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Abstract
Quercus subsect. Campylolepides includes three species: Quercus acutissima,
Q. variabilis, and Q. chenii, constituting the East Asian branch of Quercus sec-
tion Cerris. Previous studies have conducted in-depth investigations into the
speciation and phylogeography of Quercus subsect. Campylolepides or species
within this subsection, and have also discovered that section Cerris experienced
ancient genetic introgression with section Ilex, resulting in plastid capture.
However, the specific evolutionary history of plastids between Quercus subsect.
Campylolepides and section Ilex remains unclear. This study performed shal-
low whole-genome sequencing on 15 samples from section Ilex and integrated
previously published resequencing data totaling 325 individuals from Quercus
subsect. Campylolepides and its close relatives, including 276 individuals from
19 populations of the three species within Quercus subsect. Campylolepides.
These data were utilized for plastome assembly and analysis. The results demon-
strate: (1) Shared haplotypes exist among the three species of Quercus subsect.
Campylolepides, yet the plastid haplotypes of the entire subsect. Campylolepi-
des essentially constitute a monophyletic clade nested within a branch composed
of section Ilex species from central China to the Liangshan region of Sichuan;
(2) Among Quercus subsect. Campylolepides species, a relict haplotype from
the Liaodong Peninsula clusters with the section Ilex species Quercus pseu-
dosetulosa as a single clade; (3) Both plastid capture events occurred in the
mid-Miocene, and no plastid capture has occurred between Quercus subsect.
Campylolepides and section Ilex since then, suggesting that Quercus subsect.
Campylolepides and section Ilex species have currently formed nearly complete
reproductive isolation.
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Abstract: Quercus subsect. Campylolepides includes three species: Q. acutis-
sima, Q. variabilis, and Q. chenii, representing the East Asian clade of Quercus
section Cerris. Previous studies have investigated speciation and phylogeog-
raphy within this subsection and have documented ancient gene introgression
between section Cerris and section Ilex that led to plastid capture. However,
the specific evolutionary history of plastids between Quercus subsect. Campy-
lolepides and Quercus section Ilex remains unclear. This study performed low-
coverage genome sequencing on 15 samples from Quercus section Ilex and inte-
grated previously published resequencing data from Quercus subsect. Campy-
lolepides and its relatives, totaling 325 resequencing datasets, including 276
individuals from 19 populations across three species of Quercus subsect. Campy-
lolepides. These data were used for plastid genome assembly and analysis. The
results indicate: (1) Shared haplotypes exist among the three species of Quer-
cus subsect. Campylolepides, but the plastid haplotypes of the entire subsection
essentially form a monophyletic clade nested within a branch composed of Quer-
cus section Ilex species distributed from central China to Liangshan Prefecture
in Sichuan; (2) A relict haplotype of Q. acutissima from the Liaodong Penin-
sula clusters with Q. pseudosetulosa from Quercus section Ilex; (3) Both plastid
capture events occurred in the middle Miocene, after which no plastid capture
occurred between Quercus subsect. Campylolepides and Quercus section Ilex,
suggesting that nearly complete reproductive isolation has formed between these
groups.
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Introduction
The phenomenon of “nuclear-plastid incongruence” is frequently encountered
in phylogenetic studies, where the topological structures of phylogenetic trees
constructed from plastid and nuclear genomes are inconsistent. This is typi-
cally caused by incomplete lineage sorting (Meleshko et al., 2021), hybridiza-
tion, or gene introgression (Stull et al., 2023). Plastid capture is a special
phenomenon resulting from interspecific hybridization. When different species
hybridize, repeated backcrossing of the hybrid with one parental species can
lead to the incorporation of the plastid genome from one species into another,
ultimately resulting in the nucleus and cytoplasm being derived from different
species (Rieseberg et al., 1991; Kleinkopf et al., 2019). Genetic modeling stud-
ies have found that plastid capture readily occurs if cytoplasmic replacement
provides advantages in seed production (Tsitrone et al., 2003). Numerous case
studies, such as those on Heuchera (Liu et al., 2020), Salix (Percy et al., 2014),
and Populus (Liu et al., 2017), demonstrate that plastid capture is widespread
in angiosperm groups. In some taxa, relying solely on plastid genes to construct
phylogenetic relationships can lead to misinterpretation of species relationships
(Rieseberg et al., 1991). In certain groups, plastid genes of closely related species
are often associated with geographic location rather than species phylogeny, a
phenomenon that is particularly common in Quercus species and has been ex-
tensively documented (Simeone et al., 2016; Yang et al., 2016; Tekpinar et al.,
2021; Yang et al., 2021).

