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Abstract

Key message By comparing the phylogeography of Juglans regia and J. mandshurica, we found that two walnut spe-
cies, even when sympatric, rarely introgress, suggesting that strong hybridization barriers exist between these species.
Abstract The biogeographic investigation of temperate walnut (Juglans) trees is of great interest because of their ecological
and economical importance. Our goal was to perform an in-depth investigation of the genetic and phylogeographic history
of J. regia and J. mandshurica, two walnut species that are sympatric in parts of their ranges, including tests for gene flow
and incomplete lineage sorting. We employed a 234 bp locus of mitochondrial DNA, a 1.8 Kbp locus of chloroplast DNA, 3
nuclear loci totaling 1740 bp in length, and 17 EST-SSRs. We sampled 559 individuals, 332 of J. regia and 227 of J. mand-
shurica, from 69 locations. We found that J. regia and J. mandshurica, even when sympatric, rarely introgress, suggesting that
strong barriers to hybridization exist between these species. Niche overlap analyses for the two species found that they occupy
distinct ecological niches and that the sympatric populations may be the result of recent postglacial population expansion.

Keywords Genetic differentiation - Phylogeography - Organellar DNA - Nuclear DNA - Introgression - Juglans

Introduction

Phylogeography is the study of the geographical pattern of
organisms from a phylogenetic perspective. Phylogeography
correlates historical events such as gene flow, glaciation,
and aridification to observed spatial—genetic patterns in a
species or group of species (Bai et al. 2010, 2014; Fan et al.
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2013; Avise 2000). Comparative phylogeography, when
combined with a thorough consideration of ecological and
life-history traits, can provide a better understanding of the
relative contribution of historical, contemporary, biotic, and
abiotic factors to the structure of genetic variation (Papa-
dopouloua et al. 2016). Recent studies have improved our
understanding of the phylogeography of walnut (Juglans)
species by analyzing the effects of geography, ecology, and
a changing climate on walnut diversity and spatial genetic
structure (Bai et al. 2010, 2014, 2015; Fan et al. 2013;
Wang et al. 2016; Han et al. 2016). The phylogeography of
most temperate plant species in the northern hemisphere is
strongly influenced by repeated cycles of climatic suitability
during the Quaternary period (Qiu et al. 2011). A species’
demographic, spatial, and genetic recovery from cold and
dry periods can be strongly influenced by the location(s)
and size of glacial refuges and what congeners may have
been present there. Refugia for walnut species are not fully
resolved, but improved genetic data can reveal the history of
Asian walnut species (Chen et al. 2012).

Chloroplast DNA (cpDNA) and mitochondrial DNA
(mtDNA) are widely used in phylogeographic analyses to
help reveal evolutionary history and lineage divergence
(Avise 1998, 2000; Casazza et al. 2016; Du et al. 2009; Gug-
ger et al. 2010). Both cytoplasmic organelles are in most
cases maternally inherited in angiosperms, so studies of the
spatial genetic structure can provide insight at deeper evo-
lutionary time scales (Avise 1998, 2009; Liu et al. 2012;
Zhao et al. 2018; Sun et al. 2019). Data from nuclear DNA
fragments [for example, barcodes such as the internal tran-
scribed spacer (ITS)] are also commonly used for studies of
population genetics and speciation. Nuclear DNA sequences
can be used to reconstruct phylogenetic relationships among
related lineages (Dang et al. 2019), to identify hybrid indi-
viduals (Zhao and Woeste 2011; Barton et al. 1993), and in
some cases to reveal patterns of sympatric speciation (Sun-
nucks 2000; Van et al. 2008; Dang et al. 2019; Yuan et al.
2018). Nuclear DNA makers, such as SSRs, which are inher-
ited biparentally, are also widely used in population genetic
studies (Bai et al. 2015; Han et al. 2016; Yuan et al. 2018).
The combination of cytoplasmic (mitochondrial and chlo-
roplast) DNA sequence data with nuclear DNA sequence
data provides a robust dataset for testing hypotheses related
to phylogeography, population genetics, patterns of genetic
variation, and interspecific gene flow.

All Juglans species are monoecious, wind-pollinated, and
deciduous trees (Bai et al. 2014, 2015; Zhao et al. 2018).
Common walnut, or J. regia, and J. mandshurica are both
temperate species that bear nutritious nuts and produce high-
quality timber, which makes them economically important
(Bai et al. 2015; Han et al. 2016). Juglans regia has been
cultivated throughout temperate parts of China for millen-
nia, but its natural range there is uncertain (Pollegioni et al.
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2014, 2015). Juglans mandshurica is widely distributed in
China, ranging from the tropical South (<22°N) and the
Qinling Mountains to the Huai River line (~34°N) in hilly
mid-elevation areas (Bai et al. 2014; Dang et al. 2015). J.
regia and J. mandshurica differ in shell thickness, nut size,
color of stigma, number of flowers per cluster, and number
of leaflets per leaf (Lu et al. 1999a, b; Manning 1978). In
China, local biogeographic history and climate have iso-
lated and led to the diversification of the J. regia and J.
mandshurica populations (Bai et al. 2014, 2015; Han et al.
2016; Pollegioni et al. 2015). J. mandshurica belongs to
the section Cardiocaryon along with J. hopeinesis (Ma
walnut), and J. ailantifolia (Japanese walnut) and, in some
taxonomic delimitations, J. cinerea (American butternut)
(Zhao et al. 2018; Dang et al. 2019). The first three species
are native to East Asia, but J. cinerea (butternut) is native
to eastern North America (Stanford et al. 2000; Zhao et al.
2018; Aradhya et al. 2007). The taxon J. cathayensis of Sect.
Cardiocaryon is now considered invalid and all populations
previously identified as J. cathayensis are now J. mandshu-
rica (Zhao et al. 2018; Dang et al. 2015, 2019). J. regia
(Common walnut) belongs to the section Juglans, along with
J. sigillata (Iron walnut), a taxon native to southern China
(Aradhya et al. 2007; Zhao et al. 2018; Feng et al. 2018a;
Sun et al. 2019). Many species of Juglans can hybridize
(Hoban et al. 2009; Zhao and Woeste 2011; Shu et al. 2016;
Yuan et al. 2018; Mu et al. 2017). In North America, J. nigra
and J. cinerea are sympatric and reproductively isolated;
however, both species can hybridize with Asian Juglans and
appear in cultivated populations but not in the wild (Woeste
and Michler 2011). Differences in geographic range, climate,
habitat, and the presence of natural geographical features
have (with certain exceptions) been inferred to be important
in maintaining genetic and spatial separation. To avoid the
interference of cultivated trees on gene flow or introgression,
we specifically sampled locations that might be expected to
contain spontaneous wild hybrids.

