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Abstract

Although hybridization plays a large role in speciation, some unknown fraction of hybrid individuals never reproduces,
instead remaining as genetic dead-ends. We investigated a morphologically distinct and culturally important Chinese
walnut, Juglans hopeiensis, suspected to have arisen from hybridization of Persian walnut (J. regia) with Asian butternuts
(J. cathayensis, J. mandshurica, and hybrids between J. cathayensis and J. mandshurica). Based on 151 whole-genome
sequences of the relevant taxa, we discovered that all J. hopeiensis individuals are first-generation hybrids, with the time
for the onset of gene flow estimated as 370,000 years, implying both strong postzygotic barriers and the presence of
J. regia in China by that time. Six inversion regions enriched for genes associated with pollen germination and pollen tube
growth may be involved in the postzygotic barriers that prevent sexual reproduction in the hybrids. Despite its long-
recurrent origination and distinct traits, J. hopeiensis does not appear on the way to speciation.
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walnuts.

Reproductive isolation is a key process in speciation and
plays a major role in population divergence (Coyne and Orr
1989; Baack et al. 2015). In plants, reproductive isolation
usually involves extrinsic and intrinsic pre- and postzygotic
barriers that evolve over time (Coyne and Orr 2004;
Rieseberg and Willis 2007). Generally, prezygotic barriers
are considered to contribute more to total reproductive
isolation than postzygotic barriers since the latter have
higher reproductive costs, including wasted gametes and
energy invested in unfit hybrid progeny (Lowry et al. 2008;
Baack et al. 2015; Ramirez-Aguirre et al. 2019). Nevertheless,
postzygotic barriers, such as hybrid nonviability and steril-
ity, are hallmarks of most “good” species (Coughlan and
Matute 2020). Hybrid nonviability refers to hybrid seeds
being less likely to germinate and survive than parental
seeds, whereas hybrid sterility refers to hybrid individuals
having reduced pollen or ovule fertility. Hybrid individuals
can often be recognized by their intermediate morphology,
and suspected first-generation (F;) hybrids have been
reported from several tree genera, including Eucalyptus
(Robins et al. 2021), Quercus (Burgarella et al. 2009), and
mangrove genera (Qiu et al. 2008; Zhou et al. 2008; Lo

2010). In studies that have used molecular markers, F,
hybrids are always heterozygous for parental alleles (Lo
2010; Robins et al. 2021). It is easy for hybrids to be viewed
as independent evolutionary lineages, that is, species, be-
cause of their persistence as a morphologically distinct co-
hort, perhaps with high heterozygosity, and at least in
Europe, there is a long tradition of formally naming arbo-
rescent hybrids as taxa at the species rank (Robertson et al.
2010; Feulner et al. 2013).

Whether morphologically distinct “hybrid species” are re-
productively isolated from their parents, however, can only be
decided with molecular data from numerous individuals.
With such data, Worth et al. (2016) revealed that
Athrotaxis laxifolia, described by ). Hooker in 1843 and long
suspected to be a homoploid hybrid species descending from
A. cupressoides and A. selaginoides, actually consists of rare F,
hybrids and advanced generation backcrosses within the
range of the pure species, suggesting that the long-lived
A. laxifolia hybrids will eventually be “reabsorbed” by the pa-
rental species via backcrossing, a process that might take
millennia. This case highlights that conclusions about the
large role of hybridization in speciation (Taylor and Larson

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.
org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is Op en A c c e S S

properly cited.

Mol. Biol. Evol. 39(1):msab308 doi:10.1093/molbev/msab308 Advance Access publication October 23, 2021 1

193397



https://orcid.org/0000-0002-2255-2012
https://orcid.org/0000-0003-1056-8735
https://orcid.org/0000-0003-3704-0703

Zhang et al. - doi:10.1093/molbev/msab308

MBE

2019), at least as regards homoploid tree hybrids, as well as
the time required for their reproductive isolation, need more
empirical data (Schumer et al. 2014, 2018).

The time required for successful sexual reproduction of
hybrid individuals will depend on the genetic architecture
underlying their postzygotic reproductive barriers. In the
past decades, besides Bateson—Dobzhansky—Muller (BDM)
incompatibilities (Bateson 1909; Dobzhansky 1937; Muller
1942), which involve interactions between nuclear genes or
between nuclear and organellar genes (Coyne and Orr 2004),
chromosomal rearrangements have been recognized as an-
other kind of important postzygotic isolating barrier in plants
(Levin 2002; Fishman et al. 2013; Baack et al. 2015). They can
directly affect hybrid fitness or also may increase the strength
of genic barriers by selection against recombinant gametes
(Rieseberg 2001).