Quercus acutissima, Q. variabilis, and Q. chenii are native to East Asia. In
the domestic classification system of Quercus, these three species are grouped
together due to their similar morphology (Zhou, 1992). In the recent phyloge-
netic framework of Quercus by Hipp et al. (2020), these three species constitute
the East Asian branch of Quercus section Cerris—defined by Camus (1936)
as Subsect. Campylolepides. Quercus acutissima and Q. variabilis are impor-
tant components of warm-temperate broadleaf forests in East Asia (Li et al.,
2014), while Q. chenii is restricted to East China (Li et al., 2016). As major
components of warm-temperate broadleaf forests in East Asia, Quercus subsect.
Campylolepides species have been extensively studied by scholars worldwide re-
garding hybridization, introgression, and speciation. Frequent hybridization
and introgression occur among species within this subsection; populations of Q.
acutissima and Q. variabilis in similar habitats may share adaptive introgression
fragments, with adaptive introgression loci tending to be distributed in regions
with suppressed recombination (Fu et al., 2022). Coding regions of Quercus
subsect. Campylolepides species generally exhibit extensive positive and nega-
tive selection, with linked selection further driving genetic differentiation (Liang
et al., 2022). Li (2019) conducted a comprehensive study on the phylogeogra-
phy and evolutionary history of Quercus subsect. Campylolepides, concluding
that the genetic structure of Q. acutissima shows an east-west differentiation
bounded by the second and third topographic steps, while the genetic struc-
ture of Q. chenii is constrained by the topography and climate of East China.
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Moreover, haplotypes are extensively shared among these species, with interspe-
cific haplotype sharing primarily resulting from interspecific introgression and
ancestral polymorphism sharing.

In phylogenetic relationships constructed from reduced-representation genome
data, Quercus subsect. Campylolepides species are sister to European Quer-
cus section Cerris species and together form a monophyletic clade (Hipp et al.,
2020). Zhou et al. (2022) conducted a phylogenomic study of the entire Fagaceae
family and discovered numerous potential plastid capture events among differ-
ent sections of Quercus and between Quercus and related genera. In that study,
Quercus subsect. Campylolepides species from Hubei, Guangxi, Shandong, Hu-
nan, Jiangsu, and Yunnan did not cluster with European Quercus section Cerris
species but instead formed a sister clade with Quercus section Ilex species from
Hubei, specifically Q. cocciferoides and Q. dolicholepis. This confirms that East
Asian Quercus section Cerris species experienced plastid capture with Quercus
section Ilex species. Simeone et al. (2018) investigated the phylogeographic re-
lationships of 13 Quercus section Cerris species and suggested that this section
likely originated in Northeast Asia during the early Oligocene before dispersing
to West Asia, where it came into contact with local Quercus section Ilex species
and engaged in interspecific gene exchange.