We used mtDNA, cpDNA, nuclear DNA sequences, and
EST-SSRs to investigate the biogeography of J. regia and
J. mandshurica. Our goal was to understand J. regia and J.
mandshurica genetic diversity and introgression in regions
of sympatry. We analyzed the composition of mtDNA,
cpDNA, nuclear DNA sequences, and microsatellite length
variation within 69 populations of J. regia and J. mandshu-
rica, 40 individuals from four other Juglans species, and 13
individuals from other genera in the Juglandaceae (Carya
cathayensis and Engelhardtia roxburghiana). Because J.
regia and J. mandshurica cooccur in several sympatric
populations throughout China, we hypothesized that we
would observe gene flow between these two walnut species
in regions of sympatry. The objectives were to: (1) char-
acterize mitochondrial and chloroplast haplotypes in Chi-
nese Juglans and their distribution in two Chinese Juglans



Trees (2021) 35:1993-2007

1995

species; (2) determine if spatial genetic structure can shed
light on how evolutionary history shaped the current geo-
graphical distribution of these related, partially sympatric
species; (3) determine if nuclear and cytoplasmic DNA indi-
cate similar or discordant evolutionary histories for J. regia
and J. mandshurica; and (4) determine if we could identify
evidence of gene flow between J. regia and J. mandshurica
and, if so, what the consequences might have been (parent-
age of hybrid species).

Materials and methods
Population sampling

We intensively sampled two closely related walnut species
Juglans regia (43 populations 332 individuals) and J. man-
dshurica (26 populations; 227 individuals). We also sam-
pled 40 individuals of four other Juglans species, includ-
ing J. hopeiensis, J. sigillata, J. cinerea, and J. ailantifolia
(Table S1). In addition to these six walnut (Juglans) spe-
cies, we obtained sequence data from Carya cathayensis
and Engelhardtia roxburghiana for use as outgroups (Tables
S1). J. cathayensis is currently recognized as a synonym
of J. mandshurica Lu et al. 1999a, b; http://www.theplantli
st.org/tpll.1/record/tro-16700183). In this study, our sam-
ples of J. mandshurica included samples from populations
previously described as J. cathayensis. Altogether, a total
of 599 leaf samples from six Juglans species, and samples
from species of two additional genera were collected from
77 locations in mainland China, Taiwan, Japan, Canada, and
the United States from July 2011 to July 2014 (Table S1).
All sampled trees were mature adults, apparently healthy,
growing in mountain forests, along forest roads, or near vil-
lages, but not in orchards or on farmed lands. Sampled trees
were separated by at least 50 m. Fresh leaf samples were
stored at 25 °C in silica gel until DNA extraction, as previ-
ously described (Zhao and Woeste 2011; Feng et al. 2018b).
Using the geographic information system (Garmin), the lati-
tude and longitude of collected locations were measured. We
compiled spatial summary data of all sequence haplotypes
using ArcMap.

Genomic DNA extraction, PCR reaction, sanger
sequencing, and EST-SSR genotyping

The genomic DNA was extracted from dry leaf samples
using the protocols of Zhao and Woeste (2011) and Doyle
and Doyle (1987) and stored at —20 °C. A total of 9 mito-
chondrial DNA markers, 18 chloroplast DNA markers, and
9 nuclear DNA markers were amplified from all samples
(Table S2). After PCR amplification, we determined that
only one mitochondrial locus (3-9), two chloroplast DNA

markers (trnL-F and trnS-G), and three nuclear DNA loci
(ITS, I5R-8, and Jr5680) were polymorphic among indi-
viduals of J. regia and J. mandshurica, so these were used
for further analysis (Table S2). The internal transcribed
spacer fragment ITS1 (primer Forward sequence: TCCGTA
GGTGAACCTGCGG, Reverse sequence: TCCTCCGCT
TATTGATATGC) was used in this study (Table S2). In the
nuclear genome, the sequence variability at ITS (internal
transcribed spacer) is commonly used for phylogenetic and
population genetics studies (Wright 1978). The polymorphic
nuclear locus Jr5680 was developed from J. regia trancrip-
tomic data in our lab (Table S2). The nuclear gene Jr5680
has almost the same sequence (about 96 %) as the JrPAL
(phenylalanine ammonia lyase) in GenBank (accession no.
JX069977), with a total length of 2369 bp. The PAL gene
is found widely in plants, as well as some yeast and fungi,
with isoenzymes existing within many different species.
The PAL gene was amplified by Jr5680 primer (Wang et al.
2016; Table S2). A total of 17 EST-SSR primers were used
to evaluate the phylogeography of the two walnut species
(Table S2). The total volume of each reaction was 25 pL (2
puL DNA(50 ng/uL); 12.5 puL 2x PCR Taq Mix (0.05 u/L
Taq DNA Polymerase: 3 mmol/L 4 mM MgCl,; 500 umol/L
0.4 mM each dANTP; 100 mmol/L 500 mM KCl; Guangzhou
Geneshun Biotech, Ltd., Guangzhou, China); 2.5 uL. BSA
(Bovine Serum Albumin, acetylated; Madison, WI, USA);
0.8 uL each primer (3-9, trnL-F, trnS-G, ITS, 15R-8, and
Jr5680) (Zhao and Woeste 2011; Wright 1978; Table S2);
6.4 uL sterilized distilled water). The PCR amplification
procedure was as follows: (1) initial denaturation at 94 °C
for 3 min, (2) denaturation for 15 s at 93 °C, (3) annealing
temperature for 1 min (3-9, 50 °C; trnL-F, 55 °C; trnS-G,
55 °C; ITS, 53 °C; I15R-8: 63 °C; Jr5680, 63 °C; EST-SSRs,
55 °C), (4) 30 s at 72 °C (32 cycles, from step 2 to step 4),
and (5) final extension at 72 °C for 10 min (Zhao and Woeste
2011). The PCR products were sent to Sangon Biotech Co.,
Ltd. (Shanghai, China) for sequencing.

