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Abstract Common walnut (Juglans regia L.) is an econom-
ically important temperate tree species valued for both its nut
and wood. We investigated the genetic diversity and popula-
tion structure of J. regia germplasm from 13 locations in
China using 10 markers derived from expressed sequences
(EST-SSR) and sequence polymorphisms within the phenyl-
alanine ammonia-lyase (PAL) gene. Analysis of the population
genetic structure based on EST-SSRs showed distinct popula-
tions in northern versus southern China that were not reflected
in the spatial distribution of PAL haplotypes. High levels of
population differentiation were probably the result of repro-
ductive isolation and in southern China, hybridization with
Juglans sigillata. The results indicate the possible presence
of distinct evolutionary lineages of J. regia in the Qinling
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Introduction

Juglans regia (Persian walnut or common walnut) is a diploid
tree crop species valued since ancient times for both its timber
and its edible nut (Vinson and Cai 2012; Hayes et al. 2015;
Tsoukas et al. 2015; Pollegioni et al. 2015). It is native to the
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mountainous regions of central Asia but is now the most wide-
spread tree nut in the world (Bayazit et al. 2007; Chen et al.
2014; Pollegioni et al. 2015). China is the third largest walnut
(in shell) producer, with a production of 1,700,000 tons (FAO
2012; Golge et al. 2016). Walnuts have been cultivated in
China for thousands of years, and China is one of the major
centers of walnut genetic diversity, serving as a germplasm
source for walnut breeding (Chen et al. 2014). Starting in the
Western Han Dynasty (206 BCE to 9 CE), cultivated walnuts
were likely derived by selection of seedlings from geograph-
ically distinct natural populations and spread by trade and
military conquest (Molnar et al. 2011; Pollegioni et al. 2015).

Despite their importance, little is known about the genetic
diversity and structure of wild populations of common walnut
in China. Most studies of J. regia in China have focused on
cultivar development (Chen et al. 2014), the characterization
of breeding germplasm (Wang et al. 2011; Ning etal. 2011; Li
et al. 2011), or the relationship of J. regia in China to the rest
of Asia (Pollegioni et al. 2015). Wild populations of J. regia in
the Qinling Mountains of central China showed low genetic
differentiation among sampled sites based on ITS (internal
transcribed spacer) sequences; genetic variation was mainly
within populations (Hu et al. 2014).

Whether J. regia and Juglans sigillata are legitimately dis-
tinct taxa in China has been controversial, but what is clear is
that the two species freely hybridize and represent closely
related gene pools. There is evidence of introgression between
the two species in regions of sympatry, or else there is incom-
plete lineage sorting (Gunn et al. 2010; Wang et al. 2008;
Wang et al. 2015).

Floristic and phylogeographic zones in China are sketchy,
but the flora of East Asia can be divided into northern and
southern regions (Xiang and Soltis 2001; Milne 20006).
Species in the genus Juglans have been shown to have distinct
genetic breaks across China, but without a consistent north—
south divide. For example, the genetic data consistently iden-
tified two clades for Asian butternuts, one northern, compris-
ing Juglans mandshurica and Juglans ailantifolia, and one
southern, comprising Juglans cathayensis. Demes of
J. mandshurica clustered into northeastern and northern
Chinese populations (Bai et al. 2010), whereas demes of
J. cathayensis separated into western and eastern populations
(Bai et al. 2014). Dang et al. (2015) found that J. cathayensis
in China had a pronounced north—south differentiation despite
high levels of pollen mediated gene flow that reduced genetic
structure at the nuclear level, although chloroplast lineages
remained distinct and isolated (Bai et al. 2014).

The Quinling and Daba mountains in west-central China
have an important role in shaping the biogeography and ge-
netic structure of Chinese flora. The Qinling Mountains run
east-west and act as a watershed divide between the two great
rivers of China, the Yangtze (to the south), and the Yellow.
The mountains also constitute a transition zone between a cool
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subtropical climate zone and a warm temperate zone (Guo
et al. 2013; Cheng et al. 2013). The topographic and climatic
variability of the region produces a wide range of ecological
conditions that support exceptionally high levels of biodiver-
sity (Wang et al. 2008; Bai et al. 2010; Lopez-Pujol et al.
2011; Zhang et al. 2015; Cheng et al. 2013). Bai et al.
(2010) suggested that sites in the Qinling Mountains could
have been glacial refugia for temperate deciduous species.

Although microsatellites are especially useful tools for the
study of intraspecific genetic variability and the genetic rela-
tionships among closely related species (Zeng et al. 2011; Wei
etal. 2013; Pollegioni et al. 2015), sequence data from nuclear
genes can provide important insights as well (Li et al. 2013;
Wang et al. 2016; Du et al. 2015). The phenylalanine
ammonia-lyase (PAL; EC 4.3.1.24) gene family serves as the
introductory step of the phenylpropanoid pathway, which has
roles in plant growth, development, responses to environmen-
tal stress, and disease resistance (Huang et al. 2010;
Tonnessen et al. 2015). The PAL gene of J. regia has been
cloned (Xu et al. 2012) and its expression studied
(Christopoulos and Tsantili 2015).