In summary, previous research has conducted extensive and in-depth studies on
the phylogeography of Quercus subsect. Campylolepides or individual species
within the subsection, as well as on the patterns of genomic differentiation and
speciation mechanisms among these species. However, the plastid capture his-
tory between East Asian Quercus subsect. Campylolepides and Quercus section
Ilex remains unclear. Leveraging the substantial genomic data accumulated
from previous studies, we integrated Quercus subsect. Campylolepides into a
Quercus plastid genome phylogenetic framework that includes its close relatives
to investigate plastid lineage sharing and evolutionary history with these related
groups. This study focused on performing low-coverage genome sequencing of
Quercus section Ilex samples located within the distribution range of Quer-
cus subsect. Campylolepides and integrated previously published Quercus rese-
quencing data from Zhou et al. (2022), Fu et al. (2022), and Liang et al. (2022)
for complete plastid genome assembly and annotation. Phylogenetic analysis
of plastid genomes from Quercus subsect. Campylolepides and its relatives was
conducted to address the following questions: (1) How many plastid capture
events have occurred between Chinese Quercus subsect. Campylolepides species
and Quercus section Ilex species, and have these species shared closely related
plastid genotypes with other Quercus groups, especially Quercus section Ilex,
in recent history? (2) What were the timing and possible processes of ancient
gene exchange between Chinese Quercus subsect. Campylolepides species and
Quercus section Ilex species?
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Materials and Methods
1.1 Sample Information

This study newly sequenced 15 samples from Quercus section Ilex (Table 1 ),
with the sampling principle of selecting specimens located within the distribu-
tion range of Quercus subsect. Campylolepides whenever possible. These were
integrated with three previously published resequencing datasets, totaling 325
sequences. The three resequencing datasets included: 2 sequences of Trigonobal-
anus, 2 of Castanea, 2 of Castanopsis, 2 of Lithocarpus, 5 of Quercus section
Cerris, 7 of Quercus section Ilex, 8 of Quercus section Cyclobalanopsis, and 1
of Fagus from Zhou et al. (2022), totaling 29 sequences. Samples from Fu et
al. (2022) and Liang et al. (2022) were also integrated, including 5 sequences of
Quercus subgenus Quercus from Fu et al.’s study, 7 Q. acutissima populations
(BWL, GSM, LCX, TCX, TMS, ZHX, ZJS), and 9 sympatric populations of Q.
acutissima and Q. variabilis (DWX, JJL, KUM, KYS, LFS, LSK, MPX, PWX,
TBS). From Liang et al.’s study, 2 sympatric populations of Q. variabilis and Q.
chenii (HYX, JJX) and 1 sympatric population of Q. acutissima, Q. variabilis,
and Q. chenii (LYG) were selected. In total, 19 populations comprising 276
individuals were included (see Table 2 ).

1.2 Plastid Genome Assembly

The sequenced samples consisted of silica gel-dried leaves. Total DNA was first
extracted using the CTAB method, then fragmented using a Covaris ultrasonic
disruptor. After successfully constructing 350 bp short-fragment libraries, se-
quencing was performed on the Illumina high-throughput sequencing platform.
The sequencing data volume for each sample was 2 Gb, and the entire sequenc-
ing process was completed by Beijing Novogene Bioinformatics Technology Co.,
Ltd. The newly sequenced samples from this study and the three previously
published resequencing datasets constituted the complete sample dataset for
this research. Resequencing data were downloaded using SRA-TOOL with Bio-
project numbers: PRJNA773751, PRJNA763710, and PRJNA769460. Subse-
quently, assembly was performed using GetOrganelle v1.6.2 (Jin et al., 2020)
with K values of 105 and 121, and R value of 15. The sequence with the highest
similarity obtained from NCBI BLAST was the chloroplast genome of Q. chenii
(NC_{039428}), which was used as the reference sequence for annotating all
plastid genomes in this study using PGA (Qu et al., 2019). The annotations
were then checked and supplemented in Geneious v9.0.2. A total of 325 complete
plastid genome sequences from Q. acutissima, Q. variabilis, and their relatives
were obtained. Protein-coding sequences (CDS) were extracted and concate-
nated using the Export Annotations tool in Geneious for subsequent analysis.