Juglans hopeiensis Hu, the Ma walnut, in Chinese “Mahetao,”
can reach 20m in height and is morphologically intermediate
between Persian walnut (J. regia) and J. mandshurica, one of the
two Chinese butternut species. Its leaves have 7-15 almost
glabrous leaflets, which is intermediate between |. regia (5-11
glabrescent leaflets) and J. mandshurica (7-19 glandular-
pubescent leaflets), and its fruits mostly have two ridges on
the outer surface and four internal nut chambers similar to
J. regia, but the thick shell and lacunate septa resemble
J. mandshurica (Manning 1978) (fig. 1). Like J. regia and both
Chinese butternuts (J. cathayensis and ). mandshurica),
J. hopeiensis has a diploid chromosome number of 2n=32
(Mu et al. 1990), but its pollen viability is low (8-30%) (Mu
et al. 1990; Ma et al. 2014; Chen et al. 2015) and so is its fruit set
(2-23%) (Dai et al. 2014; Zhu et al. 2020). In former times,
J. hopeiensis timber was used for ladders and rifle stocks and
its fruits for small carvings (Liu 2014). The species was described
by H. H. Hu (1894-1968), a genetics pioneer in China, who first
considered it highly distinct (Hu 1932), but who in a follow-up
paper (Hu 1934) mentioned its possible hybrid origin.

Molecular studies so far have not resolved the status of
J. hopeiensis and phylogenetic relationship within the genus
(Cheng and Yang 1987; Aradhya et al. 2007; Hu et al. 2016,
2017; Dong et al. 2017; Zhao et al. 2018), with some suggesting
that it is the sister species to J. mandshurica (Hu et al. 2017),
others that it is a hybrid species between J. regia and
J. mandshurica, that is, an evolutionary lineage (Cheng and
Yang 1987; Mu et al. 1990, 2017; Wu et al. 1999; Zhao et al.
2018).

The low pollen viability and fruit set, and the taxon’s nat-
ural distribution confined to regions where both putative
parents are present (fig. 1) led us to suspect that
J. hopeiensis might consist of spontaneous hybrids instead
of being a species (a reproducing gene pool), a hypothesis
that bears on the time since when Persian walnuts have been
present in China, because hybrids could only have begun
forming once J. regia overlapped with the ranges of butter-
nuts. Juglans mandshurica itself is close to, and sometimes
forms hybrids with, a more tropical butternut species,
J. cathayensis (Bai et al. 2016) (fig. 1); together with J. ailanti-
folia, a Japanese variety of J. mandshurica, these three entities
form the Asian butternuts. It was long thought that Persian
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walnuts were introduced to China from Central Asia only
during the Han Dynasty, about 2,000-2,500 years ago, but
this view has been challenged (Feng et al. 2018; Zhang, Xu,
et al. 2019). To test our hypothesis, we applied four popula-
tion genetic methods to a sample of over 150 morphologically
identified tree individuals from the relevant geographic range.
We also used comparative and population-genomic
approaches to investigate the architecture of postzygotic iso-
lation between Asian butternuts and Persian walnut.

Results

We carried out whole-genome resequencing for 151 individ-
uals of J. cathayensis, |. mandshurica, hybrids between
). cathayensis and ). mandshurica (Jc-Jm  hybrids),
J. hopeiensis, and J. regia across northern China (fig. 1 and
supplementary table 1, Supplementary Material online; see
Materials and Methods). The average effective depth for our
data set was 23-fold, with an average mapping rate of 63.70%
coverage of the Pterocarya stenoptera reference genome (sup-
plementary notes 1 and 2 and supplementary tables 1 and 2,
Supplementary Material online). The allele frequency distri-
bution in J. hopeiensis is bimodal whereas allele frequency
spectra in the other species are unimodal (supplementary
fig. 1, Supplementary Material online), implying that there
are more alleles with medium frequencies in J. hopeiensis
than in the other groups, as is typical for F; hybrids.

Analysis of the genetic structure of the 151 individuals
(using the program STRUCTURE) showed that K=3 was
the optimal number of populations when using the parsi-
mony method of Wang (2019) or K=2 when using the
deltak method of Evanno et al. (2005). At K= 2, the Asian
butternuts formed one group, whereas J. regia formed an-
other, and J. hopeiensis was assigned approximately 50% an-
cestry to each group (supplementary fig. 2, Supplementary
Material online). At K =3, there are three distinct groups for
J. cathayensis, |. mandshurica, and J. regia, respectively, but
J. hopeiensis was still assigned approximately 50% ancestry
to ). regia, with the other 50% assigned to Asian butternuts
(fig. 2A). Principal component analysis (PCA) is consistent
with the STRUCTURE result, showing an intermediate posi-
tion for J. hopeiensis between Asian butternuts and J. regia
along PC1 whereas the separation along PC2 is not distinct
(fig. 2B and supplementary fig. 3, Supplementary Material
online). Admixture analysis across the whole genome
revealed that J. hopeiensis has a high heterozygosity (fig. 2C),
with windows assigned equally to Asian butternuts and
J. regia (fig. 2D and supplementary fig. 4, Supplementary
Material online).

Analysis with NewHybrids identified all individuals of
J. hopeiensis as F, hybrids and none as F, hybrids, backcrosses,
Asian butternuts, or J. regia, whereas Asian butternuts and
J. regia were assigned as pure parents. The initial gene flow
most likely happened in Southwest China, where the range of
J. regia abuts that of ). cathayensis (fig. 1).

