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clear signatures of gene flow against a backdrop of
rampant incomplete lineage sorting, with gene flow
most prevalent among major lineages of Quercus
and relatives in Quercoideae during their initial ra-
diation, dated to the Early-Middle Eocene. Ancestral
reconstructions including fossils suggest ancestors
of Castanea + Castanopsis, Lithocarpus, and the
Old World oak clade probably co-occurred in
North America and Eurasia, while the ancestors of
Chrysolepis, Notholithocarpus, and the New World
oak clade co-occurred in North America, offering

Shui-Yin Liu Ting-Shuang Yi
ample opportunity for hybridization in each region.
Our study shows that hybridization—perhaps in the
ABSTRACT form of ancient syngameons like those seen today

—has been a common and important process
throughout the evolutionary history of oaks and their
relatives. Concomitantly, this study provides a
methodological framework for detecting ancient
hybridization in other groups.

Although the frequency of ancient hybridization
across the Tree of Life is greater than previously
thought, little work has been devoted to uncovering
the extent, timeline, and geographic and ecological
context of ancient hybridization. Using an expansive
new dataset of nuclear and chloroplast DNA se-
quences, we conducted a multifaceted phyloge-
nomic investigation to identify ancient reticulation in

Keywords: ancient reticulation, biogeography, cytonuclear
discordance, Fagaceae, fossils, niche evolution, phylogenomics,
Quercus

the early evolution of oaks (Quercus). We document
extensive nuclear gene tree and cytonuclear dis-
cordance among major lineages of Quercus and
relatives in Quercoideae. Our analyses recovered
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Gene flow during the early radiation of oaks

INTRODUCTION

ybridization, both recent and ancient, is an important

evolutionary process (Mallet, 2007; Stull et al., 2023).
Evidence of hybridization has been increasingly documented
across the Tree of Life (TOL) (Mason et al., 2019; Stull et al.,
2020; Suvorov et al., 2022). However, detecting hybridization
and distinguishing it from other biological phenomena (e.g.,
incomplete lineage sorting, ILS) that yield similar patterns of
phylogenomic conflict remains challenging. Detecting
ancient hybridization is particularly difficult, given that anec-
dotal evidence for hybridization (traditionally from mor-
phology, overlapping geographic ranges, and chromosome
numbers) is usually lacking, and phylogenomic signal is
eroded over time (Stull et al., 2023). The integration of phy-
logenomic analysis, divergence time estimation, and ances-
tral range and ecological niche estimations provides a
promising and effective framework for discovering ancient
hybridization and reconstructing scenarios of reticulate evo-
lution (e.g., Folk et al., 2018; Pavon-Vazquez et al., 2021; Yu
et al., 2022). However, the integration of paleoecological
perspectives with modern molecular data has been underu-
tilized in evaluating the plausibility of ancient hybridization
predating the Miocene (Folk et al., 2023). This gap is partic-
ularly noticeable in rapidly radiating and species-rich groups,
preventing a broader synthesis of the importance of gene
flow across the TOL.

The oaks (Quercus), currently distributed from Eurasia,
North Africa, North America, and Central America to
Colombia, are a diverse clade (ca. 435 spp.) of woody plants
with vast ecological and economic importance (Nixon, 2006;
Denk et al., 2017). Oaks have long been known for their
propensity to hybridize across various phylogenetic and
spatial scales (Hardin, 1975; Whittemore and Schaal, 1991;
Crowl et al., 2020), and gene flow has been highlighted as an
evolutionary asset in this group (Petit et al., 2003; Dodd and
Afzal-Rafii, 2007; Leroy et al., 2020a). Where sympatric, or
partially sympatric, oak species form syngameons, but they
are able to maintain relatively clear species boundaries in a
morphological sense despite active gene flow (Burger, 1975;
Cannon and Petit, 2020; Leroy et al., 2020b). Hybridization
among closely related oak species is well documented, such
as hybridization within sections Cyclobalanopsis (An et al.,
2017), llex (Feng et al., 2016), Lobatae (Moran et al., 2012),
Quercus (Curtu et al., 2007), and Virentes (Eaton et al., 2015).
Hybridization between species from different sections has
also been reported, such as between sections Cyclo-
balanopsis and llex (Simeone et al., 2016), and between
sections Ponticae and Quercus (Crowl et al., 2020).

Less attention has been paid to assessing the extent and
biological significance of ancient hybridization during the
early evolution of Quercus and relatives within the broader
context of Fagaceae phylogeny (e.g., Zhou et al., 2022).
While the broad intrageneric relationships within Quercus
appear well-resolved, over 40% of oak species have not been
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included in previous phylogenetic studies, with subg. Cerris
being particularly underrepresented (see Hipp et al., 2020).
Additionally, high levels of gene tree discordance have been
documented along the phylogenetic backbone, possibly
stemming from a combination of ancient gene flow (Crowl
et al., 2020; Hipp et al., 2020) and ILS (Zhou et al., 2022).
Potential for ancient gene flow is further supported by ex-
tensive levels of deep discordance between chloroplast and
nuclear phylogenies (i.e., cytonuclear discordance). In con-
trast to nuclear phylogenies that show Quercus as mono-
phyletic, chloroplast phylogenies typically show Quercus as
non-monophyletic, with oak sections showing various
relationships with other genera of Fagaceae subfamily
Quercoideae, which includes Castanea, Castanopsis, Chrys-
olepis, Lithocarpus, Notholithocarpus, and Trigonobalanus
(Simeone et al., 2016; Yang et al., 2021; Zhou et al., 2022).
Beyond observations of gene tree conflict, the relative con-
tributions of gene flow and ILS to gene tree discordance in
quantitative terms remain undocumented. Likewise, no syn-
thetic examinations of the rich fossil record for Fagaceae
have been conducted in combination with phylogenetic
studies to clarify the temporal, geographic, and ecological
contexts of putative ancient reticulation events. Hypotheses
have been proposed for gene flow scenarios (e.g., Zhou
et al., 2022), but quantitative tests of these hypotheses are
needed to elucidate the conditions that promote hybrid-
ization as an evolutionary mechanism.

Here we present an integrative phylogenomic and paleo-
botanical study for reconstructing detailed scenarios of an-
cient hybridization during the early radiation of oaks. We aim to
establish a framework useful not only for understanding the
timing and location of deep reticulation in oaks, but also for
addressing questions about the conditions in Earth history that
may have promoted reticulation across the TOL more gen-
erally. To accomplish this goal, we generated a newly con-
structed phylogenomic dataset using both transcriptome and
hybrid enrichment sequencing (Hyb-Seq) and including ex-
tensive nuclear and chloroplast loci across over 400 species of
Fagaceae. Specifically, we first infer phylogenetic relationships
of oaks and relatives and dissect the phylogenetic conflict
among nuclear genes and between the nuclear and chlor-
oplast genomes. Second, we identify the phylogenetic loca-
tions and temporal windows of ancient hybridization events
between the ancestors of major Quercus lineages and those of
other genera of Quercoideae. Third, we expand upon previous
studies to evaluate the biogeographic and ecological plausi-
bility of ancient hybridization in Quercoideae, while also in-
tegrating paleogeographic and paleoclimatic information from
the extensive fossil record of Quercoideae.

RESULTS

Assembly and alignment
We recovered a mean number of 1,733,167 Hyb-Seq reads from
the 100-locus NitFix panel (Kates et al., 2024; SD = 1,964,004)
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per sample with an average of 68% (SD=12%) of reads on-
target. Sequencing coverage across all samples ranged from
12x to 5,143x (mean=977x). Two Hyb-Seq datasets were
generated: the HYB-89MO dataset included 431 taxa with 89
orthologous loci inferred using the monophyletic outgroup (MO)
approach; and the HYB-98RT dataset included 431 taxa with 98
orthologous loci inferred using the rooted ingroup (RT) approach.
A mean number of 75 (SD = 15) and 78 (SD = 16) nuclear genes
per taxon was recovered in the HYB-89MO and HYB-98RT
datasets, respectively. The concatenated matrices of the
HYB-89MO and HYB-98RT datasets had an aligned length of
96,122 bp and 105,564 bp, respectively (Table S1). These results
indicated a good performance of the bait set, which was
designed as universal for the rosid clade.

To complement the Hyb-Seq datasets, two transcriptome
datasets were also generated using the same approach of
orthology inference: the RNA-977MO dataset included
89 taxa and 977 MO orthologous loci; and the RNA-2821RT
dataset included 89 taxa and 2,821 RT orthologous loci. The
concatenated matrices of the RNA-977MO and RNA-2821RT
datasets had an aligned length of 1,229,405bp and
6,050,182 bp, respectively.

A chloroplast dataset was generated from a combination
of Hyb-Seq, transcriptome, and GenBank data, and included
223 taxa after data cleaning. The concatenated plastome
matrix had an aligned length of 135,243 bp (with one of the
inverted repeats removed).