In our study, we analyzed genetic diversity and population
structure of wild J. regia from 13 sites in China using 10 EST-
SSR markers and sequence polymorphism within the phenyl-
alanine ammonia-lyase (PAL) ortholog Jr5680. Our sampled
sites included the Daba and Qinling Mountains, regions
known to support high levels of genetic diversity, and
Yunnan Province, where J. regia and J. sigillata are sympat-
ric, as well as regions of contact between J. regia and other
Juglans native to China. Our objectives were to (1) determine
the genetic diversity and population structure of J. regia in
eastern China, (2) estimate the degree of population differen-
tiation and genetic structure of J. regia populations from the
north versus south of the Qinling Mountains, and (3) to eval-
uate whether any regions of China contained exceptional
levels of genetic diversity for J. regia and to evaluate whether
hybridization with congeners, especially J. sigillata, has af-
fected the diversity of J. regia in China.

Materials and methods
Sample collections and DNA extraction

In 2014, leaf samples of 144 J. regia individuals were collect-
ed from 13 geographically distinct regions in China (Table 1).
We also sampled 30 J. sigillata from three populations in
southern China and 10 individuals of J. mandshurica from
Beijing (Table S1). All sampled trees were mature adults,
apparently healthy, growing in a mountain forest, along a for-
est road, or near a village but not in an orchard or on farmed
land. Sampled trees were separated by at least 50 m. Sampled
locations were mapped using ArcGIS (version 10.0; ESRI
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Table 1  Source information for 13 Juglans regia populations sampled in China

Code Sample site Samples (N) Latitude (N) Longitude (E) Ny4 Ho He uHe Fis

KC  Chengde, Hebei® 8 40°36'41" 118°29'07" 1.70£021 034+0.10 031+£0.07 0.32+0.07 —0.01+0.21
YC  Xinzhou, Shanxi® 38°24'12" 112°43"24" 1.80+£0.33 0.37+0.12 032+£0.08 0.33+£0.09 —0.06+0.21
SD  Jinan, Shandong® 21 36°33'33" 116°43'35" 2.00£026 036+0.07 039+0.07 040+0.07 0.12+0.09
SX  Qinshui, Shanxi® 35°4124" 112°11'15” 1.80£0.25 0.33+0.10 035+£0.07 0.37+0.08 0.07+0.19
HN  Luoyang, Henan® 34°45'55" 113°45'13" 1.60£0.16 045+0.12 035+£0.07 0.38+0.08 —0.53+0.08
CC  Baoji, Shaanxi® 16 34°12727" 107°18'14" 1.60£0.22 038+0.11 029=0.08 0.29+0.08 —0.34=+0.10
SY  Shangluo, Shaanxi® 15 33°29'59" 109°53'09” 220+£033 031+£0.08 038+0.07 039+0.07 —-030=0.16
GM  Guanmenshan, Hubei® 2 31°44'19” 110°40'50"” 1.10£0.10 0.15+0.10 0.08+0.05 0.20+0.10 —1.00+0.10
SC  Nanchong, Sichuan® 10 30°52'33” 105°55'30" 1.70£0.22 028+0.10 039+0.08 042+0.09 042+0.23
EM  Emei, Sichuan® 5 29°3529"” 103°3121” 1.90£028 033+0.11 039+£0.08 044+0.09 0.25+0.23
LJ Lijiang, Yunnan® 14 26°51'18” 100°13'40” 2.00+026 030+0.08 0.32+0.08 0.33+0.08 0.13+0.12
GZ  Guiyang, Guizhou® 14 26°30'33" 104°40'37" 1.70£0.26 0.25+0.07 029+0.07 0.30+0.07 0.27+0.17
BS Baoshan, Yunnan® 20 25°7'12" 99°10'48" 1.80+£0.29 042+0.13 034+0.08 0.35+0.08 —0.33+0.23

*Northern China
® Indicates Qinling mountains and Bashan mountains

¢ Indicates populations from Southern China

2010). All fresh leaves were dried with silica gel prior to DNA
extraction, which followed the methods described by Doyle
and Doyle (1987) and Zhao and Woeste (2011). DNA was
diluted with water to a final concentration of 10 ng/uL and
stored at —20 °C.