Pairwise sequentially Markovian coalescent (PSMC) plots
of F; hybrids (hPSMC) can be used to infer the divergence
time between the two parents because coalescence between
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Fic. 1. The geographic locations and representative nuts of Juglans hopeiensis and its parents. The Asian butternuts, J. cathayensis, Jc—Jm hybrids,
and ). mandshurica all have similar nuts (ovoid with a distinct apical, shell rough ridged, and deeply pitted). The species geographic distributions
were mainly referred from the Global Biodiversity Information Facility (GBIF: http://www.gbif.org/).

the two alleles of an F; hybrid can only occur in the ancestral
population and cannot coalesce more recently than the spe-
ciation of the two parents (Cahill et al. 2016). These plots
show a transition from an infinite population size during the
time of lineage divergence to population sizes that reflect the
shared ancestry period prior to divergence. However, hPSMC
is highly sensitive to postdivergence gene flow (Cahill et al.
2016). If there is gene flow between two parents after their
divergence, or if the time of gene flow cessation is too recent,
the PSMC plots of F; hybrids will not increase to infinity
(Mather et al. 2020). Thus, we used hPSMC to infer the timing
of the end of gene flow between the two parents, Asian
butternuts and Persian walnut. This approach suggests that
the plot of J. hopeiensis began to deviate significantly from
Asian butternuts and Persian walnut some 1-2 Ma (fig. 3A
and supplementary fig. 5, Supplementary Material online)
and became much larger than the N, of either parental lin-
eage, after which it declined consistently to the present
(fig. 3A and supplementary fig. 5, Supplementary Material
online). Since the inferred plot of J. hopeiensis never goes to
infinity, gene flow must have existed recently, consistent with
divergence with secondary contact between Asian butternuts
and Persian walnut (fig. 3B and supplementary fig. 6 and
supplementary table 3, Supplementary Material online).

Using our genome data of Asian butternuts and Persian
walnut, we also inferred divergence time and gene flow by
means of fastsimcoal simulation analysis. The best-fit model
suggested their divergence at ~3.06 Ma (95% Cl: 2.18-
593 Ma) and gene flow initiation at ~037 Ma (95% Cl:
0.32-1.04 Ma). Although the best-fit model suggests second-
ary contact and gene flow between Asian butternuts and
J. regia, the migration rates (m) are extremely low, only
7.62e-7 (95% Cl: 2.97e-7-1.10e-6) from Asian butternuts to
J. regia, and 1.82e-6 (95% Cl: 7.23e-7-2.59e-6) in the opposite
direction. We also evaluated contemporary gene flow using a
Bayesian framework as implemented in the software BA3-
SNPs (Mussmann et al. 2019), which suggested no significant
contemporary gene flow between Asian butternuts and
Persian walnut (bidirectional migration rates [4N.m]:
0.0046 % 0.0088; 0.0101 = 0.0191).

To infer the direction of gene flow, we used chloroplast
haplotypes, which are maternally inherited. A total of 22
haplotypes in 80 chloroplast protein-coding genes were
found in the 151 individuals, namely 16 in J. cathayensis, three
in J. mandshurica, two in J. regia, and two in J. hopeiensis, one
of them shared with J. mandshurica (supplementary table 1,
Supplementary Material online). Of the 49 individuals of
J. hopeiensis, 48 had a haplotype from J. mandshurica
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(JM_1), whereas one individual had a distinct haplotype
(JH_1) that clustered with two haplotypes (JR_1 and JR_2)
of J. regia. In a maximum likelihood (ML) phylogeny, 19 hap-
lotypes from Asian butternuts formed a monophyletic group,
whereas two haplotypes of J. regia and one haplotype (JH_1)
of J. hopeiensis formed another (fig. 4).

To understand what might cause the reproductive barrier
between the parental species that has prevented the hybrids
from becoming a distinct species despite the long available
time, we assessed the genome-wide divergence between

Asian butternuts and J. regia to identify outlier regions po-
tentially associated with reproductive isolation (Materials and
Methods). The mean Fst across the genomes was 0.641 and
0.649, with 101 regions above the 99th percentile between
J. cathayensis and J. regia (Fs > 0.844) and 103 between
J. mandshurica and . regia (Fst > 0.856) identified as outlier
regions (fig. 5A and B). The mean Dyy was 0.0063 and 0.0063,
with 105 regions above the 99th percentile between
J. cathayensis and J. regia (Dxy > 0.011) and 106 between
J. mandshurica and J. regia (Dxy > 0.011) identified as outliers
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(fig. 5C and D). In addition, we identified 51 inversions be-
tween J. cathayensis and J. regia and 35 inversions between
J. mandshurica and ). regia (supplementary table 4,
Supplementary Material online). The outlier regions and
inversions shared by J. mandshurica and J. regia, and by
J. cathayensis and J. regia could have been involved in these
species’ reproductive isolation. We therefore checked the
gene content of 49 Fst outlier regions, 86 Dyy outlier regions,
and six inversion regions (longer than 10kb) (figs. 5 and 6).
The Fst and Dyy outlier regions contained 133 and 473 genes
spread across the 16 chromosomes, whereas the six inversion
regions contained 14 genes (supplementary table 5,
Supplementary Material online). To infer the function of
these genes, we used Gene Ontology (GO) enrichment anal-
ysis. Some of the 133 genes in Fst outlier regions are impli-
cated in fruit development, such as the abscisic acid-activated
signaling pathway, cellular response to abscisic acid stimulus,
and fruit morphogenesis, as well as with pollen development,
for example, regulation of pollen tube growth (supplemen-
tary fig. 7, Supplementary Material online). The 14 genes in
the six long inversion regions are implicated in pollen germi-
nation and pollen tube growth (fig. 6 and supplementary fig.
8, Supplementary Material online). The remaining 473 genes
are not associated with particular biological processes.
These outlier regions and inversions might be due to se-
lection, local reduction in recombination, or to genetic drift
resulting from the small effective population sizes of Asian
butternuts and J. regia (above). To assess the possibility of
selection, we performed McDonald—Kreitman (MK) tests
(McDonald and Kreitman 1991) and Tajima’s D tests
(Tajima 1989) for the 133 Fst outlier genes, 473 Dyy outlier
genes, and 14 genes in inversion regions between these pa-
rental genomes (see Positive Selection Analysis section in