Phylogenetic analyses and topological conflicts
Phylogenetic analyses were conducted based on two
Hyb-Seq and two transcriptome datasets using maximum
likelihood (ML) and coalescent-based methods. The phyloge-
netic results recovered largely the same, well-resolved topology
of eight monophyletic genera in Fagaceae (subfamily Fagoideae
comprising Fagus, and subfamily Quercoideae comprising
Castanea, Castanopsis, Chrysolepis, Lithocarpus, Notholitho-
carpus, Quercus, and Trigonobalanus), and eight monophyletic
sections in oaks (subg. Cerris comprising sections Cerris,
Cyclobalanopsis, and llex, and subg. Quercus comprising sec-
tions Lobatae, Ponticae, Protobalanus, Quercus, and Virentes;
Figures 1, S1-S8). However, genus- and section-level conflicts
were recovered with low bootstrap support. These include the
placement of Chrysolepis, which was weakly supported as
sister to Lithocarpus (bootstrap value (BS)=30), and sect.
Cyclobalanopsis, which was placed as sister to Notholitho-
carpus (BS = 25) in the concatenated ML tree of the HYB-98RT
dataset (Figure S4). Some well-supported relationships were
recovered among subclades within oak sections such as sect.
llex, and especially sect. Cyclobalanopsis. We recovered Q.
gaharuensis as sister to the rest of sect. Cyclobalanopsis with
full or high support (BS=100; local posterior probability
(LPP)=0.92; Figures S1-S4).

Analyses employing phyparts and quartet sampling (QS)
were performed to explore the topological concordance
among different nuclear genes in the phylogeny of Fagaceae.
The results suggested strong support for a single topology in
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several areas of the phylogeny (i.e., stem groups of Fagus and
Trigonobalanus; and crown groups of Castanea + Castanopsis
and a clade of all genera of Quercoideae except Trig-
onobalanus; Figures 1, S9). However, a high level of gene tree
discordance was observed within the clade of Chrysolepis,
Lithocarpus, Notholithocarpus, and Quercus (Figures S9-S11).

In comparison with nuclear trees, the chloroplast ML tree
revealed significantly different relationships among genera in
Quercoideae and among sections in Quercus (Figures 2A, S12).
The chloroplast tree did not support the monophyly of Chrys-
olepis, Quercus, sect. Cyclobalanopsis, sect. llex, sect. Ponticae,
sect. Protobalanus, sect. Quercus, or sect. Virentes. The
chloroplast relationships largely track geography rather than
evolutionary history per se as revealed by nuclear genes. For
instance, Lithocarpus and the clade Castanea + Castanopsis
were recovered as sisters (BS = 66), with these together nesting
in subg. Cerris. All of these taxa (with the exception of several
Castanea species) are presently restricted to the Old World. The
clade containing the small genera Notholithocarpus and Chrys-
olepis from western North America was sister (BS =72) to the
clade composed of North American species in sect. Proto-
balanus and sect. Quercus s.l.; sect. Quercus s.l. refers to a
clade of (sect. Ponticae, (sect. Virentes, sect. Quercus)).

Divergence time estimation

Dating analyses based on chloroplast and nuclear DNA se-
quences were performed using treePL and showed that the
divergence times among Quercus and other genera in
Quercoideae were systematically younger in the chloroplast
tree than the nuclear tree, a result that was robust to two
alternative calibration scenarios (with two and four calibra-
tions; Figure 2B). A nuclear maximum clade credibility (MCC)
tree from the BEAST analysis included a more elaborate set
of nine calibrations, recovering older divergence times than
both the nuclear and chloroplast treePL analyses. The in-
ferred divergence times of four key nodes from the dated
chloroplast tree (four calibrations in treePL), the dated nu-
clear tree (four calibrations in treePL), and the dated nuclear
MCC tree (nine calibrations in BEAST), respectively, are as
follows: the split of (Castanopsis + Castanea) and subg.
Cerris (47.0573, 54.1271, 64.2473 Ma); the split of Lith-
ocarpus and subg. Cerris (47.0573, 51.9321, 59.7094 Ma),
the split of Chrysolepis and subg. Quercus (46.9273,
51.1016, 57.1719 Ma), and the split of Notholithocarpus and
subg. Quercus (46.9273, 49.9004, 55.3428 Ma).

Phylogenetic signal of alternative topologies for five
uncertain nodes

We quantified the distribution of the phylogenetic signal to
explore why different phylogenomic datasets or different
analyses of the same dataset yielded conflicting topologies,
focusing on five deep nodes of Fagaceae that were identi-
fied in our results and in previous studies (Manos et al.,
1999, 2001, 2008; Hubert et al., 2014). These nodes con-
cern the phylogenetic positions of (1) Castanea+
Castanopsis, (2) Lithocarpus, (3) Chrysolepis, (4)
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Figure 1. Cladogram of the species tree of oaks and relatives inferred by ASTRAL-IIl based on the HYB-98RT dataset

Tip labels are shown in Figure S2. Branches showing consistent relationships between ASTRAL-IIl and RAXML and for all four nuclear datasets (HYB-98RT, HYB-
89MO, RNA-2821RT, and RNA-977MO) are colored black (local posterior probability (LPP) > 0.95 or bootstrap value (BS) > 95% in all eight species trees) and blue
(LPP < 0.95 or BS < 95% in any one of the eight trees). Branches showing conflicting relationships among any of the eight trees are colored red. Pie charts for major
clades show the phyparts results based on 2,821 nuclear gene trees (RNA-2821RT); see Figure S10-S11 for phyparts results of full taxa sets. Fagaceae genera (outer
circle) and oak sections (inner circle) are indicated by colored bars, and their pictured representatives are: Fagus grandifolia by Bruce Kirchoff, Chrysolepis
chrysophylla by J. Maughn, Notholithocarpus densiflorus by theforestprimeval, Quercus chrysolepis by copepodo, and Q. pontica by peganum from https://search.
creativecommons.org/; Trigonobalanus doichangensis by Li Chen (with permission); Q. rubra and Q. robur by Yingying Yang; others by Shuiyin Liu.

Notholithocarpus, and (5) Quercus sect. Cyclobalanopsis
(see Figures S1-S8, S13 and Table S2 for discordant top-
ologies). Polytomy tests were first conducted across data-
sets and suggested rejecting the null hypothesis that each
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of these five uncertain nodes should be replaced by a
polytomy (P < 0.05) except for Chrysolepis and sect. Cy-
clobalanopsis in the HYB-98RT dataset (Table S2). Ap-
proximately unbiased (AU) tests were used to examine
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Figure 2. Discordance between nuclear and chloroplast phylogenies for oaks and relatives

Q. subg. Quercus
Trigonobalanus

Fagus

(A) Cophylogeny showing incongruence between the nuclear ASTRAL (left; HYB-98RT) and unpartitioned chloroplast maximum likelihood (ML) (right) trees.
Tip labels are shown in Figure S15. Clade frequencies of gene trees from the coalescent simulations are shown near the nodes; clade frequencies
associated with deep cytonuclear discordances are red and enlarged. (B) Comparison of divergence times of Quercus and relatives in Quercoideae
between the dated nuclear and chloroplast trees. The full dated trees are provided in Supplementary Materials. The light blue bar (ranging from the Early
Paleocene to Middle Eocene) represents the timeframe of divergences of the main lineages in Quercoideae, based on analyses with four and nine
calibrations. Oli, Oligocene; P, Pliocene; Pal, Paleocene; Q, Quaternary.

www.jipb.net Month 2024 Volume 00 Issue 00 123 5

85UB01 7 SUOWILLIOD AIIERID 8ol [dde 8y} Aq peuieob 812 Sao1ie YO 9SN JO S9INJ 10j AT 3UIIUQ AB]IM UO (SUOTHPUDD-PUR-SWLBIALI0D" A 1M Ale.d 1 jBul [Uo//Sdiy) SUONIPUOD pue SWLB | 84} 885 *[7202/TT/8T] uo Akeiqiauliuo A8|IM ‘Uspie edluelog [eoidol 1 euueqBuenusix Aq €281 qd1[TTTT 0T/I0p/W0d A8 | AReiqipuljuo//SAny Wolj papeojumod ‘0 ‘606.77.T



Gene flow during the early radiation of oaks

whether particular tree topologies could be significantly
rejected by nuclear data. The chloroplast topology, the ML
topology of the HYB-98RT dataset, and topologies from pre-
vious studies for five uncertain nodes were significantly worse
(P <0.05) than the nuclear topologyof all ASTRAL and most
concatenated ML trees in this study (Table S2). Examination of
the distribution of phylogenetic signal in alternative tree top-
ologies of the five uncertain nodes (Figures S13, S14) showed
that the proportions of genes and sites favoring a particular
topology (85%-39% of genes and 91%-39% of sites) were
usually greater than those favoring another topology
(49%-15% of genes and 39%-9% of sites), but a large amount
of conflicting signal was observed across all uncertain nodes
and datasets. The proportions of supporting genes and sites of
alternative topologies for five uncertain nodes are detailed in
Supplementary Results.

Simulating chloroplast trees under the coalescent

We applied coalescent simulations to investigate whether the
instances of deep cytonuclear discordance that we observed
were due to ancient gene flow or ILS. The organellar gene
tree distribution simulated from the scaled ASTRAL tree
under the coalescent (i.e., 1,000 simulated trees) showed that
much of the nuclear backbone topology was within ILS pre-
dictions and had moderate to high clade probabilities (with
some notable exceptions for sect. Lobatae and sect.
Quercus); little of the chloroplast topology, except for some
shallow regions, was within ILS predictions (clade proba-
bilities mostly ~ 0%; Figures 2A, S15-S16). Focusing on the
deep conflicting nodes between the nuclear and chloroplast
trees (i.e., involving clades at the generic and sectional
levels), clade probabilities of simulated trees evaluated on the
chloroplast tree were less than 4% and 3% in the HYB-98RT
and RNA-2821RT datasets, respectively (see red node labels
in Figures 2A, S15, and S16), suggesting that the deep nodes
of the chloroplast tree (that conflict with the nuclear species
tree) are not within ILS expectations. Thus, gene flow is a
better explanation for deep cytonuclear discordance in
Quercoideae. A similar pattern was found in an organellar
gene tree distribution simulated under the ASTRAL tree
scaled by two (Figures S17, S18) and four (Figures S15, S16).