1.3.1 Haplotype Sharing

The number and distribution of haplotypes among the 276 Quercus subsect.
Campylolepides samples were determined using DnaSP v6.0 (Rozas et al., 2017).
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A maximum likelihood (ML) tree of haplotypes was constructed using RAxML
v8.0 (Stamakis, 2014), and haplotype geographic distribution maps were gener-
ated in ArcMap v10.4.1.

1.3.2 Phylogenetic Relationships and Divergence Time

The 276 obtained plastid sequences from Quercus subsect. Campylolepides
species were aligned using MAFFT v7.490 (Katoh et al., 2013), followed by
sliding window analysis in DnaSP v6.0 (Peakall et al., 2012) with a window
size of 600 bp and step size of 200 bp. For phylogenetic tree construction,
the 276 Quercus subsect. Campylolepides sequences were reduced by selecting
sequences from different species and populations for each haplotype, yielding
75 plastid genome sequences from Quercus subsect. Campylolepides. These
were combined with 49 sequences from close relatives to form the phylogenetic
framework. Protein-coding regions (CDS) from the 124 plastid genomes were
extracted in Geneious, and 76 shared protein-coding genes were concatenated.
The concatenated sequences were aligned using MAFFT v7.490 (Katoh et al.,
2013), trimmed using trimAl v1.4 (Capella-Gutiérrez et al., 2009), and finally
used to construct phylogenetic trees with RAxML v8.0. The trees were edited
and visualized in iTOL (Letunić et al., 2021).

Divergence times for Quercus subsect. Campylolepides species and their rel-
atives were inferred using the BEAST 2 software package (Bouckaert et al.,
2014). The nucleotide substitution model was calculated using jModelTest 2
(Darriba et al., 2012). The Yule Model was employed with a relaxed molecular
clock and an evolutionary rate of 1.0. Two fossil calibration points were used to
calibrate divergence times: the first fossil record for the earliest Fagaceae macro-
fossil (Grímsson et al., 2016) was used to calibrate the divergence between the
outgroup Fagus and the ingroup; the second fossil record for the earliest Cas-
tanopsis fossil (Wilf et al., 2019) was used to calibrate the divergence between
Castanopsis and Castanea. Three independent MCMC simulations were run,
each with 100,000,000 generations and sampling every 1,000 generations. Con-
vergence was assessed in Tracer v1.7.1 by checking whether the ESS values
exceeded 200 (Rambaut et al., 2018). ESS values greater than 200 indicated
convergence. Finally, TreeAnnotator v2.6.0 was used to construct the maximum
clade credibility tree, with the first 30% discarded as burn-in.

Results
2.1 Haplotype Sharing Among Different Species of Quercus subsect.
Campylolepides

From 276 individuals of Chinese Quercus subsect. Campylolepides species, 77
shared protein-coding genes were obtained, with a concatenated length of 67,863
bp. A total of 43 haplotypes were detected. Haplotype sharing was observed
among the three species (Figure 1 [Figure 1: see original paper]). Twelve hap-
lotypes were shared between Q. acutissima and Q. variabilis, H14 was shared
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between Q. acutissima and Q. chenii, H19 was shared between Q. variabilis
and Q. chenii, and H4 was shared among all three species. Twenty-eight private
haplotypes were detected, including 19 private to Q. acutissima, 5 private to
Q. variabilis, and 4 private to Q. chenii. Among the 15 shared haplotypes in
Quercus subsect. Campylolepides, 7 were distributed across multiple different
populations, primarily involving mixing among 11 populations from Northeast,
East, Southwest, and South China. In contrast, the 28 species-specific haplo-
types tended to be restricted to single populations, with only 4 species-specific
haplotypes appearing in different populations.