Materials and  Methods; supplementary table 5,
Supplementary Material online). Among all genes, 12 in
J. cathayensis, five in J. mandshurica, and six in J. regia were
significant by both Tajima’s D and the MK test. To assess the
possibility of low recombination rates causing high levels of
genetic divergence, we checked correlations between Fst and
the population-level recombination rate (p =4Ngr) in
J. cathayensis and J. mandshurica as well as J. regia. Negative
correlations were found between Fst and recombination rate
in J. regia (n=10020, r = —0.0377, P<0.0001 and
n=10,037, r = —0.0547, P < 0.0001) and positive correla-
tions between Fsr and recombination rate in J. cathayensis
(n=10,020, r = 0.0328, P = 0.0006), but nonsignificant nega-
tive correlations between Fst and recombination rate in
J. mandshurica (n= 10,037, r =0.0098, P=0.1614) (supple-
mentary note 3 and fig. 9, Supplementary Material online).

Discussion

Four lines of evidence support the F; status of today’s entire
cohort of J. hopeiensis trees. First, both nuclear diversity and
individual heterozygosity of J. hopeiensis are twice that in each
of its parents (fig. 2C). Second, J. hopeiensis is an admixed
group (fig. 2D and supplementary fig. 2, Supplementary
Material online) and has no unique genetic composition.
Third, the Bayesian-assignment analysis of NewHybrids cate-
gorized all J. hopeiensis individuals as F, hybrids. Fourth,
hPSMC analysis matched theoretical expectations for first-
generation hybrids (fig. 3A), and J. hopeiensis fits a scenario
of divergence with secondary contact between its parents
(fig. 3B).

The chloroplast phylogeny implies that J. mandshurica is
usually the maternal parent of J. hopeiensis (fig. 4). Walnuts
are monoecious and strongly dichogamous, with male and
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Chromosome

Fic. 5. High genetic differentiation regions with 50-kb stepping windows across the 16 chromosomes. (A) Fst analysis between Juglans cathayensis
and J. regia. (B) Fst analysis between J. mandshurica and . regia. (C) Dxy analysis between J. cathayensis and J. regia. (D) Dxy analysis between
J. mandshurica and J. regia. Windows that exceeded the gray-dotted line were identified as Fst and Dxy outliers, represented by black or red dots. C,
M, and R are the abbreviations of ). cathayensis, ). mandshurica, and J. regia.

female catkins being produced about a week apart from each
other. The flowering period of J. regia in China is mid to late
April (Zhao et al. 2014), whereas that of . mandshurica is late
April to early May (Bai et al. 2006). Juglans mandshurica fe-
male catkins are therefore usually still available when J. regia
sheds pollen, but not the other way around.

In former times, Ma walnuts (J. hopeiensis) had cultural
importance. The nuts were used for walnut-shell carvings that
were traditional gifts for aristocrats and noblemen as early as
the Han Dynasty (206 BC-220 AD) (Liu 2014), and these
sculptures, along with the valuable timber, created a market
for Ma walnuts for at least 2,000 years. Although Asian butter-
nuts have occurred in China since the Tertiary (Bai et al.
2016), J. regia is much younger, with phylogenomic analyses
revealing that it arose as a hybrid between American and
Asian lineages in the late Pliocene, about 3.45 Ma (Zhang,
Xu, et al. 2019). Our inference that J. regia hybridized with
Asian butternuts by the mid-Pleistocene (~0.37 Ma; fig. 3B)
implies an overlap in geographic ranges of the parents and
rejects the view that Persian walnuts were introduced from
Central Asia only during the Han Dynasty (Xi 1990; Deng and
Xie 2006; Jiang and He 2019), some 2,000-2,500 years ago,
instead supporting the view that J. regia was present in
China much earlier (Feng et al. 2018; Zhang, Xu, et al. 2019).
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That . hopeiensis consist entirely of F, individuals highlights
strong postzygotic isolation barriers between Asian butter-
nuts and Persian walnuts, as also suggested with three nuclear
loci and 17 EST-SSRs (Dang et al. 2021). These barriers might
be due to the six long inversion regions that we found to be
enriched for genes associated with pollen germination and
pollen tube growth (fig. 6 and supplementary fig. 8,
Supplementary Material online). Juglans hopeiensis has low
pollen viability (8-30%) (Mu et al. 1990; Ma et al. 2014; Chen
et al. 2015) and fruit set (2-23%) (Ma et al. 2014; Zhu et al.
2020), and its pollen mother cells show abnormal meiosis and
irregular chromosome arrangement, whereas its embryo sacs
are often atrophic (Mu et al. 1990; Dai et al. 2014).
Chromosomal rearrangements, especially inversions, can fa-
cilitate the evolution of postzygotic isolation between hybrid-
izing species (Noor et al. 2007; Rieseberg 2001; Hoffmann and
Rieseberg 2008; Baack et al. 2015), even in the presence of
gene flow (Noor et al. 2001; Rieseberg 2001; Navarro and
Barton 2003). In addition, 12 genes in J. cathayensis, five in
J. mandshurica, and six in J. regia that were found to be subject
to positive selection may contribute to genome divergence
and formation of postzygotic isolation (supplementary table
5, Supplementary Material online). In J. regia, local reductions
of the recombination rate seem to play an additional role in
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Fic. 6. Six inversions longer than 10 kb in syntenic chromosome regions between Asian butternuts and Juglans regia.