Data analysis

The mitochondria, chloroplasts, and nuclear DNA sequences
were trimmed and aligned using Bioedit version 7.0.8 (Hall
1999). Based on electropherograms of sequences, the pres-
ence of mutations was verified and sequences with errone-
ous base calls were manually corrected using MEGA 6.0
(Tamura et al. 2013). The electropherogram of the nuclear
gene sequences (ITS, /15R-8, and Jr5680) inherited from
both parents occasionally showed a nested peak at some
sites. If the weak signal in the nested peak signal reached
one-quarter of the peak height of the strong signal, the site
was considered to have base superposition (Fuertes 1999,
2003). The heterozygous sites in the sequence were replaced
according to the annexation base coding information of
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IUPAC. Dnasp version 5.0 (Librado and Rozas 2009) was
used to split the nuclear gene sequence into two parent
sequences for subsequent analysis (Bai et al. 2015) and to
obtain haplotypes and calculate related genetic index (z, hy).
Each haplotype was illustrated using different colors in pie
charts; we added a black border to the pie chart of J. mand-
shurica. Using NETWORK version 4.2.0.1, we constructed
median-joining networks to determine the phylogenetic
relationship of haplotypes within and among species (Ban-
delt et al. 1999). Arlequin version 3.11 was used to examine
genetic distance, the neutrality of five fragments, and the
AMOVA (analysis of molecular variance) of two species
based on mtDNA, cpDNA, and nuclear DNA sequences
(Excoffier and Lischer 2010). Departures from mutation-
drift equilibrium were reflected in the values of Fu and Li’s
D (Fu and Li 1993). PERMUT 1.0 software (Pons and Petit
1996) was used to estimate the genetic differentiation coef-
ficients of Ngr and Ggyp. The phylogeographic structure was
estimated by comparisons between Ggr and Ngy and tested
with 1000 random permutations of mitotype identity, as a
significantly higher Ny, compared to Gy supports the pres-
ence of structure. Ny and Ggp differ only in that Ng, con-
siders the similarities between mitotypes (Pons and Petit
1996). AMOVA software was used to calculate the popu-
lation genetic differentiation (Fg;) (Schneider et al. 2000).
To detect whether the J. regia and J. mandshurica popula-
tions had experienced expansion events in their evolutionary

history, Dnasp version 5.0 was used to show mismatch dis-
tributions (Librado and Rozas 2009).

The software GENEALEX ver. 6.5.0.1 was used to calcu-
late the genetic index (Na, Ne, Ho, H, uHe, F; Table 1, S3
and S4) and genetic distance between populations based on
microsatellite data (Peakall and Smouse 2012). HP-RARE
1.0 software was used to calculate Allelic richness (Rs)
and private allele richness (P,z) values (Kalinowski 2005;
Table S4). POPTREE?2 (Takezaki et al. 2010) software was
used to construct the unweighted pair group method with
arithmetic means (UPGMA) tree, which was visualized with
the software MEGA 6.0 (Schneider et al. 2000). We used
the “ggplot” package (Wickham 2009) in R studio to draw
the PCA (Principal Component Analysis) results based on
microsatellite data, in which the genetic distance was calcu-
lated in GENEALEX ver. 6.5.0.1 software (Pons and Petit
1996). We used the “rmaverick” R package (developed by
Robert Verity, 2019; software available from https://bobve
rity.github.io/rmaverick/) to calculate the genetic struc-
ture of 16 sympatric walnut (Juglans) populations based
on a total of 17 EST-SSRs. The settings were as follows:
length of burn-in period, 100,000; number of MCMC reps
after burn-in, 500,000; K =1—9; number of iterations, 15
(Evanno et al. 2005). We used the delta K method to esti-
mate the optimal value of K through the program STRUCTU
RE HARVESTER (Earl and vonHoldt 2012) and function
plot_posterior_K() in the “rmaverick” R package. Then we

Table 1 Genetic diversity of Juglans using mtDNA sequences, cpDNA sequences, nuclear sequences and microsatellite markers

Type Group hy b2 Tajima’'sD  Fu&Li’'sD  No Gyr Ngr Fgr Mitotypes/
Haplotypes
mtDNA J. regia 0.024  0.0001 —0.901 0.464 166 - 0.006 0.006 0.053 5
J. mandshurica  0.032  0.0002 —1.484 -2.219 189 -0.009 -0.016 -=001 5
cpDNA J. regia 0.077  0.0001 — 1.782%* —-3.196 252 - - 0.24
J. mandshurica  0.512  0.0008 - 1.090 1.436 193 0.670 0.349 030 13
ITS J. regia 0.113  0.0002 - 1.096 0.729 390 0.287 0.299 0.24 4
J. mandshurica  0.052  0.0001 —1.346 - 0.811 302 0.275 0.278 0.20 6
I5R-8 J. regia 0.832  0.0089 —-0.653 1.943%%* 340 0.235 0.328 026 42
J. mandshurica  0.661  0.0060 — 1.758% —-0.195 334 0.154 0.117 012 29
Jr5680 J. regia 0.370  0.0053 0.271 - 0.067 476 0.301 0.479 043 25
J. mandshurica  0.041  0.0006 —1.429 —2.298 242 0.197 0.206 0.16 7
Type Group Na Ne Ho uHe Fig Ry Pz
EST-SSR  J. regia 2.581 1.755 0.291 0.346 0360  0.161 2.36 0.061
J. mandshurica  4.191  2.597 0.462 0.455 0.470  0.003 7.36 0.139

Total gene diversity (h;), nucleotide diversity (z), among populations genetic differentiation (Ggp, Ngp), among populations differentiation
(Fgr). number of different alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (Hp), unbiased
expected heterozygosity (uHe), inbreeding coefficient (Fg), allelic richness (Rs) and private allele richness (P,)

Ns Not significant
*0.01<P<0.05
*#0.001 <P<0.01
4P <0.001
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used function plot_gmatrix() to output the genetic structure
results of “rmaverick” R package. To further estimate the
historical gene flow between J. regia and J. mandshurica,
we independently ran MIGRATE v. 3.6.1.1 (Beerli 2005)
five times to estimate the mode and 95 % highest posterior
density after checking for data convergence to ensure the
validity of the results.

The geographical distribution characteristics of the total
number of haplotypes and allelic richness (Rs) of J. regia
and J. mandshurica were more directly reflected using the
interpolation function in ArcGIS ver. 10.3 software (ESRI,
Redlands, CA, USA) (Feng et al. 2018b). The geospatial
interpolation of these indices enabled us to better compare
the new spatial data representing the genetic diversity of J.
regia vs. J. mandshurica populations. Based on our previous
niche reconstruction results of Juglans (Zhao et al. 2018),
we selected five climatic factors for niche overlap analysis
of J. regia and J. mandshurica: bio4: Temperature Seasonal-
ity, bio9: Mean Temperature of the Driest Quarter, biol 1:
Mean Temperature of the Coldest Quarter, biol5: Precipi-
tation Seasonality, and biol8: Precipitation of the Warm-
est Quarter. Based on environmental space (E spaces), the
niche overlap statistics of two walnut species were analyzed
using R packages (Broennimann et al. 2011; Petitpierre
et al. 2012). Principal component analysis (PCA) analysis
was used to transform occurrence and climate data into
environmental axes (PCA-env) (Broennimann et al. 2011;
Petitpierre et al. 2012; Dreyer et al. 2019). Niche overlap
was determined according to D and the I index, which ranges
from O (no overlap) to 1 (complete overlap). The contribu-
tion of the climatic variables on the two axes of the PCA and
the percentage of inertia were explained by the two axes.
All analyses were carried out using the R v3.6.1 (Dreyer
et al. 2019).