Figure 1 Haplotype-sharing patterns among three species of Subsect. Campy-
lolepides

Figure 2 [Figure 2: see original paper] Geographical distribution of 43 haplo-
types from Subsect. Campylolepides

The total length of the 276 Quercus subsect. Campylolepides plastid genomes
ranged from 160,806 to 161,311 bp, with a G+C content of 37.8%. Collinearity
analysis of the 276 sequences revealed no gene rearrangements. Sliding window
analysis of the complete plastid genomes identified highly variable regions con-
centrated in the rbcL-accD, ccsA-ndhD, ycf1, and trnK(UUU)-rps16 segments.
Alignment of the 276 complete genome sequences identified 846 valid variable
sites, of which 309 were located in protein-coding sequences. In the phylogenetic
tree based on protein-coding gene sequences, Chinese Quercus subsect. Campy-
lolepides species generally clustered together in a single clade, except for one Q.
acutissima sample from the LSK population that grouped with Quercus section
Ilex species Q. pseudosetulosa. Quercus subsect. Campylolepides species first
formed a clade with Q. dolicholepis and Q. engleriana from Hubei Province,
then constituted a larger clade with Q. guyavifolia and Q. pannosa from south-
western Sichuan, as well as Q. spinosa and Q. dolicholepis from the northeastern
margin of Sichuan. This larger clade was sister to a branch composed of Eu-
ropean Quercus section Cerris species, including Q. cerris, Q. suber, and Q.
castaneifolia from Europe. Based on the internal clustering patterns within the
main Quercus subsect. Campylolepides clade, it could be broadly divided into
four subclades: Clade 1 encompassed 43 individuals from 18 populations, Clade
2 encompassed 19 individuals from 10 populations, Clade 3 comprised 10 indi-
viduals from 7 populations, and Clade 4 consisted of 2 Q. acutissima individuals
from 2 populations.

Figure 3 [Figure 3: see original paper] ML tree based on 124 plastid genomic
protein-coding sequences

2.3 Population Divergence Time

In the phylogenetic tree inferred by BEAST (Figure 4 [Figure 4: see original
paper]), the phylogenetic relationships between Quercus section Ilex and Quer-
cus section Cerris species were inconsistent with the ML tree. In the BEAST
phylogeny, European Quercus section Cerris species clustered with Quercus
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section Ilex species from northeastern Sichuan. However, the internal topology
of the Quercus subsect. Campylolepides clade was largely consistent with the
ML tree. Among the four main clades of Quercus subsect. Campylolepides, the
most recent common ancestor (MRCA) times were: Clade 1 (8.37 Ma), Clade
2 (8.98 Ma), and Clade 3 (9.76 Ma). The MRCA time for the clade comprising
Clades 1, 2, and 3 with Clade 4 was 12.70 Ma. The MRCA time for Quercus
subsect. Campylolepides species across their entire distribution with Quercus
section Ilex species from Hubei and southwestern Sichuan was 18.41 Ma. The
MRCA time for European Quercus section Cerris species with Quercus section
Ilex species from the northeastern margin of Sichuan was 18.61 Ma. The MRCA
time for Q. acutissima from Lvshunkou (haplotype H43) and Q. pseudosetulosa
from Guangdong was 14.42 Ma. The MRCA time for the East Asian Quercus
section Cerris-Quercus section Ilex clade with European Quercus section Cerris
species was 19.98 Ma. Within Quercus subsect. Campylolepides, the earliest
diverging lineage was haplotype H43 from the LSK population in the Liaodong
Peninsula, followed by haplotype H42 (Clade 4) shared between LSK and ZHX
populations. Clades 1, 2, and 3 subsequently diverged within a relatively short
time frame.

F1. Calibrating the divergence time between outgroup Fagus and the ingroup;
F2. Calibrating the divergence time between Castanea and Castanopsis.