the build-up of reproductive isolation since negative correla-
tions were found between Fst and recombination rate.

In other tree species of inferred homoploid hybrid origin,
successful reproductive isolation appears to have required at
least a few million years, for example, 6 Ma for Picea purpurea
(Ru et al. 2018), 1.8 Ma for Ostryopsis intermedia (Wang et al.
2021), 6.64 Ma for Pinus densata (Gao et al. 2012), and
3.45 Ma for Juglans regia (Zhang, Xu, et al. 2019). Compared
with these species, Asian butternuts and J. regia have been
hybridizing since 0.37 Ma, which may be too short to form a
hybrid species. To better understand the frequency of homo-
ploid speciation, more genomic studies with comprehensive
population genomic analysis will need to distinguish between
nonreproducing transient first-generation hybrids and suc-
cessfully reproducing hybrids in clades for which the genomic
resources now exist, such as Juglans. In particular, our work
shows that persistence of hybrids over time does not imply a
stabilized independent hybrid lineage or species.

Materials and Methods

Reference Genomes and Genome Assembly

We used five reference genomes. For P. stenoptera, which is
equally related to all species of Juglans species (Zhang, Xu,
et al. 2019), we sequenced an individual for de novo assembly.
DNA was extracted from fresh young leaves of an adult
P. stenoptera tree collected from Beijing, China (39.983°N/
116.209°E). For P. stenoptera, a total of 117Gb (~208x)
PacBio single-molecule long reads and 75Gb (~134x)
lllumina short reads were used in the initial assembly and

subsequent correction, which produced a total assembly
length of 555.14 Mb with an N50 of 3.76 Mb (see details in
supplementary note 1 and supplementary table 2,
Supplementary Material online). The new P. stenoptera ge-
nome assembly is better than a previous one (v1.0) (Zhang,
Xu, et al. 2019), judging by its smaller total genome size and
larger N50. PacBio long reads combined with previous
lllumina paired-end and mate-pair reads were also used to
update the genomes of J. regia, . mandshurica, and J. nigra
(v2.0; see details in supplementary note 1, Supplementary
Material online), which were used to identify chromosomal
rearrangements. The J. regia genome was 525.44 Mb with N50
of 35.86 Mb, consistent with previous published genome
(Marrano et al. 2020). The J. mandshurica genome had a total
length of 537.15 Mb with an N50 of 35.99 Mb (supplementary
table 2, Supplementary Material online), and the J. nigra ge-
nome comprised 531.15Mb with an N50 of 3528 Mb. A
chromosome-level genome of J. cathayensis has been made
available by Zhang et al. (2020). Herbarium vouchers for these
species are listed in supplementary table 1, Supplementary
Material online, and a voucher for J. hopeiensis has been de-
posited in the BNU herbarium as W. N. Bai DLG1 (BNU).

Gene Prediction and Functional Annotation of
Protein-Coding Genes

To annotate the genomes of P. stenoptera, |. regia,
J. mandshurica, and J. nigra, a combination of homology-
based inference, ab initio prediction, and transcripts from
RNA sequencing (RNA-Seq) was used (see details in
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supplementary note 2, Supplementary Material online). The
final gene sets were functionally annotated using BlastP (min-
imum mapping length of 50 bp, minimum identity of 50%,
minimum coverage of 50%, and minimum e-value of 1e-5)
against the NCBI NR, UniProt-TrEMBL, and KEGG databases
(supplementary table 6, Supplementary Material online). GO
annotation was performed using Blast2GO (Conesa et al.
2005), and pathway annotation were performed using
KAAS (Moriya et al. 2007).