EST-SSRs primer design and PCR amplification

Ten polymorphic EST-SSRs were selected from the congeners
J. hopeiensis (JH84548, JH89978, Hu et al. 2015a),
J. mandshurica (JM61666, IM68820, JM78331, and
JM5969, Hu et al. 2015b), and J. cathayensis (JC8125,
Dang et al. 2015); two other loci were previously unpublished
(JR4616, JR6439, and JR3773, Table 2). All the EST-SSR-
containing unigene sequences were searched using BLAST in
the NCBI database to identify their genic context (Table S2).
We mapped the source species (J. hopeiensis, J. mandshurica,
and J. cathayensis) EST-SSR sequence data onto the J. regia
transcriptome to verify that these SSRs were also in expressed
sequences of J. regia (Table S3). All primers were synthesized
by Sangon Biotech in Shanghai, China (Table 2). PCR ampli-
fication was carried out on a SimpliAmp Thermal Cycler
(Applied Biosystem, Hercules, CA, USA) in 10-pL reaction
volumes (5 pL 2x PCR Master Mix,0.4 pL each primer, 1 pL
BSA, 1 uL of 10 ng/ul. DNA). The PCR was programmed for
3 min at 95 °C followed by 32 cycles of 15 s at 93 °C, 1 min at
annealing temperature (Tm; Table 2), 30 s at 72 °C and exten-
sion of 10 min at 72 °C. PCR products were separated by size
on 10 % polyacrylamide gels and visualized by silver staining.
Fragment sizes of each locus were estimated using Quantity
One Software (Bio-Rad Laboratories, ) and a 50 bp DNA
ladders size standard (pBR322 DNA/Mspl marker; Tiangen,

Beijing, China). We verified polyacrylamide results by re-
genotyping a sample of all genotypes using an ABI
3730ABI and fluorescently labeled primers. We performed
the PCR amplification using a Veriti 96-Well Thermal
Cycler (Applied Biosystems, Foster City, CA, USA). The up-
per primers were labeled with fluorescent dye, 6-FAM, HEX,
TAMRA or ROX (Sangon, Shanghai, China), 1 uL BSA,
2 pL of 10 ng/uL. DNA. ABI3730 DNA analyzer (Applied
Biosystems) was used to score genotypes and the software
GeneMarkers version 2.0 was used for binning (Holland and
Parson 2011).

PAL gene marker primer design and PCR amplification

We investigated genetic variation within Jr5680, a unigene
identified in our lab using RNA-seq. The total unigene se-
quence of Jr5680 was 2369 bp (Table S4). Jr5680 and the
JrPAL gene sequence in GenBank (accession no. JX069977,
Xuetal. 2012) are 96 % identical. Primers to amplify the PAL
gene were identified using Primer3 (F:TGGACATG
GCTAGTGACTGG; R: TCCCTCTTGCCTACATTGC;
Sangon Biotech in Shanghai, China) based on RNA sequence
data for Jr5680. The primers were designed to amplify be-
tween nucleotides at position 838 and 1661 (Table S4). The
Jr5680 sequence (from J. regia) was compared to
(unpublished) transcript sequences for J. hopeiensis, J.
mandshurica, J. sigillata, and J. cathayensis produced in our
Lab. PCR amplification was carried out on a SimpliAmp
Thermal Cycler (Applied Biosystem, USA) in 20 pL reaction
volumes (10 puL 2x PCR Master Mixincluding0.1 U Taq
polymerase/uL; 500 uM each dNTP; 20 mMTris-HCI
(pH 8.3); 100 mMKCI; 3.0 mM MgCl, (Tiangen, Beijing,
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Table 2 Characteristics of 10 EST-SSR primers used in this study

Primer Primer sequence(5'-3") Tm Ny Ae Ho He 1 Source

JR4616 F:AGCCCTTTTGCATCGGCTAT 55 2 2.5 0.400 0.497 0.372 Unpublished
R:AGCTGACCGATCGATCAACA

JR6439 F:.TCGATGCGATCATCTCCGTG 55 4 34 0.381 0.624 0.542 Unpublished
R:CGGCACCAAAACAGAACTCG

JR3773 F:GGTGGTTTGACCCTTAATTCTGT 55 4 3.1 0.207 0.248 0.226 Unpublished
R:ACCCTGCCACAATGACCAAA

IM61666 F:AACTGTTGCCGGAGCTTTCT 55 2 4.1 0.158 0.187 0.189 Hu et al. 2015b
R:TGGGATAACACCACATGCAGT

IM68820 F:.TCCTTCTGTGTGAGTGCGTG 55 4 2.7 0.319 0.616 0.535 Hu et al. 2015b
R:GGTCAGGTGAGTGGAGCAAA

IM78831 F:GCAGTGCGCTCCTTTTTCAA 58 2 1.2 0.123 0.156 0.168 Hu et al. 2015b
R: TTCTCGGGTTGAAGCCACAA

IM5969 F:ACAATAGTCTCTGCACCGCC 55 6 7.9 0.577 0.594 0.527 Hu et al. 2015b
R: AGCTTGTACTTACCGCCGAC

JC8125 F: AGCAACCAGAGCAGAGCATT 55 4 39 0.261 0.393 0.358 Dang et al. 2015
R: AACCTCAACACCAACTATGCT?