Results
Diversity of mtDNA, cpDNA, and nuclear DNA loci

A total of 11 mitotypes (GenBank accession numbers:
MZ150569-MZ150579) were identified among 612 indi-
viduals (in 8 species, 6 of which were in Juglans) collected
from 77 locations (Table S1, S5 and Fig. 1a). The mitotype
(gene) diversity i was 0.024 and 0.032 for the J. regia sam-
ples and the J. mandshurica samples, respectively. The Ay
across all samples was 0.502. Nucleotide diversity for the
same groups was z=0.00010, 0.0002, and 0.0022 (Table 1).

A total of 30 chloroplast haplotypes (GenBank accession
numbers: MZ291846-MZ291905) were identified among
eight species (six Juglans) based on sequence variation of
the trnL-F and trnS-G segment (aligned, trimmed length
of 1806 bp) found in 612 individual tree samples collected

from 77 locations (Table S1 and Fig. 1b). The total number
of polymorphic sites was 191 (Table S6). Overall, the chlo-
roplast haplotype (gene) diversity was similarly high for the
J. regia samples, the J. mandshurica samples, and all other
samples, at 0.077, 0.512, and 0.664, respectively. Nucleotide
diversity for the same groups was 7#=0.0001, 0.0008, and
0.0024 (Table ).

A total of 142 nuclear genotypes (22 ITS genotypes, 81
15R-8 genotypes, and 39 Jr5680 genotypes) from the 8 spe-
cies (612 individuals) analyzed were obtained in this study
(Fig. 2 and S1, S2; Tables S7, S8, and S9). The GenBank
accession numbers of 22 ITS genotypes, 81 /5R-8 genotypes,
and 39 Jr5680 genotypes were MZ291824-MZ291845,
MZ291704-MZ291784, and MZ291785-MZ291823, respec-
tively. These were based on sequence variation of three seg-
ments (aligned, trimmed total length of 1740 bp). Sequences
from some individuals could not be resolved because they
did not produce amplification products; 403 samples were
sequenced at ITS to obtain 639 bp sequence, 387 samples at
15R-8 to obtain 363 bp sequence, and 426 samples at Jr5680
to obtain 639 bp sequence. Nucleotide diversity was gener-
ally higher in J. regia (#=0.0002, 0.0089, and 0.0053) than
in J. mandshurica (x=0.0001, 0.0060, and 0.0006) for ITS,
15R-8, and Jr5680, respectively (Table 1). Overall, the hap-
lotype (gene) diversity in J. regia for ITS, 15R-8, and Jr5680
was high (0.113, 0.823, and 0.370, respectively), and larger
than what we observed at the same loci for J. mandshurica
(0.052, 0.661, and 0.041, respectively) (Table ).

Based on EST-SSR data, the values of Na, Ne, Ho, H,
uHe, Fi, Rs, and P, of each collected population ranged
from 2.059 to 5.706, 1.555 to 3.134, 0.203 to 0.527, 0.288
to 0.507, 0.301 to 0.532, —0.094 to 0.398, 2.03 to 10.86, and
0.000 to 0.270, respectively (Table S3). The J. mandshu-
rica populations had a higher allele abundance and higher
genetic diversity than J. regia (Table 1). The F; value of J.
mandshurica was lower than that of J. regia, which indicates
lower levels of inbreeding for J. mandshurica (Table 1).

Spatial analysis of the mitochondrion, chloroplast,
and nuclear DNA sequences

Mitotype mapping did not show a strong pattern of geo-
graphic structure (Fig. 1a). Mitotypes mtH1 to mtH5 were
found in J. regia in all parts of China, three haplotypes
mtH9, mtH10, and mtH11 were found only in J. mandshu-
rica, mtH6 was found only in J. ailantifolia, while mtH7
was found only in J. cinerea (Fig. 1a and Table S5). Mito-
type mtH1 was widespread across China and even found in
the North American species J. cinerea. Mitotype mtH1 was
shared among J. regia, J. sigillata, J. cinerea, C. cathayen-
sis, and E. roxburghiana. Mitotype mtH2, which differs from
mtH1 by a single nucleotide (mutation G—T), was found
in four Juglans species (J. hopeiensis, J. mandshurica, J.
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Fig. 1 Map of the occurrence of mitochondrial and chloroplast hap-
lotypes based on a mitochondrial locus 3-9 and b chloroplast loci.
Abbreviations for samples, numbers of populations, and sampling
details are in Table S1. Pie charts bordered in black indicate samples
of J. mandshurica. Locations with more than one haplotype are indi-
cated as pie charts that show the proportion of each haplotype present
at the sampled location. The network of genealogical relationships for
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11 mitochondrial haplotypes and 30 chloroplast haplotypes found in
all samples in this study are indicated in the lower left of each panel.
Black lines show the steps between the haplotypes based on parsi-
mony criteria. The size of the circles in the network of genealogical
relationships is roughly proportional to the number of alleles of that
type sampled. Some circles on the map are reduced in size for ease of
viewing
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Fig.2 Geographic distribution of sequence variation based on the
(nuclear) ITS region. Locations where more than one haplotype was
encountered are represented as pie charts that show the proportion
of each haplotype. Pie charts with a Amber circles indicate J. regia
sample sites, green circles indicate J. mandshurica. We added a black
border indicate to the pie chart of Chinese walnut. The network of
genealogical relationships for the 22 alleles found among all samples

regia, and J. ailantifolia) in 11 populations (Fig. 1). Mito-
type mtH8 was found only in J. mandshurica, while four
populations of J. mandshurica contained mitotypes mtH9,
mtH10, and mtH11 (SCH, XY, YN, and ZQS) and three
populations of J. mandshurica only contained mitotypes
mtH2 (HLJ, SM, and YC) (Fig. 1 and Table S5). J. sigillata
had one mitotype (mtH1) among the samples in our study,
which was shared with J. regia.

Parsimony analysis of the 11 mitotypes produced a
network centered on mitotypes mtH1 and mtH8, with
single-step branches to most of the other mitotypes. The
mtH1 mitotype was widely distributed in J. regia, while
mtH8 was widely distributed in J. mandshurica (Fig. 1a).
Although mtH1 was shared by four species besides J.
regia, it was not shared by J. mandshurica, and mtHS,
the most common haplotype for J. mandshurica, was not
shared by any other species. In J. regia populations, Gansu
(CX), Anhui (AH), and Yunnan (LJ) in China contained
the mitotype mtH3; Shaanxi (NS and SY) contained mtH2;
Xinjiang (XJ) and Beijing (BJ) contained mitotype mtH5
and mtH4 (Fig. la).