Sampling Design and Resequencing

In 2018 and 2019, we visited all known locations of
J. hopeiensis in the vicinity of Beijing, Tianjin, and Hebei prov-
inces, and sampled 49 wild individuals. The range of
J. hopeiensis overlaps with the ranges of ). mandshurica and
J. cathayensis, which are sister species (Bai et al. 2016), and
hybrids between J. mandshurica and J. cathayensis (Jc-Jm
hybrids) may also have contributed to its genome. Ten indi-
viduals of Jc—Jm hybrids and 19 individuals of J. regia in sym-
patric distribution with J. hopeiensis were also sampled. In
addition, ten trees of . regia were sampled from the provinces
Henan, Hubei, Shaanxi, and Xinjiang. All investigated adult
trees were located in remote mountainous areas away from
cities. Morphological characteristics of the leaves, fruits, and
trunks were used for identification in the field. For each indi-
vidual, six to eight flesh leaflets were dried and stored in silica
gel. DNA was isolated according to the manufacturer’s pro-
tocol using the HP Plant DNA Kit D2485-02 (Omega Bio-Tek).
Whole-genome sequencing was performed on lllumina
NovaSeq 6000 instruments by NovoGene (Beijing, China).
All individuals were sequenced to an expected average depth
of 30, with paired-end libraries of 350 bp insert size and read
length of 150 bp. The genome resequencing data of 61 indi-
viduals of Asian butternuts (21 J. cathayensis, 20 Jc—Jm
hybrids, and 20 J. mandshurica) (Xu et al. 2021) and two
individuals of J. regia (Zhang, Xu, et al. 2019) were also in-
cluded in our study (fig. 1 and supplementary table 1,
Supplementary Material online). In total, 49 wild individuals
of J. hopeiensis, 21 individuals of J. cathayensis, 30 individuals
of Jc—Jm hybrids, 20 individuals of J. mandshurica, and 31
individuals of J. regia were included in this study.

Mapping and Variant Calling

The raw reads were trimmed for adapters and low-quality
reads using Trimmomatic v0.32 (Bolger et al. 2014). Because
P. stenoptera is equally related to Juglans species (Zhang, Xu,
et al. 2019), all clean reads were mapped to a P. stenoptera
reference genome (supplementary table 2, Supplementary
Material online) using BWA-MEM algorithm of BWA
v0.7.12 with default settings (Li 2013). Only uniquely mapped
and properly paired reads were used in the analyses. The
SAMtools v.0.1.19 (Li 2011) were used to convert the
Sequence Alignment Map to a Binary Alignment Map format
file and to remove polymerase chain reaction duplicates.
Subsequently, the SENTIEON DNAseq software package v.
201808.08 (Weber et al. 2016) was used to realign indels,
call SNPs from each individual, and to joint SNPs from all
individuals. To control the quality of genome-wide SNPs, sites
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with a mapping depth of less than a third or more than
double of an individual’s average depth, nonbiallelic sites,
and sites with missing data were removed. Next, the Q20 filter
was applied, and heterozygous genotypes called if the pro-
portion of the nonreference allele was between 20% and 80%
for a sequencing depth >20x (Nielsen et al. 2011), or if the
proportion of the nonreference allele was between 10% and
90% for a sequencing depth >10x; otherwise, a homozygous
genotype would be called. To obtain neutral and indepen-
dent SNPs, those located in a coding sequence or its 10-kb
extension region were discarded. Besides, singletons were ex-
cluded to reduce false positive effects caused by sequencing
error. Linkage disequilibrium (LD) for each group was calcu-
lated using PopLDdecay v3.40 (Zhang Dong, et al. 2019).
Finally, these SNPs were thinned using a distance filter of
interval >10kb based on LD results.

The individuals mapping to P. stenoptera were prepared
for two SNP data sets: 1) A five-group SNP data set including
all sampled individuals, which was used to conduct analysis of
STRUCTURE, PCA, and NEWHYBRID, and 2) a four-group
SNP data set including two putative parents, Asian butternuts
and Persian walnut, which was used to conduct analysis of
fastsimcoal2 and BA3-SNPs. For the five-group and four-
group SNP data sets, a total of 1,353 SNPs and 3,076 SNPs
were obtained after the series of filtering methods described
above.

Genetic Diversity and Structure

The nucleotide diversity (1) of the five groups was calculated
in stepping windows 50 kb in size by VCFtools v0.1.13
(Danecek et al. 2011). A 50-kb window size was chosen for
stepping window analyses because LD decays within this dis-
tance (the same below). Individual heterozygosity (H) was
calculated as the number of polymorphic sites divided by
the total length of the P. stenoptera reference genome. The
folded site frequency spectrum (SFS) of each group was cal-
culated by using a custom perl script.

Stepping window analysis with a size of 50 kb for each of
the five groups suggested that J. hopeiensis had the highest
nucleotide diversity (7 =0.0089 = 0.0042), followed by
J.  cathayensis  (m=0.0040 = 0.0023), Jc—Jm hybrids
(7 = 0.0040 = 0.0023), ). mandshurica (= = 0.0040 * 0.0022),
and J. regia (m = 0.0037 % 0.0022). The individual heterozy-
gosity of J. hopeiensis (0.0088 = 0.0002) is two times higher
than that of J. cathayensis (0.0031 % 0.0001), Jc—Jm hybrids
(0.0031 £ 0.0001), J. mandshurica (0.0032 = 0.0001), and
J. regia (0.0030 = 0.0002) (fig. 2C). The folded SFS showed
that allele frequency distribution in J. hopeiensis is bimodal
(supplementary fig. 1, Supplementary Material online)
whereas allele frequency spectra in the other groups are
unimodal, implying that there are more alleles with medium
frequencies in J. hopeiensis than in the other groups, as is
typical for F;s (supplementary fig. 1, Supplementary
Material online).