JH84548 F:TCTGAGGAAGCTGCATGGAA 58 3 1.5 0.050 0.049 0.048 Hu et al. 2015a
R: AACTCTGGACACATGCCGC

JH89978 F:ACCTTCCCTGCTCCTCTCTT 55 3 3.8 0.257 0.451 0.406 Hu et al. 2015a
R:GAGCCTTGTGGAAGCAAACG

Mean 34 34 0.273 0.381 0.337

Tm annealing temperature, A number of alleles, Ae effective number of alleles, Hp observed heterozygosity, Hg expected heterozygosity, / Shannon’s

information Index

China),0.5 uL each primer, 2 uL. BSA, 2 puL of 10 ng/uL
DNA). The PCR was programmed for 3 min at 94 °C follow-
ed by 35 cycles of 15 s at 93 °C, 1 min at annealing temper-
ature (60 °C), 30 s at 72 °C and extension of 10 min at 72 °C.
After PCR amplification, fragments were sequenced by
Sangon Biotech (Shanghai, China).

Data analysis

Genetic diversity per locus and population were evaluated
based on the following descriptive summary statistics: number
of alleles (N4), number of effective alleles (Ne), observed
(Hp), and expected (Hg) heterozygosity, Shannon’s diversity
index (/),genetic differentiation coefficient (Fgt), fixation in-
dex (Fis), and proportion of polymorphic loci (PPL) using
GenAlEx6.5 (Peakall and Smouse2012). GENEPOP version
4.2 (Rousset 2008) was used to test Hardy—Weinberg equilib-
rium (HWE) and linkage disequilibrium (LD) for all loci
(Table 2). Their significance was assessed with 1500 permu-
tations. CERVUS version 3.0 (Kalinowski et al. 2007) was
used to calculate polymorphic information content (PIC).
Null alleles were predicted using MICRO-CHECKER 2.2.3
(Van Oosterhout et al. 2004). Genetic structure analysis was
performed using the software STRUCTURE version 2.3.4.
We used a burn-in of 100,000 Markov Chain Monte Carlo
iterations, followed by 1,000,000 iterations and 10 replicates
per run for K from 2 to 10 clusters with the admixture model
(Pritchard et al. 2000; Evanno et al. 2005). The program
STRUCTURE HARVESTER was used to calculate the
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optimal value of K using the delta K criterion (Earl 2012),
the inferred clusters were drawn as colored box plots using
program DISTRUCT (Rosenberg 2004). The overall genetic
variation based on EST-SSR data was partitioned using prin-
cipal coordinates analysis (PCoA) using GenALEx 6.5
(Peakall and Smouse 2012). The number of clusters was de-
termined by using the k-means method (Peakall and Smouse
2012). IBD software (http://ibdws.sdsu.edu/~ibdws/) was
used to perform the Mantel test of association between
geographic distance and genetic distance based on the
IBDWS method (Bohonak 2002; Jensen et al. 2005). A plot
of genetic distance against geographic distance was generated
using the allele data and geographic information from IBD.
Neighbor joining (NJ) based on Nei’s genetic distance (Nei
1978) was performed using GENEPOP version 1.2 (Raymond
and Rousset 1995). AMOVA based on pairwise differences
were performed in Arlequin v. 3.5 (Excoffier and Lischer
2010).

The PAL gene sequence data were edited and aligned using
Bioedit version 7.0.8 (www. mbio.ncsu.edu/BioEdit/
bioedit.html). DnaSP version 5.0 (Librado and Rozas 2009)
was used to calculate the number of haplotypes (Table 4),
nucleotide diversity (7t), haplotype diversity (Hy), Tajima’s
D, and Fu’s Fs. We used NETWORK v 4.6.1 (Fluxus
Technology Ltd) to generate minimum spanning tree using
median-joining (Bandelt et al. 1999). Ggr and Ngt were esti-
mated to take into account the evolutionary distance of hap-
lotypes using Permut (Pons and Petit 1996). Neutrality and
mismatch distribution was detected using DnaSP version 5.0
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(Librado and Rozas 2009). Arlequin v. 3.5 (Excoffier and
Lischer 2010) was used to calcluate the genetic differentiation
coefficient (Fst) for the PAL gene. The Spearman and Pearson
correlation between Fgr values based on EST-SSRs and PAL
was calculated using SPSS (Coakes and Steed 2009).