Co-quantification of ILS, gene tree estimation error,
and gene flow

We further estimated the relative contributions of ILS, gene
flow, and gene tree estimation error to the observed gene
tree discordance. Relative importance decomposition anal-
ysis demonstrated that linear models (on the basis of ILS,
gene tree estimation error, and gene flow) explained 10.45%
and 28.36% of the total gene tree variation in the HYB-98RT
and RNA-2821RT datasets, respectively, across all intern-
odes of Fagaceae, while the models explained 10.89% and
52.28% of gene tree variation in the HYB-98RT and RNA-
2821RT datasets, respectively, across all internodes of
Quercus (see R? in Figure 3). ILS and gene flow were the two
main factors explaining gene tree conflict across the two
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datasets and taxonomic levels. Specifically, the relative
contributions of ILS, gene flow, and estimation error across
Fagaceae were 3.25%, 6.58%, and 0.62% in the HYB-98RT
dataset (Figure 3A) and 19.64%, 5.15%, and 3.57% in the
RNA-2821RT dataset (Figure 3C). Across Quercus, the rela-
tive contributions of ILS, gene flow, and estimation error
were 7.79%, 2.19%, and 0.91% in the HYB-98RT dataset
(Figure 3B) and 36.31%, 13.02%, and 2.95% in the RNA-
2821RT dataset (Figure 3D).

Introgression tests

To further investigate lineages potentially involved in deeper
instances of introgression as well as the directionality of such
introgression, we applied the five-taxon D-statistic (Droy) to
oaks and other genera in Quercoideae. We found significant
signals of introgression: 2.49% (132,435/5,316,699) in the Dgoy
tests for the HYB-98RT dataset and 3.58% (8,058/224,998)
in the Doy tests for the RNA-2821RT dataset (Table 1).
Signatures of ancient introgression were inferred between
Quercus and other genera in Quercoideae across the two
datasets; however, signatures within Quercus were the most
frequent overall (Figures S19, S20; Table S3). Furthermore, a
summary of all positive Dgoy tests (categorized by the two
subgenera of Quercus and other genera in Quercoideae)
showed a geographic pattern of introgression signatures, in
which the number of significant Dgo, tests between non-
Quercus genera and subgenera of Quercus from the same
continent was greater than that between non-Quercus genera
and subgenera of oaks distributed on different continents
(Table 1), consistent with the notion that species with over-
lapping distributions are more likely to hybridize.

Phylogenetic network inference

We also conducted phylogenetic network analyses to explore
whether reticulate evolution has occurred at deep locations in
the Quercoideae phylogeny. Model selection suggested that
any network was a better model than the strictly bifurcating
species tree across the two datasets (Hyb-Seq and tran-
scriptome; Tables S4, S5). The optimal networks of three
representation strategies of two dataset types often pre-
sented incongruent scenarios, but all supported complex
reticulations in the early evolutionary history of subfamily
Quercoideae (Figure S21). Regarding the reticulation be-
tween oaks and their relatives, optimal networks recovered
gene flow from oaks to the Trigonobalanus excelsa lineage,
with an inheritance probability (IP) of 0.205 (Figure S21A), and
from an ancestral lineage of Quercus + Notholithocarpus to
the clade of sect. Cerris + sect. llex (IP =0.353; Figure S21B)
and to Quercus with a low IP of 0.001 (Figure S21D). Within
oaks, prevalent gene flow was inferred among major line-
ages. For example, gene flow was detected from the an-
cestral lineage of the clade sect. Virentes + sect. Quercus to
the Q. palmeri lineage of sect. Protobalanus (IP=0.214;
Figure S21C), and from the ancestral lineage of subg.
Quercus to the clade sect. Cerris +sect. llex (IP=0.319;
Figure S21F).
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Figure 3. Plots showing the relative contributions of incomplete lineage sorting (ILS), gene tree estimation error, and gene flow to the
observed gene tree discordance, across two datasets and two taxonomic levels

The Hyb-Seq (A-B) and transcriptome (C-D) datasets are represented here by the HYB-98RT and RNA-2821RT datasets, respectively. R? denotes the total
proportion of gene tree variation explained by the model. Relative importance with 95% bootstrap confidence intervals is decomposed with the “Img”

method and regressors of log transformations and summed to 100%.

Ancestral range estimations

Ancestral range and niche estimations were conducted to enable
reconstruction of geographic and ecological scenarios of ancient
hybridization during the early evolution of oaks. We also included
paleogeographic information from the fossil record of oaks and
their relatives, as a complement to the geographic and niche
reconstructions using extant species and assessed the impact of
their inclusion on the result. Biogeographic inferences under the
DEC (dispersal-extinction-cladogenesis) model suggested that
reconstructed ranges along the backbone of Fagaceae (partic-
ularly concerning the origin of Fagaceae) were not sensitive to
the phylogenetic position of fossil taxa (i.e., changing positions
within a particular lineage; Figure S22 vs. Figure S23; Figure S24
vs. Figure S25), but were sensitive to the inclusion of fossil
taxa (Figure 4A vs. Figure 4B, C) and the range scoring
scheme for fossil taxa (Figure 4B vs. Figure 4C). The extant-
only and extant-extinct biogeographic results both reconstructed
an ancestral distribution in the North American regions
(Figure 4D, S26) for the stem and crown groups of three New
World lineages of Quercoideae (Chrysolepis, Notholithocarpus,
and subg. Quercus). The extant-only biogeographic result
showed the estimated ancestral distributions in the East Asian
region for stem and crown groups of four Old World lineages of
Quercoideae (Castanea, Castanopsis, Lithocarpus, and subg.
Cerris); in contrast, the extant-extinct biogeographic analysis
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recovered North America as the best-supported ancestral area
for this group, with East Asia as a possible region of co-
occurrence (Figure 4D).

Ancestral niche estimations

Analysis of ancestral niche reconstruction based on extant
species showed that the environmental spaces of the crown
group of Castanea + Castanopsis, the crown group of
Lithocarpus, and the crown group of subg. Cerris overlapped
for all representative variables, which included aspects of
climate, topography, soil, and landcover (Figures 5A, S27).
Overlapping niche spaces were also inferred between the
crown group of Chrysolepis and the crown group of subg.
Quercus, as well as between Notholithocarpus and the crown
group of subg. Quercus (Figure 5B). These findings were
robust to the inclusion of fossil data (Figures 5C-H,
S28-S31). The reconstructed temperature and precipitation
values of these crown groups indicated the ancestors of
these lineages lived in a warm and semi-moist to moist
environment (Figures S27-S31).

Paleoecological niche modeling

The paleoecological niche modeling (PaleoENM) analysis
suggested that suitable habitats for the major lineages of
Quercoideae were quite widespread across the Northern
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Table 1. Numbers of positive Dgq,_ introgression tests for Quercus and relatives in Quercoideae.

HYB-98RT

RNA-2821RT

Introgression signatures

Quercus subg. Cerris  Quercus subg. Quercus#  Quercus subg. Cerris  Quercus subg. Quercus#

Castanea —> X 92 6
Castanea/Castanea <—> X 2,931 1,064
Castanopsis —> X 145 0
Castanopsis/Castanea <—> X 7,253 1,000
Castanopsis/Castanopsis <—> X 19,355 534
Lithocarpus —> X 154 15
Lithocarpus/Lithocarpus <—> X 7,147 3,851
Chrysolepis*/Chrysolepis* <—> X 201 730
X —> Castanea 65 1

X —> Castanopsis 95 0

X —> Lithocarpus 476 101

X —> Quercus subg. Cerris 39 175
X —> Quercus subg. Quercus® 994 12
X/X <—> Castanea 483 409
X/X <—> Castanopsis 700 90
X/X <—> Lithocarpus 1,258 1,112
X/X <—> Quercus subg. Cerris 1,677 16,905
X/X <—> Quercus subg. Quercus® 12,421 825
Other introgression signal 50,119

No introgression signal 5,184,264

Total number of Deo,_ tests 5,316,699

5 19
170 487
3 0
5 36
12 33
22 17
649 514
0 0
12
2 13
15 41
4 125
89 233
15 330
13 107
14 339
18 1,440
1,117 1,765
393
216,940
224,998

Note: “X” means Quercus subg. Cerris (second and fourth columns) or Quercus subg. Quercus (third and fifth columns). The directionality of an
introgression signature is indicated by the arrow. Taxa with “#” are only (or nearly only) distributed in the New World, while other taxa are only (or

nearly only) distributed in the Old World.

Hemisphere during the Early Paleogene. Four Old World lin-
eages (Castanea, Castanopsis, Lithocarpus, and subg. Cerris)
potentially co-occurred in North America and Eurasia during
the Late Paleocene to the Late Eocene, and three New World
lineages (Chrysolepis, Notholithocarpus, and subg. Quercus)
potentially co-occurred in North America (Figures 6, S32).
Toward the Oligocene, reconstructed potential distributions
of these lineages were found to have expanded and the
number of their fossil record have increased,
particularly for temperate lineages like subg. Quercus
(Figure S32), suggesting the rapid diversification of major
crown lineages in Quercoideae after the Eocene.

