Eriobotrya 1026 

and other related species (a), the species tree constructed from 197 single-copy nuclear 1027 

genes of 43 Eriobotrya and other related species (b), and the ML phylogenetic trees 1028 

constructed from chloroplast genomes (left) and 197 nuclear genes (right) of the 11 1029 

Eriobotrya species after removing those in strong cyto-nuclear conflicts (c).  1030 

Above the nodes of chloroplast tree (a), Maximum likelihood ultrafast bootstrap support 1031 

values (BS>50) and Bayesian posterior probabilities (PP>0.50) are shown: “*”: BS≥1032 

95% or PP≥0.99. “-”: BS<50 or PP<0.50, nodes in red were different between ML and 1033 

Bayes trees. Above the nodes of the nuclear species tree (b), quartet score (QS) are shown 1034 

on right and local posterior probabilities (Astral-PP) are shown on the left, nodes in red 1035 

were different between species tree and phylogenetic trees constructed from the 1036 

concatenated SNPs of the 197 nuclear genes. BS values were shown above the nodes (c). 1037 

Species in strong cyto-nuclear conflicts were marked with “#”(a, b).  1038 

 1039 
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 1040 

Fig. 6 Reticulated phylogenetic network as inferred by PhyloNet based on TRO dataset 1041 

(a), SUB dataset (b), and INT dataset (c). Light blue horizontal branches indicate inferred 1042 

hybridization events, and numbers next to the branches show the estimated proportion of 1043 

genes contributed by each lineage in the hybridization event. 1044 

 1045 

 1046 

Fig. 7 Heatmap summarizing the D-statistic estimates and their P-values from 3741 tests 1047 

(P < 1ⅹ10-6). Taxa P2 and P3 were displayed on the x- and y-axes and each square 1048 

represented the highest estimate of each combination of P2 and P3 taxa.  1049 

 1050 

Fig. 8 Divergence time estimation of Eriobotrya based on chloroplast genomes (a) and 1051 

the 197 nuclear genes (b), and climate changes during the recent geological history in 1052 

East Asia (c, Zachos et al., 2001). Red star indicated fossil calibration points based on 1053 

fossil records. Median ages of the nodes are shown above the branches, with blue bars 1054 

indicating the 95% highest posterior density intervals. 1055 

 1056 

Fig. S1 Haplotype networks of the two nuclear genes C23H (a) and GSDL2 (b) 1057 

constructed from 817 Eriobotrya individuals. 1058 

  1059 

Fig. S2 The ML phylogenetic tree constructed from the concatenated SNPs of the 197 1060 

single-copy nuclear genes. Maximum likelihood ultrafast bootstrap support values 1061 

(BS>50) and Bayesian posterior probabilities (PP>0.50) are shown: “*”: BS≥95% or PP1062 

≥0.99. 1063 

 1064 

Fig. S3 The map of the 20,000 simulated chloroplast trees on the empirical chloroplast 1065 

tree. The percentage of simulated trees be present in the clades of the empirical 1066 

chloroplast tree was shown within the node. 1067 

 1068 

Fig. S4 The inferred ancestral distribution of the inner nodes based on the rooted 1069 

chloroplast ML phylogenetic tree using maximum likelihood method. 1070 

 1071 

 1072 

 1073 