Results

Genetic diversity and population structure based
on EST-SSRs

A total of 34 alleles were detected from 144 samples in 13
demes based on 10 EST-SSRs (Table 2). SSRs were only eval-
uated in J. regia, not J. sigillata or any other Juglans species. A
private allele was identified at high frequency (0.4) at the BS
sample site; in YC at IM68820 and JM 78331 (allele frequen-
cies were 0.10 and 0.20, respectively); in GZ at JR6439,
JC8125, and JH84548 (allele frequencies were 0.143, 0.156,
and 0.148 respectively); in CC at JR3773, IM61666, and
JC8125 (allele frequencies were 0.095, 0.143, and 0.095, re-
spectively); and in SY at IM78331 (allele frequency was 0.50).
The numbers of alleles per locus (V) ranged from 2 to 6, with
amean of 3.4. Locus JM5969 had the largest number of alleles
(N4 = 6). The observed heterozygosity (Hp) and expected het-
erozygosity (Hg) varied from 0.050 to 0.577 (x = 0.273) and
from 0.049 to 0.594 (x = 0.382), respectively. Shannon’s in-
formation Index (I), ranged from 0.048 to 0.542, with a mean of
0.337. Three loci showed significant departure from Hardy-
Weinberg equilibrium (HWE), JC8125 (six populations),
JR3773 (three populations), and JR6439 (six populations).
Genetic differentiation among populations was high
(Fgt = 0.280, P < 0.001), as was the fixation index
(Fis = 0.127), although Fig was not different than zero for eight
of the 13 tested populations (Table 3). The Bayesian clustering
software STRUCTURE separated the samples into four popu-
lations based on EST-SSRs (Evanno et al. 2005, Figs. 1 and
Fig. S1). Most of the samples clustered into populations that
corresponded to the geographic region from which they were
sampled (Fig. 1). Principal coordinate analyses accounted for
54.95 % of the observed variance on the first two coordinate
axes (Fig. 3) and revealed three clusters of samples similar to
the groups identified by STRUCTURE (Figs. 1a-b, 3, S1). A
NIJ tree based on Nei’s (1978) genetic distance (Fig. 1¢) sup-
ported clustering the samples into three groups as well, but the
groups did not exactly correspond to those identified using
principal coordinate analysis and k-means method (Figs. 3
and S5). Both STRUCTURE and NJ separated population
BS, which was from the extreme southwestern edge of the
sampled range (red in Fig. 1a, b), from other southern popula-
tions (LJ, EM, GZ, and SC). The remaining trees comprised
two northern populations, based on STRUCTURE; trees from
CC, SY, HN, and KC (a mostly central China cluster, green in

Fig. 1a, b), and a generally northeastern population (yellow in
Fig. 1a, b, comprised mostly of trees from GM, SX, SD, and
YC). The NJ analysis did not separate the central and north-
eastern populations (yellow and green in Fig. la, b). The
AMOVA (northern vs southern regions as described in
Table 1), the results of STRUCTURE at K = 2 (Fig. S1;
Table S6), and the neighbor-joining tree (Fig. 1, Table 1) sup-
ported a north—south genetic divide (Table S6, Fig. S1). A
north/south division was also clear when demes with 10 or
fewer individuals were removed from the analysis, although
the location SC flips from “southern” to “northern” (Fig. S2).
A Mantel test for matrix correlation between genetic distance
and geographic distance was significant (» = 0.45, P < 0.001,
Fig. S3), possibly indicating isolation by distance contributed
to the current genetic structure.

PAL gene haplotype diversity and differentiation

The Jr5680 sequence, an apparent ortholog of the nuclear
gene phenylalanine ammonia-lyase (PAL), had a total length
of 823 bp. Polymorphism within the sequence of Jr5680 con-
stituted four haplotypes in J. regia, H1-H4 (Fig. 2, Table 4).
The total haplotype diversity (Hy) for the J. regia samples was
0.345, and the nucleotide diversity (7r) was 0.00085. When
each sampled site was considered separately, the haplotype
(Hy) and nucleotide (71) diversities ranged from 0.000 to
0.667, and 0.000 to 0.00169, respectively. The haplotype di-
versity was highest in population SD, followed by GZ, with
no diversity found in seven J. regia populations (Fig. S2). All
nucleotide changes that contributed to haplotype diversity re-
sulted in predicted amino acid changes (Table 4).

Haplotype H1 was the dominant haplotype across all the
sampled sites; it was found in the southernmost and northern-
most sites, and H1 was a minority haplotype in only three
sites. Haplotype H1 was also the ancestral haplotype based
on network analysis that included J. mandshurica as the
outgroup. Four of the five northern demes were fixed for the
most common haplotype (H1), the only exception was sam-
ples from Dezhou (SD), which contained a private haplotype
(H4) and a few individuals with haplotype H2. Haplotype H2
was the second most commonly observed. It was prominent
only in the southern demes SC and BS, but was also found in
the Qinling mountains and in the northern deme SD.
Haplotype 3, while not restricted to samples from the
Qinling and Daba mountains (CC and SY), was present in
the southern deme Guiyang (GZ) only as a small minority.
GZ and SD were the only demes to contain three haplotypes,
and while several populations contained only H1, no popula-
tion contained only H2 or H3. Haplotype H3 was between H1
and H2 based on network analysis (Fig. 2). Haplotypes H1
and H2 were shared by J. regia and its close relative
J. sigillata, but J. sigillata also showed private PAL haplotypes
H6 and H7 that were different from all J. regia samples
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Table 3  Pairwise Fs matrix for 13 Juglans regia populations in China based on EST-SSRs and PAL sequence