DISCUSSION

New insights into the phylogeny of oaks and relatives
Our nuclear phylogenetic analyses resolved relationships among
eight monophyletic genera in Fagaceae (i.e., Castanea, Casta-
nopsis, Chrysolepis, Fagus, Lithocarpus, Notholithocarpus,
Quercus, and Trigonobalanus) (Figures 1, S1-S8), with results
generally consistent with previous studies (e.g., Manos et al.,
2001; Hai et al., 2022; Zhou et al., 2022; Yang et al., 2023b). The
exception is the placement of Chrysolepis, which is a key clade
for the investigation of the evolution of reproductive traits, such
as cupules, in Fagaceae (Manos et al., 2001, 2008). Three

8 Month 2024 | Volume 00 | Issue 00 | 1-23

alternative nuclear topological placements were recovered for
Chrysolepis: (1) sister to the clade of Notholithocarpus +
Quercus (in our study, Zhou et al., 2022 using 91 Fagaceae
species and 2,124 nuclear loci, and Yang et al., 2023b using 75
Fagaceae species and 643 nuclear loci); (2) sister to Lithocarpus
(in our study, and Zhou et al., 2022); and (3) sister to the clade of
(Lithocarpus, (Notholithocapus, Quercus)) (Zhou et al., 2022).
The results of phylogenetic signal investigation (Figure S14),
coalescent simulations (Figures 2A, S15-S18, S33, and S34),
and Doy tests (Figures S19, S20; Tables 1, S3) indicate that the
combination of both ILS and ancient hybridization is making it
difficult, if not impossible, to confidently reconstruct a bifurcating
species tree for Chrysolepis and its immediate relatives
(Lithocarpus, and Notholithocarpus + Quercus). Future studies
employing multifaceted analyses of complete nuclear genome
sequences of Chrysolepis and close relatives might provide
clearer resolution of the placement of this genus as well as fur-
ther insight on the nature of the observed phylogenomic conflict.

The nuclear trees support the monophyly of Quercus and
phylogenetic structure consistent with the taxonomic division of
Quercus into two subgenera (Cerris, and Quercus) and eight
sections (Cerris, Cyclobalanopsis, llex, Lobatae, Ponticae, Pro-
tobalanus, Quercus, and Virentes) (Figures 1, S1-S8). These
findings are consistent with other recent studies (e.g., Denk et al.,
2017; Hipp et al., 2020; Zhou et al., 2022; Yang et al., 2023b).
The placement of sect. Cyclobalanopsis, which is characterized
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Figure 4. Ancestral geographic regions that overlapped between ancestors of Quercus lineages and relatives in Quercoideae putatively
involved in deep reticulation

Tip labels of Figures 4A, 4B, and 4C are shown in Figures S26, S22, and S24, respectively. Biogeographic reconstructions on 200 randomly sampled
extant—extinct trees are shown in Figures S23 and S25. The dashed gray circles indicate different geological periods. The black dots indicate the crown and
stem nodes of major lineages in Quercoideae. Fagaceae genera (outer circle) and oak sections (inner circle) are indicated by black bars. Cr, Cretaceous; Eo,
Eocene; Mi, Miocene; Ol, Oligocene; Pa, Paleocene. (A) Biogeographical reconstruction based on the extant-only maximum clade credibility (MCC) tree.
(B) Biogeographic reconstruction based on the extant-extinct MCC tree and with the geographic region of each fossil taxon being scored by its entire fossil
record (i.e., “all” records). (C) Biogeographic reconstruction based on the extant-extinct MCC tree and with the geographic region of each fossil taxon
being scored by its oldest fossil record. (D) Reconstructed distributions for the crown (CG) and stem (SG) groups of major lineages in Quercoideae. CE,
subg. Cerris; CH, Chrysolepis; CP, Castanopsis; CT, Castanea; FA, Fagus; LP, Lithocarpus; NL, Notholithocapus; PO, sect. Ponticae; PR, sect. Proto-
balanus; QU, subg. Quercus; TR, Trigonobalanus; and VI, sect. Virentes.
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Figure 5. Ancestral ecological niche space overlapping between ancestors of Quercus lineages and relatives in Quercoideae putatively
involved in deep reticulation

The first two components are shown through a principal component analysis on the estimated ancestral niche of focused lineages. (A-B) Ancestral niche
reconstruction based on the extant-only maximum clade credibility (MCC) tree. (C-D) Ancestral niche reconstruction based on the extant-extinct MCC tree
and with the niche of each fossil taxon being estimated by its entire fossil record (“all”). (E-F) Ancestral niche reconstruction based on the extant-extinct
MCC tree and with the niche of each fossil taxon being estimated by its oldest fossil record. (G-H) Climatic niche space of Eocene fossil taxa of Quercus
lineages and relatives. The Eocene niches of Chrysolepis and Notholithocarpus are not shown in Figure 5H due to the limited Eocene fossil record of these
two genera. CG, crown group; CTCP, Castanea + Castanopsis; SG, stem group.

by concentric lamellae on the cupule, has long been con- sect. llex + sect. Cerris (in our study, Hubert et al., 2014; Deng
troversial (Manos et al., 1999; Hubert et al., 2014; Deng et al., et al., 2018; Hipp et al., 2020); (2) sister to the remaining oaks
2018). Once again, three alternative topological placements were (Manos et al., 1999; Hubert et al., 2014); and (3) sister to No-
recovered for sect. Cyclobalanopsis: (1) sister to the clade of tholithocarpus (in our study). However, our analysis clearly
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Figure 6. Habitat suitability and fossil distribution of the Paleogene overlapping between ancestors of Quercus lineages and relatives in

Quercoideae putatively involved in deep reticulation

(A) Potential distributions of two subgenera of Quercus and other genera of Quercoideae from the Late Paleocene to the Late Eocene as inferred by
paleoecological niche modeling. Maps were generated by projecting the climatic tolerances of Paleocene and Eocene fossil taxa onto four paleoclimate
scenarios. Similar patterns of past distribution were obtained by projecting the climatic tolerances of Paleocene, Eocene, and Oligocene fossils onto six
paleoclimate scenarios (Figure S32). A Mahalanobis distance (MD) score of <0.3 (red) corresponds with a highly suitable region for each Quercoideae
lineage; climatically unsuitable regions are colored green to blue. E., Early; L., Late; M., Middle. (B) Fossil distributions of Chrysolepis and Notholithocarpus

during the Paleogene.

supports the first topology as the most likely resolution of sect.
Cyclobalanopsis with the highest gene-wise and site-wise phy-
logenetic signal (Figures S13, S14). We argue conflict involving
sect. Cyclobalanopsis may represent not only ILS but also past
introgression in the early history of oak diversification, based on
the combined results of our coalescent simulations and species
networks (Figure S21E, F) as well as previous analyses (Schnit-
Zler et al., 2004; Mir et al., 2006; Zhou et al., 2022).

Regarding relationships among subclades within oak
sections, we recovered some well-supported relationships
that differed from previous studies (e.g., in sect. llex, and in
sect. Cyclobalanopsis; Deng et al., 2018; Jiang et al., 2019;
Hipp et al., 2020). Notably, we recovered Q. gaharuensis,
a species inhabiting Borneo, Sumatra, and Malaysia
that had not been previously included in any phylogenetic
studies, as sister to the rest of sect. Cyclobalanopsis
(Figures S1-S4). The compound trichome bases group
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defined by Deng et al., (2014, 2018) was previously believed
to be sister to the rest of the section (Deng et al., 2018; Hipp
et al., 2020). This section was previously inferred to have
originated in the Paleotropics (Deng et al., 2018), and the
placement of Q. gaharuensis sister to the rest of the sec-
tion, as found here, corroborates this earlier finding. In other
sections (e.g., sect. Lobatae and sect. Quercus), there is
considerable conflict concerning phylogenetic relationships
and support values estimated from different datasets and
methods (Figures 1, S1-S8). Our work suggests that da-
taset size (or gene number) and analytical method may
significantly affect the topologies and support values on
these nodes with strong gene tree conflicts arising from ILS
during rapid radiations as well as active and/or ancient
gene flow among the constituent species, as previously
reported for oaks (Hipp, 2015; Cannon and Petit, 2020;
Kremer and Hipp, 2020).
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Dissecting causes of gene tree heterogeneity and
deep cytonuclear discordance

We observed high levels of gene tree discordance across the
Fagaceae phylogeny, particularly within the clade of Chrys-
olepis, Lithocarpus, Notholithocarpus, and Quercus (Figures 1,
S9-S11), consistent with recent studies (Zhou et al., 2022;
Yang et al., 2023b). ILS and gene flow explain most of the
observed gene tree discordance in our analysis with gene tree
estimation error accounting for a lower proportion (Figure 3). It
is noteworthy that gene flow estimates differed between da-
tasets, suggesting that taxon and locus sampling might partly
determine how much gene flow is observable in any particular
dataset. Similarly, we found that the gene tree variation ex-
plained by the model of these three factors decreased as
taxon sampling increased and locus sampling decreased,
similarly suggesting that observed gene tree discordance is
influenced by taxon and locus sampling.