T
105°E

in this study. The black lines show the inferred connections between
the alleles based on parsimony optimization. Size of circles is roughly
proportional to the number of alleles of that type sampled of that type
encountered; the smallest circles represent one tree each. Some cir-
cles on the map were reduced in size for ease of viewing. Abbrevia-
tions for samples, numbers of populations, and sampling details are in
Table S1

Chlorotypes cpH1, cpH2, cpH4, cpHS5, cpH6, cpH7,
cpHS, and cpH9 were found in J. regia in China (Fig. 1b and
Table S6). Chlorotype cpH20 was widespread and shared
by J. mandshurica and J. hopeiensis, although chlorotypes
cpH3, cpH23, cpH26, and cpH27 were common in certain
J. mandshurica populations. Chlorotypes cpH3, cpH13,
cpH21, cpH22, cpH23, cpH24, cpH25, cpH26, cpH27,
cpH28, cpH29, and cpH30 were found in J. mandshurica
only (Fig. 1b), but most of these chlorotypes were uncom-
mon. The common haplotype of J. regia cpH1 was found in
the BXS population of J. mandshurica, but it was only in
one individual. J. sigillata had seven chlorotypes, cpH10,
cpH11, cpH12, cpH13, cpH14, cpH15, and cpH16; all of
these were found in J. sigillata only (Table S6).

Although the nuclear gene sequence is diploid, we used
the software DNASP to split the nuclear gene sequence into
two sequences, paternal and maternal. Then, haplotypes
were analyzed using two sequences from each individual.
Haplotypes of the three nuclear loci we analyzed showed a
clear pattern of geographic structure corresponding to spe-
cies delimitations (Fig. 2 and S1, S2). ITS haplotype H1 g,
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15R-8 haplotype H15, 5, _ 5, and haplotype H1 .54, at locus
Jr5680 were the most common in J. regia, while H10;,
H38,5z_g and H26,,54, were the most common in J. man-
dshurica (Fig. 2 and S1, S2). The haplotype network for ITS
(Fig. 2) follows the taxonomic split between the two sections
of Dioscaryon (section Dioscaryon/Juglans: J. regia and
J. sigillata and section Cardiocaryon: J. mandshurica, J.
hopeinesis, J. ailantifolia, and J. cinerea). Within species,
there was also evidence of regional variability. Haplotype
H2,1g in J. regia was distributed in Yunnan, Guizhou, and
Sichuan Provinces (southwestern China), H4,15 was only
found in J. regia populations in northern China, and H3g
was only found in Xinjiang Province, northwestern China
(Fig. 2). J. sigillata, a species from southwestern China,
presented six haplotypes at ITS but none were shared with
J. regia. We only observed variability at ITS for J. man-
dshurica in samples from the Qinling—Bashan Mountains
(populations ZQ, ZQS, XYB, and HB) and Heilongjiang
(HLJ). Except for the populations BXS and SM, which only
had the H5;g haplotype, all other samples had haplotype
H10;1g. Butternut (J. cinerea), a species closely related to
J. ailantifolia, contained H21,1g, a private haplotype one
mutation removed from J. ailantifolia (Fig. 2). The outgroup
species (C. cathayensis and E. roxburghiana) contained ITS
sequences different to any Juglans species.

We observed particularly high levels of variation at the
nuclear locus /5R-8, as 81 haplotypes were found in the
Juglans species we analyzed. J. regia and J. mandshu-
rica (Fig. S1) were especially polymorphic at this locus.
For J. regia, the haplotype H6,s,_ ¢ and similar haplotypes
(closely related haplotypes) were mainly distributed in Xin-
jiang Province, northwestern China; haplotype H23,5, _g
and similar haplotypes were mainly distributed in Yunnan;
haplotype H1 5, _ ¢ and related haplotypes were mainly dis-
tributed in Guizhou Sichuan, southwestern China; and the
haplotype H19,5;_5 and similar haplotypes were mainly
distributed in the area around the Qinling—Bashan Moun-
tains (Fig. S1). Haplotypes H1 ;55 _ ¢ to H34 5, _ ¢ were only
observed in J. regia. J. mandshurica also had high hap-
lotype diversity at /5R-8. Haplotype H38 55 _s was most
common and most widely distributed, although haplotypes
H35,5p_g, H40,55 _g, and H44, 5, _ s were also widely dis-
tributed. There were, however, many rare and private haplo-
types; H36, 5z _ g, H37,5p _g. H54; 55 5, H56,5¢_5 H57 ;58 _s.
H595z s HO61;5p 5 HO2;55 5, and H64, 55 s—HO68, 55
were found in only a few J. mandshurica populations (Fig.
S1 and Table S8). In general, J. mandshurica showed a less
obvious genetic structure at this locus than J. regia.

Across all collection sites for Jr5680 (PAL gene), H1
Jrseso and H26 ;,.s40) were the dominant haplotypes for
J. regia and J. mandshurica, respectively (Fig. S2 and
Table S9). The latter two species branched from the net-
work at J. mandshurica. At locus Jr5680 there appeared to
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be a geographic structure; haplotypes H8 ;,.5550 and H17 5449
were most common in the samples from Yunnan, Guizhou,
and Sichuan (southwestern China). Haplotypes H15,.5450,
HS,, 5650, H13,,5650, and H14 555, Were restricted to the
populations DZ (northern China), BM (western China), CL
(central China), and DZ (northern China), respectively, and
were predicted to be part of a complex network in J. regia
(Fig. S2). Compared to J. regia (25 haplotypes), there was
much lower haplotype diversity in J. mandshurica popula-
tions at the JR5680 locus; we observed seven haplotypes
(H26,5450 to H32,,5650), of which H26,,545, Was by far the
most common (Fig. S2). The PAL gene diversity of J. regia
and J. mandshurica populations in the Qinling—Bashan
Mountains and Yunnan—Kweichow Plateau was higher than
that of other regions. The maximum likelihood (ML) phylo-
genetic trees of Juglans were constructed using haplotypes
of three nuclear DNA sequences (ITS, /5R-8, and Jr5680;
Fig. S3). The results supported that J. regia and J. sigillata
(sect. Dioscaryon) were clustered and two species of sect.
Cardiocaryon (J. hopeiensis and J. mandshurica) were clus-
tered into one branch (Fig. S3).