Population ~ BS GZ L EM SC GM SY cC HN SX SD YC KC
BS - 0.213 —0.017 0.225 0.129 0.227 0.443 0.339 0.481 0.565 0.325 0.518 0.567
GZ 0.210 - 0.396 0.124 0.325 0.365 0.597 0.532 0.538 0.258 0.452 0.025 0.386
L] 0.216 0.164 - 0.000 0.562 0.000  0.362 0.496 0.000 0.000 0.128 0.000  0.000
EM 0.274 0.261 0.328 - 0.687 0.000  0.405 0.781 0.000 0.000 0395 0.000  0.000
SC 0.244 0.306 0.277 0.001 - 0.121 0.450  0.622 0.688 0.549  0.811 0.126  0.210
GM 0210  —-0.204  —-0.204  —-0.250 0.135 - 0.231 0.279 0.000 0.000 0.068 0.000  0.000
SY 0.435 0.406 0.398 0.265 0.153 0.091 - 0.036 0.328 0.326 0.319 0.098 0.258
CcC 0.349 0.540 0.495 0.374 0.209 0320 0357 - 0.532 0.631 0.388 0514 0.595
HN 0.335 0.359 0.304 0.263 0.172 0.052 0.281 0263  — 0.000 0.251 0.000  0.000
SX 0.305 0.320 0.374 0.109 0.084  —0.115 0230 0227 0.130 - 0.124 0.000  0.000
SD 0.305 0.267 0.300 0.087 0.003  —0.141 0.177 0.148 0.117 0.034 - 0.056  0.128
YC 0.479 0.365 0.314 0.163 0.236  —0.064  0.213 0.156 0.173 0.126 0.061 - 0.000
KC 0.397 0.442 0.459 0.329 0.205 0.208 0.004 0316 0.316 0.259 0.195 0268  —

Upper matrix is pairwise Fs based on PAL gene, lower matrix is pairwise Fgt based on EST-SSRs. The Pearson correlation of pairwise Fgt values based
on EST-SSR and those based on PAL was low but significant (» = 0.281, P = 0.013), and the Spearman correlation was similar (» = 0.272, P = 0.016)

(Fig. 2). J. sigillata was only species that shared haplotypes
with J. regia. All 10 samples of J. mandshurica were haplo-
type H5 (Fig. 2). Some individuals from GZ (20 %) and BS
(21 %) were heterozygous for haplotypes H1 and H2. The
permutation test for haplotype structure was non-significant
(Gst was 0.373) probably because the two most common
haplotypes (H1 and H2) were found in both northern and
southern China. Ngt (0.372) was almost exactly equal to
Gst, so haplotypes were phylogenetically equivalent (Pons
and Petit 1996). Tajima’s D was 0.98 (P > 0.05), and Fu’s
F's test statistic was 1.22, indicating no effect of a relatively
ancient bottleneck. No significant deviation from neutrality
and mismatch distribution was detected using the Hudson—
Kreitman—Aguade tests (x> = 0.12, P = 0.23). The genetic
differentiation at Jr3680 among all sampled sites was moder-
ately high (Fgt = 0.164, P < 0.001, based on PAL sequence
only). There was no evidence for IBD at the PAL locus.

A search of transcriptomic data from J. hopeiensis,
J. sigillata, and J. cathayensis found that transcripts highly
similar to Jr5680 were present in all three congeners. The high
level of identity and level of haplotype sharing among Juglans
species gave us confidence that we compared homologs (with-
in species) and orthologs (across species). The available tran-
script from J. cathayensis was 316 bp; it was 98.1 % identical
to one portion of the J. regia PAL gene (Jr5680, 2369 bp,
Tables S4, S5; Fig. S4). The J. hopeiensis transcript was
345 bp, it was nearly 82.6 % identical to a portion of the
J. regia PAL gene (Jr5680, 2369 bp, Table S4, S5; Fig. S4).
The J. sigillata transcript was 2407 bp; it was highly similar to
the sequence from the transcriptome of J. regia (PAL gene;
2369 bp, Table S4; Fig. S4). Two of four J. sigillata haplo-
types based on predicted protein sequences were also found in
J. regia (H1 and H2; Table S5).
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Discussion

In general, quantification and description of genetic diversity
is essential for understanding plant species evolution and ad-
aptation (Brady et al. 2005; Jiang et al. 2012). In this experi-
ment, 10 EST-SSRs and sequence polymorphism within the
nuclear gene phenylalanine ammonia-lyase were used to un-
derstand the genetic diversity and structure of common walnut
(J. regia) in China. Small sample sizes from some demes limit
the strength of our conclusions related to population differen-
tiation, but several lines of evidence point to clear spatial
genetic structure among the sampled locations.