High levels of cytonuclear discordance were observed in
both deep and shallow divergences within Quercus and
across Quercoideae (Figures 2A, S15-S18), as has been
shown by previous studies (e.g., Manos et al., 1999; Simeone
et al., 2016; Pham et al., 2017; Yang et al., 2021; Zhou et al,,
2022). However, our increased sampling compared to earlier
efforts, with close taxonomic complementarity between the
nuclear and chloroplast datasets, provided greater resolution
of cytonuclear incongruence patterns across Quercoideae
than in previous studies. In our chloroplast phylogeny,
Quercus was recovered as non-monophyletic, with members
of the genus forming two geographically distinct clades with
the other genera of Quercoideae: a clade of (Lithocarpus,
(Castanea, Castanopsis)) nested in the Old World oak clade
(corresponding to the traditionally recognized subg. Cerris);
and a clade with Chrysolepis + Notholithocarpus nested in
the New World oak clade (corresponding to the traditionally
recognized subg. Quercus). Given that both gene flow and
ILS can result in discordance between nuclear and chlor-
oplast phylogenies (Rieseberg and Soltis, 1991; Folk et al,,
2017; Rose et al.,, 2021), we conducted analyses of coa-
lescent simulations and Dgg,_ tests to identify the causes of
the observed instances of cytonuclear discordance. Our co-
alescent simulations demonstrated that observed cytonu-
clear discordance was partially within ILS predictions at
shallow levels, but at deeper levels the chloroplast backbone
topology is not within ILS expectations and supports gene
flow as the source of observed deep conflicts (Figure 2A). We
found that chloroplast topologies of Castanea + Castanopsis,
Lithocarpus, Chrysolepis, and Notholithocarpus were sup-
ported by appreciable proportions of nuclear genes and sites
(Figures S13, S14), suggesting that both chloroplast hap-
lotypes and nuclear alleles were introgressed during historic
instances of gene flow between Quercus and relatives. This
scenario is further supported by the Dgg, tests, which de-
tected evidence of ancient introgression between some
Eurasian genera—Lithocarpus, Castanea, and Castanopsis—
and the Old World oak clade as well as between North
American Chrysolepis and the New World oak clade (Table 1).
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While introgression among these genera was not detected in
a previous effort using ABBA-BABA tests (Zhou et al., 2022),
this discrepancy is most likely due to study-specific charac-
teristics: a five-taxon test as implemented in Dgg,_ provides
richer information for distinguishing hypotheses than a four-
taxon test, and the relatively lower number of four-taxon tests
conducted in Zhou et al. (2022) is a reflection of limited taxon
sampling in the previous study. Overall, our analyses con-
sistently show that ancient gene flow, rather than ILS, is the
primary source of deep cytonuclear discordance in Quer-
coideae. Our findings support the previous viewpoint that
cytonuclear or mito-nuclear discordance caused by gene
flow is often closely associated with geographical adjacency
(Acosta and Premoli, 2010; Toews and Brelsford, 2012).

Similar geographic patterns of ancient gene flow (in-
cluding cytonuclear discordance) were also found between
species of oaks from clades recognized as sections—for
example, between Q. pontica (sect. Ponticae) and the Ro-
buroid lineage (sect. Quercus), between species of sect.
Cyclobalanopsis and some species of sect. llex, between
sect. Cerris and some species of sect. llex, and between
sect. Protobalanus and the Dumosae lineage (sect. Quercus)
(all lineage names following Hipp et al., 2020). In these cases,
the chloroplast topologies were not within ILS predictions
(Figures 2A, S15-S18), suggesting instead the occurrence of
historic asymmetrical gene flow between these lineages,
leading to a local geographic structure in the chloroplast
phylogenies at odds with the nuclear species tree re-
construction. Furthermore, an abundance of nodes with
moderate or weak BS support in chloroplast trees, partic-
ularly toward the tips (Figure S12), suggests that plastomes
have generally tracked geographic structure and have limited
information on recent oak divergences, in agreement with
previous studies (Yang et al., 2016; Pham et al., 2017). Col-
lectively, these findings indicate that the plastome is not a
reliable source of data for resolving species tree relationships
at any evolutionary scale in Quercoideae, although when
paired with the nuclear genome, the plastome is useful for
shedding light on historic gene flow in the evolutionary history
of oaks.

Genomic, geographic, and ecological evidence for
widespread gene flow during the Eocene

Given the complex modern and historical distribution of oaks
and relatives (Zhou 1999; Barrén et al., 2017; Cannon et al.,
2018), the question arises as to whether the lineages sug-
gested by molecular data to have undergone hybridization
had ancestral distributions and ecologies consistent with that
scenario; that is, were the lineages that putatively hybridized
in the distant past co-distributed in time, space, and envi-
ronmental niche? The comparison of divergence times from
chloroplast and nuclear estimates showed that the di-
vergences of Quercus and the other main lineages of Quer-
coideae (Notholithocarpus, Chrysolepis, Lithocarpus, and
Castanopsis + Castanea) in the chloroplast tree occurred in
the Middle Eocene, following the inferred divergence times
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from the nuclear tree (Paleocene to Early Eocene; Figure 2B).
Our inferred chloroplast ages are younger than those from a
recent study (Early to Middle Eocene; Zhou et al., 2022) likely
due to differences in calibration schemes.

Ancestral range estimations using only extant species
(Figures 4A, S26), and both extant and extinct species
(Figures 4B, C, S22-S25), generally supported the geo-
graphic possibility of historical overlap facilitating gene flow.
The biogeographic analyses reconstructed: (i) North America
as an ancestral region of co-occurrence for three New World
lineages of Quercoideae (Chrysolepis, Notholithocarpus, and
subg. Quercus) during the Eocene; and (ii) East Asian and/or
North America as an ancestral region of co-occurrence for
four currently Old World lineages of Quercoideae (Castanea,
Castanopsis, Lithocarpus, and subg. Cerris) (Figure 4D; see
also Siniscalchi et al., 2023). The PaleoENM analysis (which
reconstructs suitable habitats rather than dispersal proc-
esses) suggested that three New World lineages potentially
co-occurred in North America during the Paleocene-Eocene,
and four currently Old World lineages potentially co-occurred
in North America and Eurasia (Figures 6, S32). The dis-
tribution of known fossils is similarly broad (Figure 5; Kvacek
and Walther, 1989; Zhou 1999; Grimsson et al., 2015, 2016;
Barron et al., 2017). The disagreement between the relatively
narrow range reconstruction under biogeographic models
and the broader range implied by the fossil record might be
explained by the limitations of relying only on data for extant
species and/or including only a few representative fossil taxa.
High extinction rates in the Northern Hemisphere, particularly
North America, Europe, and Central Asia since the Oligocene
reflect cooling and drying trends that would have removed
many lineages in these regions, obscuring historical dis-
tributions (Siniscalchi et al., 2023).

Our ancestral reconstructions suggest that the lineages in-
volved in ancient gene flow not only showed broad geographic
overlap but also had similar ecological preferences during the
Eocene; this finding was robust to the inclusion of fossil data
(Figures 5, S27-S31). In particular, the crown groups of four
Old World lineages of Quercoideae were estimated to have
co-occurred in warm and moist habitats characteristic of ev-
ergreen broadleaf forests or warm yet semi-moist to moist
habitats of mixed forests. The crown groups of three New
World lineages of Quercoideae were inferred to have co-
occurred in warm and semi-moist to moist habitats of mixed
forests. However, we note that these reconstructed ancestral
overlaps could be an artifact of each lineage encompassing
considerable niche breadth today, with intermediate conditions
generally inferred for the ancestors, although the use of fossil
data directly in the analysis partly allays this concern. Another
challenge is that gene flow could homogenize ecological
niches among reticulating lineages, obscuring any differences
present prior to hybridization.

Collectively, these multifaceted analyses demonstrate that
inferred geographic and ecological overlap during the Eocene
facilitated widespread gene flow in two possible geographic
centers—North America and Eurasia—during the initial radiation
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of oaks (Figures 4-6). Quercus and relatives may have been
engaging in syngameon-type systems throughout their evolu-
tionary history. One possible outcome of long-term and ongoing
gene flow is that an Early Paleogene syngameon may have
facilitated the transfer of adaptive alleles for key functional traits
or resulted in enhanced genetic variation. This may have
significantly contributed to the evolutionary success of oaks and
their relatives (Hipp et al., 2020; Kremer and Hipp, 2020),
allowing them to adapt to the myriad ecological challenges
posed since the Oligocene, including widespread cooling and
aridification and major topographical changes (Zachos et al.,
2001; Antonelli et al., 2018).

CONCLUSION

This work provides new insights into the evolutionary history
of Quercus, documenting widespread ancient reticulations
between major lineages of Quercus and relatives. Ancestral
reconstructions based on data from extant species and the
fossil record consistently support the plausibility of ancient
reticulation events during the Early to Middle Eocene in two
possible geographic centers, North America and Eurasia,
among co-occurring lineages occupying overlapping eco-
logical niche space. Given the inherent challenges of
detecting ancient gene flow, we emphasize the importance of
bringing together multiple lines of evidence and analytical
approaches for confident reconstruction of ancient retic-
ulation. This includes the dissection of conflicting signals in
nuclear and chloroplast datasets using summary statistics,
simulations, and network methods; molecular dating of sep-
arate genomic compartments; and ancestral range and niche
reconstructions leveraging signals from both extant and fossil
species. These types of syntheses clarify not only the players
but also the time, place, and ecological context of ancient
reticulation. This work reveals that hybridization is not only an
important recent and ongoing evolutionary force in Quercus
and relatives, but also an important process throughout the
long history of this group. Our work also provides a meth-
odological framework and guide for conducting similar
studies in other groups.