Neutrality tests and mismatch distribution analysis

The Neutrality test and mismatch distribution analysis
showed that J. regia and J. mandshurica had different demo-
graphic patterns based on mitochondrial, chloroplast, and
nuclear data (Fig. S4). The distribution of mismatches for
the mitochondrial sequences contained a single peak, indi-
cating a recent demographic expansion for both J. regia and
J. mandshurica (Fig. S4a, b). The mismatch distribution of
J. regia chloroplast sequences also revealed a single peak,
indicating a recent demographic expansion, but the analy-
sis of J. mandshurica chloroplast data revealed two peaks,
which indicated no recent expansion or contraction (Fig.
S4c, d). All cytoplasmic and nuclear markers showed nega-
tive values for Tajima’s D in J. mandshurica, and nearly all
for J. regia; however, the probability of significance of Taji-
ma’s D values based on cpDNA sequences in J. regia was
P <0.05, whereas it was P <0.05 in J. mandshurica based on
15R-8 sequences, and the probability of significance of other
Tajima’s D values were not significant (P>0.1, Table 1. A
recent population expansion of J. mandshurica is strongly
indicated by these results (Table 1). Fu and Li’s D (1.943)
was positive and significant (at P <0.01) for J. regia based
on 15R-8 sequences. For nuclear DNA, the test of mismatch
distribution for the /5R-8 sequences and Jr5680 sequences
showed no recent contraction or expansion (Fig. S4g, i). For
ITS, however, the mismatch distribution for ITS and Jr5680
sequences showed a single peak (for J. mandshurica), fur-
ther confirmation that the J. mandshurica population size
may have experienced a recent expansion (Fig. S4f, j) that
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was not indicated by analysis of the /5R-8 sequences (Fig.
S4h).

AMOVA (Analysis of molecular variance)

AMOVA showed that genetic variation was mainly within
populations of J. regia (94.68 % using mtDNA, 75.85 %,
using cpDNA, 76.5 % using ITS, 74.1 % using 15R-8, 56.5%
using Jr5680, and 83.78 % using EST-SSRs, P <0.001)
(Table 2). For J. mandshurica, the structure of genetic vari-
ation was similar to J. regia and mainly within populations
(99.74 % using mtDNA, 70.03 % using cpDNA, 79.9 % using
ITS, 88.0 % using 15R-8, 84.3 % using Jr5680, and 87.68 %
using EST-SSRs, P <0.001) (Table 2. The AMOVA among
populations of same species, especially for the Jr5680 in J.
regia, is quite high (Table 2). As expected, there was a clear
genetic differentiation between members of different sec-
tions of Juglans (Sect. Dioscaryon and Sect. Cardiocaryon).
An AMOVA analysis showed 78.85 % of the variance for
ITS, 77.42 % for 15R-8, and 64.14 % for Jr5680 between
sections.

Inverse distance weighted and niche comparison analyses
on the environmental space

We conducted a genetic diversity inverse distance weighted
(IDW) analysis based on mitochondrial DNA (mtDNA),
chloroplast DNA (cpDNA), three nuclear DNA fragment
(TS, 15R-8, and Jr5680), and 17 EST-SSRs, respectively
(Fig. 3), to reveal the genetic diversity of mitochondrial
mitotypes and chloroplast haplotypes and their distribution
in two Chinese Juglans species. For J. regia, the results
of mtDNA + cpDNA sequences showed that the greatest
genetic diversity of J. regia was in samples from Xinjiang
(Northwest China), Tibet, Qinling Mountains, and east-
ern China (Fig. 3a); the haplotype diversity based on three
nuclear loci was the greatest in Xinjiang (northwest China)
and southwestern China (Fig. 3¢). Based on the microsat-
ellite data, the populations of Qinling Mountains showed
high allelic richness (Rs) (Fig. 3e). For J. mandshurica, the
results of mtDNA + cpDNA sequences and three nuclear

sequences indicated that the highest haplotype diversity was
in the Shennongjia Mountains (Hubei provinces) (Fig. 3b,
d). However, based on 17 pairs of EST-SSR loci, J. man-
dshurica had high allelic richness in Henan and Guizhou
provinces (Fig. 3f). To reveal the ecological differentia-
tion between J. regia and J. mandshurica, we analyzed the
niche overlap statistics using five selected climatic factors
(Fig. 3g—i). The results indicated that J. regia and J. mand-
shurica occupied distinct ecological niches (Fig. 3g). PCA
results supported that J. regia and J. mandshurica were pri-
marily separated based on five climate factors (bio4: Tem-
perature Seasonality, bio9: Mean Temperature of the Driest
Quarter, biol 1: Mean Temperature of the Coldest Quarter,
biol5: Precipitation Seasonality, and bio18: Precipitation of
the Warmest Quarter) (Fig. 3h, 1).

Population structure of J. regia and J. mandshurica based
on EST-SSR data

Based on EST-SSR data of 16 J. regia and J. mandshurica
sympatric populations, the UPGMA tree resolved two dis-
tinct clades (Fig. 4b). Principal component analysis (PCA)
analysis also resolved two separate clusters corresponding to
J. regia and J. mandshurica (Fig. 4c). Lastly, the structural
analysis also resolved two separate genetic clusters corre-
sponding with taxonomic designation (Fig. 4). The popu-
lation structure analysis showed that the optimal K was 2
(Fig. 4d, e). At increasing levels of K, subpopulations were
delimited within each species but the initial split between
the species remained at these higher levels of K (Fig. 4d).
Overall, the genetic data, including the phylogenetic tree,
principal component analysis (PCA), and structure analysis
indicated that the two walnut sections in China were divided
into two distinct genetic clusters based on EST-SSR data.
The gene flow analysis produced 8 and M values greater than
0 (Table S10). The @ value and the size of the immigration
rate (M) revealed a highly symmetric historical gene flow
between the two species. The migrate analysis results indi-
cated that J. regia and J. mandshurica have strong barriers
to gene flow (0.49 versus 0.40) (Table S10). These analyses
indicated that that there was almost no gene flow between J.

Table 2 Analysis of molecular
variance (AMOVA) based on

mtDNA, cpDNA, and nuclear
DNA sequences

Species Source of Variation mtDNA  cpDNA ITS 15R-8  Jr5680 EST-SSR

Juglans regia Among populations (%)  5.32 24.15 23.5 259 43.5 16.22
Within populations (%)  94.68 75.85 76.5 74.1 56.5 83.78
Fixation Index 0.053*  0.242*  0.235% 0.259*% 0.435% 0.162*

J. mandshurica  Among populations (%)  0.26 29.97 20.1 12.0 15.7 12.32
Within populations (%)  99.74 70.03 79.9 88.0 84.3 87.68
Fixation Index 0.007*  0.300*  0.201* 0.120% 0.157* 0.123*

mtDNA =234 bp, cpDNA =1,806 bp, ITS=639 bp, /15R-8=363 bp, Jr5680=639 bp
*P <0.001. Genetically variable sites see Supplementary Table 5-9
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Fig. 3 Inverse distance weighted interpolation of the haplotype diver-
sity (based on the number of haplotypes using mtDNA +cpDNA
and three nuclear loci (ITS, 15R-8, and Jr5680)) and allelic rich-
ness (Rs) (using EST-SSR loci) of J. regia populations and J. man-
dshurica population in China. a mtDNA+cpDNA (J. regia); b
mtDNA + cpDNA (J. mandshurica); ¢ three nuclear loci (J. regia);
d three nuclear loci (J. mandshurica); ¢ EST-SSR loci (J. regia); £
EST-SSR (J. mandshurica). The red, orange, pink, green, and blue
regions indicate the haplotype diversity and allelic richness, from
high to low. g Niche overlaps maps of J. regia (orange) and J. man-

regia and J. mandshurica based on evidence from EST-SSR
loci (Fig. 4 and Table S10).