To investigate the population structure of J. hopeinesis and
its closest relatives, a PCA was performed using the R package
SNPRelate v. 1.6.2 (Zheng et al. 2012) with default settings.
STRUCTURE v. 2.3.4 (Pritchard et al. 2000) was used to cluster
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individuals based on K= 1-8, using the admixture model
with correlated allele frequencies. To control unequal sample
sizes among species, we set POPALPHAS = 1 with an initial
value of ALPHA = 0.25 as suggested by Meirmans (2019). The
optimal value of K was determined using both STRUCTURE
HARVESTER v.0.6.94 (Earl and Vonholdt 2012) according to
the delta K method of Evanno et al. (2005) and KFinder v1.0
according to the parsimony method of Wang (2019).

Genomic Admixture Source

The NgsAdmix v. 32 (Skotte et al. 2013) was used to estimate
admixture source of J. hopeiensis individuals from its two
parents, Asian butternuts and J. regia, across the whole
genomes. Genotype likelihoods were calculated from bam
files in ANGSD v 0.921 (Korneliussen et al. 2013) with the
parameters “-doGlf 2, -doMajorMinor 1, -SNP_pval 1e-6, -
doMaf 1,” and the result file was then input into NgsAdmix
with 50-kb stepping windows and K =2 ancestral popula-
tions. The longest five contigs (>10 Mb) were chosen to vi-
sualize the proportions of the parents’ ancestry for each
stepping window.

Hybrid Identification

The program EasyParallel (Zhao et al. 2020), utilizing a multi-
thread parallel algorithm to process multiple iterations of
NewHybrids (Anderson and Thompson 2002), was used to
assign the 49 individuals of J. hopeiensis to six genotype classes:
Asian butternuts as pure parent A (Pure A), Persian walnut as
pure parent B (Pure B), F; progeny (F,), F, progeny (F,), back-
crosses with Asian butternuts (F; X A), and backcrosses with
Persian walnut (F; x B). Three independent runs were per-
formed on the same SNPs data with population structure
analysis. Runs were performed with 50,000 Markov Chain
Monte Carlo sweeps following 50,000 burn-in sweeps, and
the Jeffries-like priors were used for both the allele frequency
(0) and mixing proportion (1) parameters. Juglans hopeiensis
was set as the unknown, and other groups as pure A and pure
B.

Population Demographic Analysis

We used the PSMC model (Li and Durbin 2011) to infer the
timing of the end of gene flow between Persian walnut and
Asian butternuts. The recommendations of using sequencing
data with a mean genome coverage of >18X, a per-site filter
of >10 reads, and no more than 25% of missing data were
followed (Nadachowska-Brzyska et al. 2016). Therefore, ten
individuals each of J. cathayensis, ). mandshurica, and J. regia
were mapped to their own reference genome (supplementary
table 2, Supplementary Material online), and ten individuals
of Jc—Jm hybrids were mapped to both J. cathayensis and
J. mandshurica reference genomes. The reads of J. hopeiensis
were mapped to all three J. cathayensis, J. mandshurica, and
J. regia reference genomes to assess if the reference genome
used had any effect on the PSMC results. Regardless which
genome was used, PSMC results were similar. The parameters
in PSMC were set with quality adjusted to 50, the minimum
mapping quality to 20, the minimum depth to one-third of
average depth genome coverage, and maximum depth to 2-

fold average depth genome coverage. For five of the groups,
we used the default bin of 100-bp regions. A generation time
of 30 years and a mutation rate of 2.06 x 10~ site/year were
used (Bai et al. 2018).

Chloroplast Genome Analysis

Reads of each individual of the five groups were mapped to
the P. stenoptera chloroplast genome (NC_046428.1) using
BWA-MEM algorithm of BWA v. 0.7.12 (Li 2013). The shared
80 protein-coding genes for the five groups and two outgroup
species, J. nigra and P. stenoptera, were chosen from their
chloroplast genome annotations. All 80 protein-coding genes
were aligned with MAFFT v. 7.017 (Katoh and Standley 2013)
and then converted to a coding sequence alignment with
PAL2NAL v. 14 (Suyama et al. 2006). The haplotypes of all
individuals were identified from DnaSP v6 (Rozas et al. 2017).
The first, second, and third codon positions from each gene
were treated as different subsets. The best partitioning
scheme was determined using PartitionFinder v. 2.1
(Lanfear et al. 2017) with the GTRGAMMA model of substi-
tution. We carried out phylogenetic reconstructions under
the ML criterion in RAXML v 8.0.26 (Stamatakis 2014), with
1,000 rapid bootstraps and using P. stenoptera and J. nigra as
the outgroup.

Testing Gene Flow and Divergence Time between the
Putative Parents, Asian Butternuts, and J. regia

To test whether there is gene flow between the parent line-
ages, we used the coalescence-based method implemented in
fastsimcoal?2 (Excoffier et al. 2013). The 2D joint site frequency
spectra were converted by easySFS.py (https://github.com/
isaacovercast/easySFS) for a variant call format file for Asian
butternuts and J. regia. Five evolutionary models were com-
pared (supplementary fig. 6, Supplementary Material online),
all of which represented dichotomous topologies with or
without bidirectional gene flow after divergence. For each
model, 100,000 coalescent simulations were performed to
compute log-likelihoods, and global ML estimates were
obtained from 100 independent runs, with 50 expectation
conditional maximization algorithm cycles. The model with
the smallest Akaike information criterion value was deter-
mined as the best. A parametric bootstrapping approach
was used to construct 95% Cl based on the best-fit model
with 100 independent runs.