MATERIALS AND METHODS

Taxon sampling

We analyzed 472 samples representing 420 species of
Fagaceae, including 312 species of Quercus (Quercoideae) that
represent ~72% of extant oak diversity and eight currently
recognized sections, and 108 species of the six other genera of
Quercoideae (beyond Quercus) and Fagoideae. The number and
percentage of species sampled for each section and genus are
summarized in Table S6. Of the Fagaceae samples, 391 were
newly sequenced using Hyb-Seq; data for the remaining 81
samples were obtained from transcriptomes (Yang et al., 2021;
GenBank, accessed 1 May 2021; Table S7). Most species were
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represented by one sample, with the exception of 52 species of
Fagaceae that had two samples each; of these, three species
have two samples with Hyb-Seq data, and 49 species have one
from Hyb-Seq data and another from transcriptome data. For
outgroups, we included 15 species (seven from the new Hyb-
Seq data and eight from available transcriptomes) representing
all other six families of Fagales (i.e., Betulaceae, Casuarinaceae,
Juglandaceae, Mpyricaceae, Nothofagaceae, and Ticoden-
draceae). Our Hyb-Seq samples were collected from the field
and the following 10 herbaria: A, BRIT, CAS, F, KUN, MO, NY,
OS, TEX, and US (acronyms following Index Herbariorum;
Thiers, 2016).

Library preparation and sequencing

For hybrid enrichment, we used a set of exonic baits for
100 housekeeping genes designed for use across the rosid
clade of angiosperms, but with a focus on the nitrogen-fixing
clade, which includes Fagaceae. This locus panel, the “NitFix
loci,” has been successfully applied to multiple families/
genera within the rosids (e.g., Fu et al., 2023; Yang et al,,
2023a; Kates et al., 2024; Tian et al., 2024) and is described
in detail by Folk et al. (2021). Genomic DNAs were extracted
from herbarium or silica-dried materials using a cetyl-
trimethylammonium bromide protocol (Doyle and Doyle,
1987) modified to maximize the yield of total DNA. Isolated
DNAs were submitted to Rapid Genomics (Gainesville, FL,
USA,) for quantification, library preparation, hybrid enrichment
with the NitFix loci, and multiplex lllumina sequencing with
150-bp, paired-end reads. The sampling-to-sequencing
workflow we followed, briefly described above, is described
in detail by Folk et al. (2021).

Read processing, assembly, and orthology inference

For the Hyb-Seq data, raw reads were cleaned using Trimmo-
matic v.0.36 (Bolger et al., 2014) and assembled using
HybPiper v.1.3.1 (Johnson et al., 2016). Orthology inference
was carried out using several phylogenetic methods (i.e., MO
and RT approaches) from the pipelines of Yang and Smith
(2014) and Morales-Briones et al. (2021). For the transcriptome
data, raw reads were corrected, trimmed, and filtered using
Rcorrector v.1.0.4 (Song and Florea, 2015), Trimmomatic
v.0.36, and Bowtie v.2.4.2 (Langmead and Salzberg, 2012). We
conducted de novo assembly of cleaned reads using Trinity
v.2.10.0 (Grabherr et al., 2011), removed low-quality and chi-
meric transcripts using Transrate v.1.0.3 (Smith-Unna et al.,
2016), clustered cleaned transcripts as putative genes using
Corset v.1.07 (Davidson and Oshlack, 2014), translated tran-
scripts using TransDecoder v.5.3.0 (Haas et al., 2013), removed
identical coding sequences using CD-HIT v.4.7 (Fu et al., 2012),
and finally performed a BLASTN search to generate the initial
homologs using MCL v.14-137 (van Dongen, 2000). The or-
thology inference was conducted using the same approach in
the Hyb-Seq dataset. This workflow resulted in three Hyb-Seq
datasets (“HYB-89MO,” “HYB-114RT,” and “HYB-98RT”) and
four transcriptome datasets (“RNA-2150MO,” “RNA-4853RT,”
“RNA-977MO,” and “RNA-2821RT”) from different strategies of
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ortholog filtering. Further details on assembly, gene cluster
processing, homolog tree inference, tip trimming, orthology
inference, and ortholog cleaning are provided in Supplementary
Methods; an overview of how these Hyb-Seq and tran-
scriptome datasets were used in downstream analyses is
presented in Figures S35 and S36. As described further in
Supplementary Methods, a single ortholog-filtered dataset was
chosen for the Hyb-Seq data (“HYB-98RT”) and one dataset for
the transcriptomic data (“RNA-2821RT”) based on relatively
more loci and higher taxon coverage in each for examination
of gene tree discordance and gene flow unless otherwise
indicated.

Plastome assembly

We assembled plastomes from 391 Hyb-Seq and 60 tran-
scriptome samples using a modified bash script wrapper
(https://github.com/ryanafolk/Assembly-tools/)  with  read
mapping using BWA v.0.7.12 (Li, 2013) and consensus se-
quence calling using SAMtools v.0.1.18 and BCFtools
v.0.1.17 (Danecek et al., 2021). Forty-seven complete plas-
tomes of Fagaceae and one of Betulaceae (used as an out-
group) were also downloaded from GenBank (accessed
5 April 2021). After filtering samples with over 80% plastome
missing data and showing abnormal long branches in a
preliminary tree, our final dataset included 222 plastomes of
Fagaceae, consisting of 174 species of Quercus (one sample
per species except for Q. acrodonta having two samples) and
47 species from other genera of Fagaceae, as well as one
plastome from Carpinus monbeigiana of Betulaceae used to
root the tree (Table S8). All eight currently recognized genera
in Fagaceae and eight sections in Quercus were included in
the final plastome dataset. The number and percentage of
species sampled for each genus and section are summarized
in Table S6. More details on plastome assembly and filtering
are provided in Supplementary Methods. An overview of the
plastome dataset used in our downstream analyses is pro-
vided in Figure S37.

Phylogenetic analyses

We generated phylogenetic trees using ML and coalescent-
based methods. Preliminary ML analyses of the con-
catenated nuclear matrices were conducted in RAxXML
v.8.2.11 (Stamatakis, 2014) with bootstrap support estimated
by 100 fast bootstrap replicates and showed similar top-
ologies under an unpartitioned GTR-GAMMA model and a
partitioned GTR-GAMMA model with optimal partition
scheme estimated in PartitionFinder v.2.1.1 (Lanfear et al.,
2016) (results of which are provided in Supplementary
Materials). The final ML analyses of the concatenated nuclear
matrices were conducted using an unpartitioned GTR-
GAMMA model and 1,000 fast bootstrap replicates (here-
after, “concatenated ML nuclear tree”); individual nuclear
gene trees were also generated using this same approach.
Coalescent-based species tree inference was conducted
using the nuclear gene trees in ASTRAL-IIl v.5.6.3 (Zhang
et al., 2018), and support values were estimated with local
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posterior probabilities (Sayyari and Mirarab, 2016) (hereafter,
“ASTRAL nuclear tree”). The entire plastome has long been
considered to comprise a single evolutionary unit from a
coalescent point of view (Birky, 1995; Doyle, 2022); plastome
sequences are therefore usually concatenated to amplify the
phylogenetic signal. Thus, the chloroplast phylogeny was
reconstructed through ML analyses of the concatenated
plastome matrix with 1,000 bootstrap replicates under an
unpartitioned GTR-GAMMA model.

Divergence time estimation

To generate a dated nuclear tree of extant species, we first
identified a set of 20 clock-like genes using SortaDate v.1.0
(Smith et al., 2018). A Bayesian dating analysis was then
performed in BEAST v.2.6 (Bouckaert et al., 2014) under an
uncorrelated lognormal relaxed clock, using a concatenated
matrix of the 20 nuclear genes and all 423 Fagaceae taxa, with
species outside Fagaceae excluded. We employed a Yule
speciation process and GTR-GAMMA substitution model and
fixed the topology according to the concatenated ML nuclear
tree. Ten well-vetted fossils were used to calibrate the ages of
nine nodes: crown group (CG) of Fagaceae, CG of Fagus,
stem group (SG) of Castanopsis, SG of Quercus, and five
major lineages of Quercus (see Supplementary Methods and
Table S9 for detailed justification and prior setting). Monte
Carlo Markov chains (MCMC) were run for 600 million gen-
erations, sampling every 10,000 generations. Convergence
was assessed in Tracer v.1.7 (Rambaut et al., 2018) with ef-
fective sample size (ESS) of each parameter higher than 200.
The MCC tree was summarized in TreeAnnotator v.2.6
(Bouckaert et al., 2014) with the first 20% of the trees dis-
carded as burn-in (hereafter, “extant-only MCC tree”).