Discussion

Differences between nuclear, plastid,
and mitochondrial datasets

To reveal genetic diversity, haplotype variations, and dis-
tribution of J. regia and J. mandshurica based on maternal
genetic markers (3-9, trnL-F and trnS-G) and biparental
genetic markers (ITS, /5R-8, and Jr5680), we analyzed 612
individuals of these two walnuts from different locations
in China. The genetic diversity of mitochondria sequences
from 58 Juglans populations was low (Table 1) compared
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PC1 (70.63%)
J. regia J. manshurica

dshurica (green) in the environmental space (E spaces) using R. The
solid and dashed contour lines delimit the 100th and 75th quantiles,
respectively, of the density at the available climate. h—i The contri-
bution of the climatic variables on the two axes of the PCA and the
percentage of inertia explained by the two axes. bio4: Temperature
Seasonality (standard deviation x100); bio9: Mean Temperature of
the Driest Quarter; biol 1: Mean Temperature of the Coldest Quarter;
biol5: Precipitation Seasonality; biol8: Precipitation of the Warmest
Quarter

to other species. For example, in J. regia, hy = 0.024 and
in J. mandshurica, hy = 0.032, whereas the mitotype diver-
sity was 0.37 and 0.44 in the conifer species Picea asperata
(hy = 0.37) and P. crassifolia (hy = 0.44) (Du et al. 2009).
Based on variability in the mitochondrial 3-9 DNA frag-
ment, only 11 mitotypes associated with eight mutations
were found in Juglans, whereas we identified a total of 30
chlorotypes in Juglans (Fig. 1). We also found no apparent
geographic structure to the genetic variability in the mito-
chondria of J. mandshurica, whereas there was clear spatial
structure in chloroplasts (Fig. 1). Different cellular compart-
ments can present different outcomes; this is especially the
case for biparentally inherited DNA versus uniparentally
inherited DNA. The average rate of synonymous substitu-
tion in the chloroplast genome is nearly three times higher
than that in the mitochondrial DNA in higher plants (Wolfe
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Fig.4 Genetic structure and geographical distribution of 16 sympa-
tric walnut (Juglans) populations based on 17 EST-SSRs in China.
a Geographic origin of the eight pairs of sympatric J. regia and J.
mandshurica populations (16 populations) and their color-coded
grouping at the highest supported K=2. b The unweighted pair group
method with arithmetic means (UPGMA) tree of 16 walnut popula-
tions resolved into two clusters based on the EST-SSR datasets. ¢

et al. 1987), although it is still 4—5 times slower than the
total synonymous substitution rate in plant nuclear genome
(Wolfe et al. 1989; Nagata 2010) found that in about 20 % of
angiosperms, the control mechanisms affecting the entry of
mitochondrial versus plastid organellar DNA into generative
cells were independent (Nagata 2010).

Measures of mutation frequency () in J. regia and J.
mandshurica shed light on their evolutionary history. In
both mitochondria and chloroplast sequences, the & value
of J. mandshurica was higher than that of J. regia, and
it was considerably higher in cpDNA sequence (0.0008
versus 0.0001). The = value was about the same in nuclear
genomes as in organellar genomes at ITS, but at /5R-8 the
values of z was 30- to 90-fold higher, with values for J.
regia greater than those for J. mandshurica (0.832 versus
0.661). At Jr5680, the x for J. regia was comparable to
those for J. regia and J. mandshurica at 15R-8, but for J.
mandshurica at Jr5680, values were comparable to those
for ITS and even those for organellar genomes. Yet, oddly,

J. mandshurica

Principal component analysis (PCA) of all individuals of 16 walnut
populations, resolved into 2 genotype groups based on the EST-SSR
datasets. d Results of the sympatric J. regia and J. mandshurica
populations via the “rmaverick” R package, shown from K=2, K=3,
and K=4. e Results of the deltaK method of Evanno et al. 2005. The
location of the pie indicates the sampled locations

we observed negative values for Tajima’s D at the locus
Jr5680 in J. mandshurica, which indicated an excess of
low-frequency polymorphisms, possibly arguing against
purifying selection. Tajima’s D was not significantly nega-
tive, indicating that these groups have not experienced sig-
nificant expansion (Tajima 1989; Waikhom et al. 2015). A
significant positive value of Tajima’s D indicates that the
gene may have undergone balancing selection or that the
species has experienced a demographic bottleneck. Popu-
lation subdivision and balancing selection may lead to the
accumulation of old mutations, which may lead to sig-
nificantly positive tests of neutrality (Alonso and Armour
2001; Hu et al. 2017a). We observed that Fgp was much
higher for J. regia than J. mandshurica at Jr5680 (a coding
gene) and /5R-8 (non-genic), but not at ITS. The coding
gene and noncoding nuclear sequence had different pat-
terns of variation and evolutionary rates (Papadopouloua
et al. 2016). This outcome may reflect local selection and
gene evolution in native populations.
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Similarities and differences between J. regia and J.
mandshurica

Genetic variation was high in both J. regia and J. mandshu-
rica (Table 2). Because haplotype mtH4 was only found in
BJ (Fig. 1), two hypotheses concerning the origin of mtH4
seem reasonable: this haplotype may have evolved locally
and not spread (Liu et al. 2009), or it may represent a hap-
lotype that was introduced from outside China. It cannot be
ruled out that the current distribution of J. mandshurica and
especially J. regia in China is the product of human selection
and of longstanding and potentially long-distance human
dispersal. Natural patterns and processes may have been
substantially altered, as the importation and cultivation of
J. regia in China has a long history (Pollegioni et al. 2015).
Thus, we cannot be certain the BJ samples were wild trees
and not escaped from cultivation. Based on mitochondrial
sequences, the values of Ggp, Ny and Fgp of J. mandshurica
were negative. And N¢ was significantly less than Gg; indi-
cating that the geographical distribution of haplotypes was
probably not related to genetic distance. The negative value
of F¢rindicated that there was little genetic differentiation
among populations of J. mandshurica.

Chlorotypes from cpH1, cpH2, and cpH4 to cpH9 were
found in J. regia in China, while cpH3, and cpH20 to cpH30
were found in J. mandshurica populations (Fig. 1 and
Table S1). These two walnut species did not share any chlo-
roplast haplotypes. J. regia showed similar genetic diversity
and similarly complex networks of haplotypes to J. mand-
shurica in China.