Figure 4 [Figure 4: see original paper] Divergence time estimation based on
plastid genomic protein-coding sequences

Discussion
3.1 Haplotype Sharing Among Three Species of Quercus subsect.
Campylolepides

Analysis of plastid haplotypes from 276 individuals of three Chinese Quercus
subsect. Campylolepides species revealed haplotype sharing among the three
species. In terms of quantitative characteristics, 15 shared haplotypes were iden-
tified with high frequency, totaling 172 individuals and accounting for 62.32%
of all individuals. In contrast, 28 private haplotypes were detected with low
frequency, representing 104 individuals and comprising only 37.68% of all indi-
viduals.

Li et al. (2022) previously documented extensive haplotype sharing among the
three Quercus subsect. Campylolepides species and hypothesized that these
species once shared an ancestral plastid gene pool that may have differentiated
into distinct lineages before modern speciation events. The widespread haplo-
type sharing within Quercus subsect. Campylolepides was primarily attributed
to past and ongoing introgression/hybridization and the retention of ancestral
polymorphism. Due to the use of complete plastid genome data, this study
achieved higher resolution in haplotype analysis compared to previous research.
We found that most interspecific shared haplotypes were shared at the same or
adjacent locations, suggesting that interspecific plastid sharing is mainly caused
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by recent sympatric hybridization leading to plastid capture. This is because
lineage sorting is a random process and unlikely to produce such significant
sympatric interspecific plastid sharing patterns.

Notably, multiple different types of haplotypes appearing on different evolu-
tionary clades were detected in Northeast China, indicating that this region
may represent a long-term stable glacial refuge for Quercus subsect. Campy-
lolepides. Numerous phylogeographic studies on Populus davidiana (Hou et al.,
2018), Quercus mongolica (Zeng et al., 2015), and Schisandra chinensis (Ye et
al., 2019) have also demonstrated that Northeast China served as a long-term
stable refuge for forest plants during the Last Glacial Maximum. The Liaodong
Peninsula and Bohai region may have allowed Quercus subsect. Campylolepides
species to persist stably in Northeast China during range contraction in glacial
periods and subsequent postglacial expansion. In contrast, Central and East
China represent the regions where haplotype sharing occurs most frequently,
with Li et al. (2021) reporting that 70% of hybrid individuals of Quercus sub-
sect. Campylolepides originate from these areas.

3.2 Plastid Capture Between Quercus subsect. Campylolepides and
East Asian Quercus section Ilex

Phylogenies constructed from nuclear genomic data indicate that Quercus sec-
tion Cerris as a whole forms a monophyletic group (Hipp et al., 2020), with the
East Asian and European branches diverging in the early Oligocene (~30 Ma).
In contrast, phylogenetic trees and divergence times based on plastid genomes
show that Quercus subsect. Campylolepides first formed an East Asian Quercus
section Cerris-Quercus section Ilex (Cerris-Ilex) clade with East Asian Quercus
section Ilex species. Within the East Asian Cerris-Ilex clade, Quercus subsect.
Campylolepides did not form a sister branch with the entire East Asian Quer-
cus section Ilex but only with Q. engleriana and Q. dolicholepis from Hubei.
Other early-diverging Quercus section Ilex branches were composed of species
from eastern Sichuan and Liangshan regions. The East Asian Cerris-Ilex clade
and the European Quercus section Cerris clade began to diverge in the early
Miocene (19.98 Ma), which is relatively close to the time inferred from plastid
genomes in Zhou et al. (2022). Compared to the divergence time between East
Asian and European branches of Quercus section Cerris inferred from nuclear
genomes, the plastid genome estimate is nearly 10 Ma later, indicating that
contact and gene exchange with Quercus section Ilex species occurred later
than the geographic divergence between East Asian and European branches
of Quercus section Cerris. The disjunct distribution between East Asian and
European branches of Quercus section Cerris differs from the classic East Asia-
Mediterranean disjunction patterns observed in groups such as Helleborus (Sun
et al., 2001), Meconopsis (Zhuang, 1981), and Paliurus (Chen et al., 2017),
which resulted from Himalayan uplift and Tethys retreat (Sun, 2002). Instead,
the disjunct distribution of Quercus section Cerris was likely caused by the dis-
appearance of temperate deciduous forest vegetation in northern Asia (Denk et
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al., 2023). We therefore hypothesize that ancestral Quercus subsect. Campy-
lolepides species likely experienced a bottleneck effect due to the disappearance
of northern temperate deciduous forest vegetation, forcing their distribution
southward with relatively small population sizes. This brought them into con-
tact with widely distributed subtropical Quercus section Ilex species, enabling
them to capture the plastids of Quercus section Ilex.