To assess the impact of fossil taxon inclusion on the
geographic and niche reconstructions, we estimated a dated
nuclear tree including extinct species as tips using a tip-
dating analysis in BEAST under the fossilized birth-death
process (Heath et al., 2014). The dataset contained 423 ex-
tant taxa of Fagaceae with 20 nuclear genes and 66 extinct
macrofossil taxa of Fagaceae selected to represent the
taxonomic and geographic breadth of the Fagaceae fossil
record. We fixed the topology of extant species according to
the concatenated ML nuclear tree, while the positions of
extinct taxa were constrained to particular lineages based on
the literature (e.g., Larson-Johnson, 2016; Siniscalchi et al.,
2023; Yang et al., 2023b; see detailed validation information
for each fossil taxon in Supplementary Materials). The age of
origin of each fossil taxon was sampled from its strati-
graphical age range under a uniform distribution. We used
the same substitution model and nine node calibrations as in
the extant-Fagaceae-only BEAST analysis. We ran six in-
dependent MCMC analyses each for 600 million generations
and one independent MCMC analysis for one billion gen-
erations, sampling every 10,000 generations. After removing
the first 20% of the trees from each independent run as burn-
in, we combined the results of the seven MCMC analyses
using LogCombiner v.2.6 (Bouckaert et al., 2014). The ESS
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values exceeded 200 for all parameters. We summarized this
“extant-extinct MCC tree” using TreeAnnotator.

Given that the size of the plastome dataset precluded
analysis in BEAST, dating of the chloroplast tree was per-
formed using penalized likelihood in treePL v.1.0 (Smith and
O'Meara, 2012). Comparable treePL analyses were also
performed on the extant-only nuclear ML tree to facilitate a
comparison of the ages of deep divergences in the nuclear
and chloroplast trees, which can indicate the possible tem-
poral window for ancient hybridization (see Supplementary
Methods for more details on the rationale). We used two
calibration strategies: (i) two fossil calibrations at concordant
nodes: CG of Fagaceae, and CG of Fagus; and (ji) four fossil
calibrations at concordant nodes: CG of Fagaceae, CG
of Fagus, SG of the East Asian clade in sect. Cerris (mono-
phyletic in chloroplast tree), and SG of sect. Lobatae
(monophyletic in chloroplast tree) for these analyses, given
that alternative relationships in the chloroplast tree precluded
the use of several calibration points used in the nuclear
dating analysis.

Dissecting discordance and detecting gene flow
Concordance analyses

We performed phyparts analysis (Smith et al., 2015) using
gene trees with low-supported branches (i.e., BS <70%)
collapsed; these gene trees were mapped against the
ASTRAL species tree. Visualization of results was carried out
using the script “phypartspiecharts.py” (https://github.com/
mossmatters/phyloscripts/). Moreover, to distinguish weakly
supported branches from those with strong conflict, we
conducted QS analysis (Pease et al., 2018) with 1,000 repli-
cates and using the ASTRAL species tree and concatenated
alignment as the inputs.

Tree topology tests

For the conflicting deep nodes, we first tested whether in-
sufficient resolution was responsible for the conflicting top-
ologies by performing a polytomy test (Sayyari and Mirarab,
2018) in ASTRAL-IIl, asking whether hard polytomies could
be rejected at these uncertain nodes. Second, we used the
AU test (Shimodaira, 2002) to examine whether particular tree
topologies could be significantly rejected by nuclear data
using IQ-TREE v.2.1.2 (Minh et al., 2020) with 10,000 RELL
replicates. Third, we quantified the phylogenetic signal of
each topology using the pipeline of Shen et al. (2017).
Phylogenetic signal here is defined as the difference in log-
likelihood scores between two (or three) alternative reso-
lutions (T1 and T2/T3) of a given node in a tree. We calculated
the difference in the site-wise log-likelihood scores (ASLS)
and in the gene-wise log-likelihood scores (AGLS). Specifi-
cally, we estimated the site-wise log-likelihood scores for T1
and T2 (and T3) using the concatenated nuclear matrix and
RAXML v.8.2.11 with —f G. ASLS was then calculated as the
difference in the site-wise log-likelihood scores of T1 versus
T2 (vs. T3) for every site in the data matrix. AGLS was cal-
culated as the sum of ASLS of all sites in a given gene.
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Coalescent simulations to examine cytonuclear discordance
Following previous studies (e.g., Folk et al., 2017; Morales-
Briones et al., 2018), 1,000 organellar gene trees were si-
mulated under the coalescent model in the Python package
“DendroPy” (Sukumaran and Holder, 2010) with the ASTRAL
species tree as the guide tree. The guide tree was pruned to
match the taxon set of the chloroplast tree and scaled by a
factor of two or four to approximate the branch lengths
expected under organellar inheritance (for species with her-
maphroditic and dioecious flowers, respectively). We then
summarized the frequency at which each clade was ob-
served in the simulated trees by mapping the simulated trees
against the chloroplast and nuclear species trees using
RAXML v.8.2.11 with -f b. Nuclear tree branches with high
frequencies of alternative topologies (including the empirical
chloroplast topology) are consistent with expectations under
ILS. However, if the empirical chloroplast topology is ob-
served rarely (or never) in the simulated organellar trees
(vs. the nuclear species tree), this suggests that the empirical
chloroplast topology is likely a result of gene flow (Garcia
et al., 2017; Morales-Briones et al., 2018; Stull et al., 2020).

Quantifying gene tree discordance due to ILS, estimation
error, and gene flow

We used the pipeline of Cai et al. (2021) to estimate the relative
contributions of ILS, gene flow, and gene tree estimation error
to observed gene tree discordance. Briefly, we first estimated
values of these four variables (see details in Supplementary
Methods) and formatted them into a matrix of a dependent
(i.e., gene tree discordance) and three independent (i.e., ILS,
gene tree estimation error, and gene flow) variables across all
internodes with each row representing these values for one
node. The relative importance of three regressors was as-
sessed using a linear regression method implemented by the
functions “boot.relimp” and “booteval.relimp” in the R
package “relaimpo” (Gromping, 2006).

Dgo) analyses

We applied the Dgg_ tests to oaks and their relatives using Ex-
Droy (Lambert et al., 2019). Dgoy,_ tests are a system of applying
D-statistics (Durand et al., 2011) to a symmetric five-taxon phy-
logeny ((P1,P2),(P3,P4)),0), with extremely low false-positive
rates (Pease and Hahn, 2015). To achieve computational effi-
ciency, we first reduced the 423 sampled Fagaceae taxa of HYB-
98RT dataset to 150 taxa (representing Castanea, Castanopsis,
Lithocarpus, Chrysolepis, Notholithocarpus, and Quercus) by
selecting 20 representatives of each non-Quercus genus and
each section of Quercus (for genera/sections with more than 20
sampled species); we selected species that maximized data
quality (i.e., the most loci recovered from assembly) as well as
phylogenetic breadth for each genus/section. We only tested the
four-taxon combinations of the above six genera due to the
strong cytonuclear discordance observed particularly in Quer-
coideae. Trigonobalanus doichangensis, a member of Trig-
onobalanus that is sister to the rest of Quercoideae, was selected
as the outgroup, and the concatenated nuclear alignment was
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used for site counts. Second, we used a script “DFOIL_Picker.R”
of ExDgoy_ to yield all unique combinations of four taxa that are
arranged in a symmetric tree based on the reduced 150-taxa list
and the dated nuclear MCC tree. We removed those combina-
tions with sampling of taxa from the same genus (or, for Quercus,
sampling of the same section) because our focus was on deep
introgression. We also conducted analyses using the full RNA-
2821RT dataset given its more limited taxon sampling. In total,
5,316,699 and 224,998 Drq,_ tests were performed for the Hyb-
Seq and transcriptome datasets, respectively.

Phylogenetic network analyses

We conducted phylogenetic network analyses in PhyloNet
v.3.8.2 (Than et al., 2008; Wen et al., 2018). Given the in-
tensive computational requirements of these analyses, three
strategies were used to generate three separate reduced-
representation datasets. One strategy involved selecting two
species of each genus of Fagaceae and one outgroup
(hereafter “planA”). The second strategy involved reducing
our taxon sampling to one species of each non-Quercus
genus of Fagaceae, one species of each section in Quercus,
and one outgroup (hereafter “planB”). The third strategy in-
volved selecting two species of each section in Quercus and
one outgroup (hereafter “planC”). The first two strategies
were aimed at identifying possible reticulation between oaks
and other genera, while the third one was aimed at identifying
possible deep reticulation within oaks. Rooted gene trees
were pruned from the HYB-114RT and RNA-4853RT datasets
(as these two datasets included the most loci of the Hyb-Seq
and transcriptome datasets, respectively) to generate each
reduced-representation dataset (i.e., planA, planB, and
planC) using a custom R script. Only pruned gene trees with
>33% of the species for each reduced taxon set were used
for PhyloNet analyses. For each dataset, we ran five network
searches allowing one to six reticulation events and 10 runs
using a maximum pseudo-likelihood approach (command
“InferNetwork_MPL”). We inferred the optimal number of re-
ticulations (0 to 6, with the strictly bifurcating species tree
used to represent 0 reticulation; the likelihood score of this
tree was calculated using the command “CalGTProb” in
PhyloNet) based on the lowest Akaike information criterion
(AIC) correction (Sugiura, 1978) and Bayesian information
criterion (Schwarz, 1978). For these model fit statistics, the
number of parameters was set to the sum of the number of
branch lengths and inheritance probabilities being estimated,
and the sample size was set to the number of gene trees for
finite sample correction.