The presence of genetic structure among J. regia popula-
tions in China is clearly evident from the results of the
STRUCTURE analysis (Fig. la, b), PCoA (Fig. 3), Fst
(Table 3), and the NIJ tree (Fig. 1c), but the historical and
biogeographical causes of the existing genetic structure can
only be inferred in rough outlines. In general, natural process-
es including isolation, selection/adaptation, hybridization, and
drift can lead to the formation of genetic structure, and these
can be augmented or ameliorated by human intervention.
Human dispersal typically contributes to a general reduction
of genetic structure of cultivated plants, but human dispersal

Fig. 1 Genetic structure and geographical distribution of 13 apparently P>
natural populations based on 10 EST-SSRs. a Results of STRUCTURE
2.3.4 analysis (Pritchard et al. 2000) showing K = 4. b Geographic origin
of the 13 populations and their color-coded grouping at the most likely
K =4 as determined using the deltak method of Evanno et al. (2005). The
location of the pie indicates the sampled locations. The proportion of
colors in each pie reflects the proportion of genetic affiliation within
each of the four populations determined by STRUCTURE averaged
over all samples from that location. ¢ Dendrogram of NJ tree based
Nei’s (1978) genetic distance
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Fig. 2 Distribution of haplotypes and NJ tree of the nuclear gene
phenylalanine ammonia-lyase (PAL). a Population codes are identified
in Table 1. The upper left panel shows the minimum spanning network

can also move cultivated plants into new habitats. For exam-
ple, it is not certain that J. regia is native to many of the parts
of China we sampled (Pollegioni et al. 2015). If the dispersal

@ Springer

of the four J. regia haplotypes. Circle sizes in the network are
proportional to the number of samples per haplotype. b Dendrogram of
NI tree based Nei’s (1978) genetic distance

of J. regia across the parts of China we sampled is a relatively
recent event, then its current genetic structure is likely the
result of population bottlenecks caused by human selection,
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Table 4 Four nuclear haplotypes in J. regia based on amino acid
sequence variation within PAL gene

Haplotype Amino acid position

46 52 69 141 166 200 265
HI F Q E G H L Q
H2 A% Q E G H L Q
H3 A% R G G R P R
H4 vV Q E D H L Q

Amino acid positions based on sequence of Jr5680, NCBI accession
numbers: KT820730, KT820731, KT820732, KT820733

possibly followed by hybridization, rather than natural evolu-
tionary or biogeographic forces.

The mating system of walnuts is predominantly out-cross-
ing, typically resulting in high diversity within populations
(Victory et al. 2006; Pollegioni et al. 2014). So we were sur-
prised when our data indicated relatively high levels of genetic
differentiation among geographically isolated demes of
J. regia (among populations of J. regia (Fst = 0.280,
P <0.001 based on EST-SSR; Fgt =0.164, P < 0.001, based
on PAL). This high level of differentiation is unusual when
compared with Juglans populations sampled in other studies,
and studies of other wind pollinated species. The relatively
high genetic differentiation and the correlation of genetic
and geographic distance probably indicate that some IBD is
present (Fig. S3); perhaps wild populations of J. regia in
China are isolated except for gene flow from nearby cultivated
walnuts.

Phenylalanine ammonia-lyase (PAL) catalyzes the first step
of the phenylpropanoid pathway, which produces precursors
to a variety of important secondary metabolites (Andersen
et al. 2007; Huang et al. 2010). The importance of PAL in
multiple metabolic pathways made it an attractive candidate
for examining genetic diversity. There was evidence of spatial
structure based on the PAL sequence data. PAL haplotype H3

Fig. 3 Principal coordinate
analyses (PCoA) of 13 common
walnut (J. regia) populations
resolved into four genotype
groups based on 10 microsatellite
loci. Yellow circle: cluster 1, red
circle: cluster 11, blue circle:
cluster I1I; green circle: cluster IV

=19.79 %

Coord. 2

was found in the Qinling Mountains (populations CC and
SY). This indicates that gene flow has not homogenized all
nuclear alleles, possibly. Because H3 recently evolved, be-
cause H3 represents an ancient haplotype preserved in only
certain refugial lineages, or possibly because H3 represents an
adaptation not well suited to other Chinese environments.
These populations, as well as the Daba Mountains population
(GM) appeared to cluster with northern Chinese demes based
on EST-SSRs (Figs. 1 and 2). Thus, the samples from the
Qinling Mountains were not distinct based on SSR data but
they were distinct based on PAL sequence polymorphism
(Figs. 1 and 2). Other evidence for regional genetic structure
included the concentration of PAL haplotype H2 in southern
Chinese populations, especially in BS and GZ, and the near
absence of H2 in northern China (it was found only in two
individuals in SD; Fig. 2).