Walnuts in China do not have a spatial genetic structure
corresponding to a ‘core and periphery’ model (Feng et al.
2018b), and our AMOVA results indicated that levels of
differentiation among populations of conspecifics were
relatively high. The mean genetic variation between popu-
lations was 31.0 % for J. regia populations based on the
three nuclear loci, while the mean of molecular variation
was 15.9 % between J. mandshurica populations (Table 2).
The levels of population differentiation (Fgr = 0.24 (ITS),
Fgr =0.26 (I5R-8), and Fgr = 0.46 (Jr5680)) of J. regia
and J. mandshurica (Fgr = 0.20 (ITS), Fgr = 0.12 (I5R-
8), and Fgr = 0.16 (Jr5680)) are shown in Table 1. These
findings indicate that J. regia generally evolved in isola-
tion in China. The best evidence we have for this theory
is the marked differentiation of J. regia samples from
Xinjiang (BM, BZ, XJ), from near Yun-Gui-Chuan (BS,
YN, GZ, GY, and ZY), and from the Qinling—Bashan
Mountains (NS and CX) and northern China (HL, KC,
MT, DZ, SD, LN, and QH) versus all other regions based
on PAL (Jr5680) sequence (Fig. S2). A similar result was
found in J. regia populations in northern versus southern
China-based PAL haplotypes (Han et al. 2016). There was
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a biogeographic divide between the northern and southern
parts of East Asia during the Neogene and into the Pleisto-
cene (Bai et al. 2014; Feng et al. 2018b). The north/south
phytogeographic divide in China influences J. regia and
J. mandshurica in different ways (Bai et al. 2014; Han
et al. 2016). The north/south phytogeographic division in
China has been noted frequently, especially with respect
to Chinese Juglans. Our results showed that both J. regia
and J. mandshurica populations diverged into two sub-
populations (Figs. 1 and 2); this may have been the result
of ecological differentiation of species, long-term climate
change, and/or human influence (Bai et al. 2015; Han et al.
2016; Feng et al. 2018b).

Ecological niche models of Chinese Juglans (Bai et al.
2015; Han et al. 2016; Zhao et al. 2018; Feng et al. 2018b)
infer refugia for both J. regia and J. mandshurica in east-
ern China during the Quaternary. However, J. regia may
have had an additional refugium in western China (Pol-
legioni et al. 2015). The IDW results using the haplotype
number based on sequence data and the allele richness
based on EST-SSR data showed that the centers of genetic
diversity for the two walnut species were different, which
was consistent with the results of ENMs (Fig. 3) (Zhao
et al. 2018). Niche overlap statistics demonstrated that the
two species (J. regia and J. mandshurica) occupied dis-
tinct ecological niches based on the environmental space,
suggesting that sympatric populations may have arisen
recently (E spaces; Fig. 3 g). The simultaneous formation
of mountain ranges and local climate changes will accel-
erate niche divergence (Antonelli et al. 2018). However,
J. regia and J. mandshurica can be sympatric distribution
and only rarely have gene flow or introgression, which
seems to indicate that the two walnut species evolved a
hybridization barrier that was maintained over time. Many
studies have shown that Quaternary glaciation plays a key
role in driving species formation and differentiation (Han
et al. 2016; Levsen et al. 2012; Wang et al. 2014). The
Xinjiang province, the Qinling—Bashan Mountains, and
southwestern China are considered to be important refu-
gia for J. regia in China (Bai et al. 2010; Han et al. 2016;
Feng et al. 2018b), while J. mandshurica refuges were
mainly distributed in the Changbai Mountains, the Qin-
ling Mountains, and Taihang Mountains (Bai et al. 2010).
The absence of common haplotypes for J. regia and J.
mandshurica probably indicates that these two walnut
species evolved separately, and did not share refugia (Bai
et al. 2014, 2015; Pollegioni et al. 2015), or, if they did,
reproductive barriers kept them distinct. Moreover, in J.
regia, the higher genetic diversity regions were in western,
northern, and southern China, while eastern China was
where the genetic diversity of J. mandshurica was highest
(Figs. 3 and 4).
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The forces of hybridization within a section
versus reproductive isolation between sections
in natural populations: implications

for maintenance of species differences

In China, gene flow and introgression are common for sym-
patric populations of Juglans (Yuan et al. 2018; Zhao et al.
2018). However, only a few instances of gene flow were
found between walnut species in different sections, e.g.,
between Cardiocaryon (Asian butternuts) and Dioscaryon
(Dang et al. 2015; Pollegioni et al. 2013). J. regia popula-
tions and J. mandshurica populations showed little evidence
of gene introgression in sympatric populations in the Qinling
Mountains (Dang et al. 2015). Neither was it observed in
southern China based on mitochondrial, chloroplast, nuclear
DNA sequences, or EST-SSRs in this study (Figs. 1, 2 and
4 and S1-2). Gene flow is much more likely between spe-
cies from different sections (Cardiocaryon and Dioscaryon)
(Figs. 1, 2 and 4 and S1-—2). Within the section Cardio-
caryon, all populations are divided into two clades (north-
ern subpopulations and southern subpopulations) based on
genetic data, with a hybrid zone located in northern China
(Bai et al. 2015). J. hopeiensis, a horticultural variety with
limited spatial distribution in northern China, is a hybrid
of J. regia and J. mandshurica (Zhao et al. 2018). There is
frequent gene flow and introgression between J. regia and
J. sigillata (Yuan et al. 2018; Zhao et al. 2018). J. regia
did not shared any haplotypes with J. mandshurica, but J.
sigillata and J. regia did share some haplotypes at Jr5680.
The structure and migrate analysis based on EST-SSRs data
showed that there was almost no gene flow between J. regia
and J. mandshurica, even if they were sympatric, which was
consistent with the haplotype distribution of five fragments
(Fig. 4). All Juglans species are wind-pollinated and decidu-
ous trees (Bai et al. 2014, 2015; Zhao et al. 2018); however,
the forces of hybridization within sections and reproductive
isolation between sections in natural populations appear to
maintain the species differences, especially in regions where
section Juglans are sympatric (Lowry et al. 2008). This com-
plex phenomenon needs to be confirmed in the future.

Conclusion

We studied the phylogeographic history of J. regia and J.
mandshurica using nuclear and cytoplasmic DNA collected
from a total of 559 individuals. Based on all sequence data,
J. regia rarely shared any haplotypes with J. mandshurica.
The structure and migrate analysis based on EST-SSR data
showed that there was almost no gene flow between J. regia
and J. mandshurica, even in instances of sympatry, which
was also consistent with the haplotype distribution. Both
J. regia and J. mandshurica had high genetic diversity

and shared refugia in eastern China during the Quaternary
period. However, J. regia was inferred to have had an addi-
tional refugium in western China. Niche overlap statistics
demonstrated that the two species (J. regia and J. mand-
shurica) occupied distinct ecological niches based on the
environmental space (E spaces). The forces of hybridization
within a section and reproductive isolation between sections
in natural populations may preserve the species as distinct,
even in areas of sympatric distribution.
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