Ancestral range estimations

We delimited seven biogeographic regions based on extant
and extinct distributions of Fagaceae species: East Asia,
South and Southeast Asia, Central and Western Asia, Europe
(including a portion of North Africa), North America (north of
Mexico), tropical America (Mexico to northern South America),
and southern South America (Figure 4). The estimates of an-
cestral biogeographic range were conducted in the R package
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“BioGeoBEARS” (Matzke, 2013) under the DEC, DIVALIKE,
and BAYAREALIKE models, using the extant-only MCC tree.
The three biogeographic models were compared using AIC to
select the optimal one (i.e., the DEC model; Table S10). To
assess the impact of fossil inclusion and the phylogenetic
uncertainty of fossil placements on ancestral range estimation,
we also performed the ancestral range estimation under the
DEC model with the extant-extinct MCC tree and 200
extant-extinct trees randomly sampled from the BEAST
output. The biogeographic region of each extinct taxon was
scored using two different schemes, based on the oldest re-
cord and all records of that fossil taxon (Supplementary Ma-
terials). The maximum ancestral range size was constrained to
three regions, except for the analysis with extinct taxa range
being scored with all fossil records that was set as four, re-
flecting the maximum number of observed regions in extant
and extinct species.

Ancestral niche estimations

We first collected occurrence records for each sampled extant
species from GBIF (https://www.gbif.org/), iDigBio (https:/
www.idigbio.org/), NSII (http://nsii.org.cn/2017/home-en.php),
and the literature (last accessed 16 November 2021). For each
species, we removed records that were cultivated and outside
the native distribution and only retained one record per 1-km
grid cell (i.e., 30-s resolution). This resulted in 187,117 occur-
rences for subsequent analyses. Fourteen Fagaceae species
with fewer than three records after cleaning were excluded
from the ancestral niche reconstructions. We assembled 35
environmental layers at 30-s resolution from WorldClim (https://
worldclim.org/data/worldclim21.html), SoilGrids1km (https://
soilgrids.org/), GTOPOS30 (https://Ita.cr.usgs.gov/GTOPO30),
and EarthEnv (https://www.earthenv.org/landcover). We ex-
tracted environmental data from these 35 layers and cleaned
occurrences for 409 extant Fagaceae taxa using the R package
“Raster” (http://CRAN.R-project.org/package=raster). After the
removal of highly correlated variables (Pearson's r > 0.7) using
the R package “PKUss” (https://github.com/filBe87/PKUss/),
we were left with 12 representative variables covering aspects
of climate, topography, soil, and land cover: mean annual
temperature, temperature annual range, mean annual precip-
itation, precipitation seasonality, elevation, slope, bulk density,
mean pH, mean organic carbon content, evergreen broadleaf
landcover percentage, deciduous broadleaf landcover per-
centage, and mixed trees landcover percentage.

To integrate the statistical distribution of niche space
occupancy of all species, predicted niche occupancy profiles
(PNOs, Evans et al., 2009) were applied to ancestral niche
estimation using the “contMap” function from the R package
“phytools” (Revell, 2012), implemented using a custom R
script. A PNO profile is a density histogram that integrates
cumulative probabilities of suitability for each value on a
single environmental layer. Here, for each species and layer,
we generated a PNO profile based on observed environ-
mental values—that were extracted directly from environ-
mental layers underlying the occurrence records—under a
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uniform distribution (i.e., the probability of each environ-
mental value is 1/n where n is the number of occurrences).
Briefly, we first proportionally sampled environmental values
in 100 replicates from each PNO profile for each present-day
species and variable and subsequently used each sample as
the observed value of each species in a single ancestral niche
estimation analysis, leading to 1,200 ancestral reconstruction
analyses. Each analysis was run on the extant-only MCC tree.
To reduce the dimension in environmental niche space for
visualization, we extracted the estimated ancestral niche for
focal lineages from reconstruction results (i.e., 1,200 esti-
mated values for each lineage; 12 variables x 100 replicates).
The first two components were then shown through a prin-
cipal component analysis on the estimated ancestral niche of
each lineage.

To assess the impact of fossil inclusion, we applied the
same approach to the ancestral niche reconstructions on
the extant-extinct MCC tree. We did not conduct analyses on
the 200 randomly sampled extant-extinct trees as was done in
ancestral range reconstructions, given the heavy computation
burden that would be required and similar results from a pre-
liminary analysis. We here used eight paleoclimatic variables
from paleoclimatic models. These variables are mean annual
temperature, warmest month mean surface air temperature,
coldest month mean surface air temperature, warmest
month—coldest month temperature difference, mean annual
precipitation, wettest month precipitation, driest month pre-
cipitation, and wettest month-driest month precipitation dif-
ference. For each extant species, the PNO profile was gen-
erated from the extant-only occurrences dataset and eight
modern climate layers (at 30-s resolution) that were down-
loaded or calculated from WorldClim. For each extinct taxon,
we first converted its modern coordinates to paleo-coordinates
using the “reconstruct” function from the R package “chrono-
sphere” (Kocsis and Raja, 2020). The eight paleoclimate layers
for 26 time points (from 127.2 to 0 Ma; at 5-min resolution) were
derived from Valdes et al. (2021). We extracted paleoclimate
values for each paleo-coordinate from the corresponding pa-
leoclimate layers (i.e., closest in geological time). Two strat-
egies were then used to generate a PNO profile for each extinct
taxon, based on the paleoclimate values of the oldest record
and all records of that fossil taxon.

Paleoecological niche modeling

We also used fossil-based PaleoENM analysis (Meseguer et al.,
2015; Myers et al., 2015; Li et al., 2022) to project the potential
distribution of oaks and relatives into the past. We first com-
piled comprehensive Paleogene fossil distribution data for oaks
and relatives from the literature and online resources (CAD, Xing
et al., 2016; PBDB, https://paleobiodb.org) (last accessed 21
November 2022). Fossil data were binned by major lineages
(i.e., Castanea, Castanopsis, Chrysolepis, Lithocarpus, Notholi-
thocarpus, subg. Cerris, and subg. Quercus), based on deter-
minations from the literature involving comparisons with
nearest-living relatives (obtained from the literature or the
Paleoflora database, http://www.palaeoflora.de/). Fossil data
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with ambiguous affinities were excluded from further analysis
(e.g., the oldest oak pollen fossil from western Europe). When
not provided in the literature, modern coordinates of fossils
were obtained from Google Earth based on the described fossil
localities. The final fossil dataset included 467 occurrences,
representing 70 records of Castanea, 75 records of Casta-
nopsis, one record of Chrysolepis, 17 records of Lithocarpus,
one record of Notholithocarpus, 187 records of subg. Cerris,
and 116 records of subg. Quercus (Supplementary Materials).

The PaleoENM analysis was performed following the
workflow of Meseguer et al. (2015). We converted modern
coordinates of all cleaned fossil occurrences to paleo-
coordinates and accordingly extracted paleoclimate values
from the same eight paleoclimate variables using the same
methods as in the extant-extinct niche reconstructions.
These paleoclimate values were used for multiple compar-
isons of niches among oak lineages and closely related
genera during the Paleogene using the R package “agri-
colae” (de Mendiburu and Yaseen, 2020). In addition, given
the requirement of adequate fossil occurrences to model
past distribution and the global temperature change in the
Paleogene, we used two strategies to estimate past climate
tolerance for each lineage: (i) by grouping fossil records of
the Paleocene and Eocene into one time slice (hereafter
“PE”); and (ii) by grouping fossil records of the Paleocene,
Eocene, and Oligocene into one time slice (hereafter “PEO”)
to estimate a single past climate tolerance. A past climate
tolerance is the climate range in shared grid cells that sat-
isfies the requirement of each climatic variable—within the
range of maximum and minimum values of each variable.
Assuming niche conservatism through the Paleogene, we
subsequently projected the past climate tolerance of each
lineage into a suite of paleoclimate models (i.e., layers),
covering seven stages in the Paleogene: Early Paleocene
(66.0 Ma), Late Paleocene (60.6 Ma), Early Eocene (55.8 Ma),
Middle Eocene (44.5 Ma), Late Eocene (35.9 Ma), Early Oli-
gocene (31.0 Ma), and Late Oligocene (25.6 Ma). The Ma-
halanobis distance (MD) score was calculated to represent
the environmental suitability in each grid cell. The MD score
was scaled from 0 to 1; a smaller MD score indicates an
area with higher suitability and vice versa. The PaleoENM
analysis was not performed for Chrysolepis and Notholi-
thocarpus due to the limited occurrences; the past dis-
tributions of these two genera were represented directly by
fossil distribution maps.

Data availability statement

The resulting DNA alignments, trees, and custom Python
and R scripts are available at GitHub (https:/github.com/
ShuiyinLIU/oaks_ancient_hybri). Raw sequence data are avail-
able at the National Center for Biotechnology Information Se-
quence Read Archive (transcriptomes in PRINA910851; Hyb-
Seq data in PRINA913201) and the National Genomics Data
Center Genome Sequence Archive (PRJCA029210). Paleo-
climate models can be accessed at the University of Bristol,
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BRIDGE repository (https://www.paleo.bristol.ac.uk/ummodel/
scripts/papers/Valdes_et_al_2021.html).
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model
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concatenated supermatrix (the HYB-98RT dataset) including 98 loci from
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coalescent simulation results from the nuclear guide tree scaled by a
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