The Qinling Mountain range is particularly rich in plant
diversity (Wang et al. 2008; Bai et al. 2010; Chen et al.
2014; Guo et al. 2013). Both CC and SY contained private
alleles, and both Qinling sites had distinctive genetic differen-
tiation based on EST-SSR and PAL sequences compared to
samples from elsewhere (Table 3, Fig. 2). It has been sug-
gested that the Qinling Mountains were refugia for other tem-
perate deciduous species (Ostryopsis davidiana and
J. mandshurica) with reproductive biology similar to that of
common walnut (Tian et al. 2009; Bai et al. 2010). Thus, the
distinctive genetic diversity of J. regia in central China may be
a consequence of its descent from a disjunct refugium, the
region’s considerable topographic, climatic, and ecological
variability (Bai et al. 2010; Lopez-Pujol et al. 2011; Zhang
et al. 2015), or human dispersal, but our data did not show
evidence that the Qinling Mountains represent a topographic
barrier to J. regia gene flow.

The presence of a northern/southern divide in J. regia, as
suggested for some other Chinese species, cannot be finally
confirmed without additional data. Based on STRUCTURE,
two populations (red and blue in Fig. 1) were found in warmer
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and more southern populations, and two different genetic clus-
ters (green and yellow) in northern China (Fig. 1). A similar
division of the populations was identified by PCoA, and a
north/south divide also appeared in the AMOVA and NIJ tree.
But the assignment of some populations (north or south) was
ambiguous, especially if only locations with a large number of
samples were analyzed, and no north/south divide was appar-
ent in the PAL data.

As mentioned previously, J. regia may not have a long
history at some or all of the sites we sampled, and the role of
long distance dispersal by humans in shaping the current spatial
genetic structure of Common walnut in China is uncertain
(Gunn et al. 2010). Humans have used and selected J. regia
in Asia for over 6800 years, and evidence points to long-range
dispersal by humans for both its timber and nuts (Pollegioni
et al. 2015; Beer et al. 2008; Joly and Visset 2009). For exam-
ple, we found that some PAL haplotypes were shared between
distant (southern and northern) populations such as YC, KC,
and SD. The reason may be selection and dispersal by humans
of seeds or scion wood (Gunn et al. 2010; Pollegioni et al.
2011; Pollegioni et al. 2015), especially into northern China.

Hybridization may have played a role in the genetic differ-
entiation we observed among common walnut populations.
Hybridization within Juglans is well-attested, and common
walnut is sympatric with J. cathayensis, J. sigillata, and
J. mandshurica in various parts of China. There was overlap
in haplotypes between J. regia and J. sigillata but not other
Juglans species. Thus, gene flow from J. sigillata may have
contributed to local or regional differentiation of J. regia pop-
ulations (Wang et al. 2008, 2015; Gunn et al. 2010), but this
may not be true in other regions where J. regia is sympatric
with other Chinese Juglans species. This possibility is rein-
forced by the distinctiveness of J. regia in Yunnan, the only
province where J. regia and J. sigillata naturally co-occur.
The BS samples from Yunnan Province contained a private
allele and BS samples were highly differentiated from other
sampled populations based on EST-SSRs. They were similar
to only one other (southern China) deme (GZ) based on PAL
gene sequence polymorphism (Fig. 1, Fig. 2, Table 3).
Hybrids between J. regia and J. sigillata are known to be
fertile (Fan and Xi 2002; Yang and Xi 1989). Based on a
sample of 220 walnut trees from six Tibetan villages, Gunn
et al. (2010) showed that although J. regia and J. sigillata are
morphologically distinct, the two species were indistinguish-
able based on microsatellite data. The nature of the genetic
relationships among common walnuts in Tibet, Yunnan
Province, and the rest of China remains uncertain, and addi-
tional collection and analysis is warranted. Outside of possible
hybridization with J. sigillata, it is also possible the Tibetan
J. regia gene pool may be considerably different from that of
most of China (Pollegioni et al. 2011, 2015).

This study was the first large-scale, population genetic
analysis of the germplasm of J. regia in China. Especially
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surprising was the striking spatial patterns for haplotypes of
the PAL gene and the unambiguous spatial genetic structure of
J. regia based on EST-SSRs. The results provide guidance for
germplasm collection, and increase the likelihood that genetic
variance for valuable traits can be identified in uncultivated
demes. Finally our study identified distinct regions such as
Yunnan and Qinling Mountains where in situ genetic conser-
vation and sampling for use by breeding programs may be
warranted. A more complete picture of the biogeography
and spatial genetic structure of common walnut is needed
and possibly could be obtained by studying patterns of varia-
tion in the chloroplast genome of J. regia as previously report-
ed for other Juglans species by Bai et al. (2010, 2015).
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