For two putative parents, we evaluated contemporary
gene flow using a Bayesian framework as implemented by
the software BA3-SNPs v1.1 (Wilson and Rannala 2003;
Mussmann et al. 2019). Migration rates, allele frequencies,
and inbreeding coefficients were adjusted to achieve accep-
tance rates between 0.2 and 0.6 as recommended by Wilson
and Rannala (2003). After finding optimal mixing parameters
for each run, Markov Chain Monte Carlo was applied for 20
million iterations, discarding the first two million iterations
and sampling every 100th iteration. Five exploratory analyses
were conducted with different random seeds to be sure of
concordance. The 95% credible sets were constructed using
the mean migration rate = 1.96 mean standard deviation.
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Migrations rates were considered statistically significant if the
credible set did not include zero.

Identifying Barrier Genomic Regions

To test for population differentiation between species of
Asian butternuts and J. regia, two 2-taxon SNPs data sets
(21 J. cathayensis and 31 J. regia and 20 J. mandshurica and
31 J. regia) were prepared (supplementary table 1,
Supplementary Material online). After keeping only biallelic
sites, removing missing data, and correcting quality in any
genome of the both species, a total of 5,014,130 SNPs and
4,932,665 SNPs were retained between J. cathayensis and
J. regia and ). mandshurica and J. regia, respectively.
Estimates for Fst and Dyy were computed in 50-kb stepping
windows with VCFtools v0.1.13 (Danecek et al. 2011) and
python3 scripts (Sun et al. 2020), respectively. For each inter-
specific comparison between the either Asian butternuts spe-
cies and J. regia, regions with relative and absolute genetic
divergence falling above the 99th percentile were designated
as outliers. Lastly, Fst and Dyy outliers were taken from shared
regions by J. cathayensis and J. regia and ). mandshurica and
J. regia.

To test for the presence of chromosome rearrangements
that might contribute to postzygotic isolation, synteny and
homology between J. cathayensis and J. regia as well as
J. mandshurica and J. regia were identified. First, reference
genomes of . cathayensis and J. mandshurica were aligned
to the ). regia reference genome using the nucmer program in
the MUMmer4 package (Marcais et al. 2018) with the param-
eters set to “-c 500 -b 500 -| 100.” Repetitive sequences were
removed in the reference genome because it was extremely
time demanding for nucmer to deal with repeats. Alignments
of a length <100 and identity <90% were filtered out.
Chromosomal rearrangements including inversions, translo-
cations, and duplications were then identified by using SyRI
(Goel et al. 2019). To infer which inversions might be original
to J. cathayensis, . mandshurica, or J. regia, we made J. nigra an
outgroup (supplementary table 2, Supplementary Material
online). We also examined synteny between J. nigra and
J. regia. A plotsr tool provided by SyRI was used to visualize
pairwise alignments between species.

GO Enrichment Analysis

The R package clusterProfiler (Yu et al. 2012) was used to
perform GO enrichment analysis for genes in the regions of
Fst and Dyy outlier regions and inversions with length
>10 kb. The Benjamini—Hochberg method was used for mul-
titest correction, and overrepresented GO biological process
terms were selected for those with a false discovery rate less
than 0.05.

Positive Selection Analysis

To detect positive selection for genes in the regions of inver-
sions and Fst and Dyy outliers, we carried out MK tests
(McDonald and Kreitman 1991) and Tajima’s D tests
(Tajima 1989) for each gene. MK tests were run using a cus-
tom python3 script that used Fisher’s exact tests to assess the
statistical significance. Test statistics for Tajima’s D were
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calculated for each gene using DnaSP v6 (Rozas et al. 2017)
and compared with 5,000 simulated samples to test for sig-
nificance. For J. cathayensis, Tajima’s D was significantly neg-
ative (P < 0.05) for 23 genes in Fsr outlier regions, 63 genes in
Dyy outlier regions, and two genes in inversion regions, and it
was significantly positive (P < 0.05) for two genes in Dyy out-
lier regions; MK tests were significant (P < 0.05) for six and 32
genes in Fs; and Dyy outlier regions, respectively. For
J. mandshurica, Tajima’s D was significantly negative
(P < 0.05) for nine genes in Fst outlier regions, 21 genes in
Dyy outlier regions, and no gene in inversion regions; it was
significantly positive (P < 0.05) for one gene in Dyy outlier
regions; MK tests were significant (P < 0.05) for three and 27
genes in Fst and Dy outlier regions, respectively. For J. regia,
Tajima’s D was significantly negative (P < 0.05) for nine genes
in Fst outlier regions, 19 genes in Dyy outlier regions, and no
gene in inversion regions, and it was significantly positive
(P < 0.05) for one gene in Fsr outlier regions and 44 genes
in Dyy outlier regions; MK tests were significant (P < 0.05) for
six and 24 genes in Fs and Dyy outlier regions, respectively.
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Supplementary data are available at Molecular Biology and
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