Quercus section Cerris and Quercus section Ilex are closely related and have
experienced multiple plastid capture events, with “traces” of hybridization with
Quercus section Ilex species found in both East Asian and European branches
of Quercus section Cerris (Simeone et al., 2016). Within the East Asian branch,
this study identified a haplotype (H43) in the LSK population that clustered
with Quercus section Ilex species Q. pseudosetulosa, suggesting that more than
one plastid capture event may have occurred between Quercus section Cerris
and Quercus section Ilex species. However, considering that Q. pseudosetulosa
is a relict species from the Wanshan Islands with no direct geographic contact
with Quercus subsect. Campylolepides species in Northeast China, this plastid
capture likely originated from other Quercus section Ilex species sharing the
same plastid type as Q. pseudosetulosa, such as Q. phillyraeoides. Although
Quercus section Ilex is currently absent from Northeast China, the historical
geographic distribution of Quercus section Ilex in China may have extended
further north during geological history.

The extant plastids of Quercus subsect. Campylolepides primarily represent the
outcome of one capture event with Quercus section Ilex. This capture event oc-
curred between the early Oligocene and middle Miocene—after the divergence
time between East Asian and European branches of Quercus section Cerris in-
ferred from nuclear genes but before the divergence time of plastid haplotypes
between Quercus subsect. Campylolepides and Quercus section Ilex inferred
from plastid genes. The likely geographic location of plastid capture between
modern Quercus subsect. Campylolepides and Quercus section Ilex was proba-
bly in the region from Northeast to Central China. After hybridization and plas-
tid capture with Quercus section Ilex species, Quercus subsect. Campylolepides
gradually formed reproductive isolation from Quercus section Ilex and dispersed
throughout East Asia. Recent interspecific introgression in Quercus subsect.
Campylolepides has primarily occurred among the three species within the sub-
section. Subsequently, Quercus subsect. Campylolepides species diverged into
four geographically unstructured clades during the late Miocene. During this
period, continuous global cooling (Guo et al., 2008) and intensification of the
East Asian monsoon climate (Sun et al., 2005) caused frequent vegetation shifts
between northern and southern regions, enabling multiple contacts among differ-
ent Quercus subsect. Campylolepides lineages and gradually eroding geographic
patterns in their genetic lineages. Quaternary glaciation further fragmented the
distribution of this group, with independent refugia existing in Northeast China.
Previous studies have also indicated that mountainous areas in Central and East
China harbored common refugia for the three Quercus subsect. Campylolepi-
des species (Li et al., 2021). Local expansion during interglacial periods and
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migration events among different refugia intensified haplotype sharing among
populations.

Our study demonstrates that plastid genome sharing occurs among the three
Quercus subsect. Campylolepides species. Quercus section Cerris and Quercus
section Ilex have experienced multiple plastid capture events, but the modern
plastids of Quercus subsect. Campylolepides primarily derive from a single cap-
ture event. Contact between Quercus subsect. Campylolepides species and
Quercus section Ilex species, along with subsequent plastid capture, occurred
before the formation of modern lineages of Quercus subsect. Campylolepides,
with timing constrained between the early Oligocene and middle Miocene. No
further plastid replacement occurred between the two groups after the middle
Miocene, suggesting that strong reproductive isolation has developed between
them.
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