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Abstract The conservation of narrow endemic species re-
lies on accurate information regarding their population
structure. Juglans hopeiensis Hu (Ma walnut), found only
in Hebei province, Beijing, and Tianjin, China, is a threat-
ened tree species valued commercially for its nut and
wood. Sequences of two maternally inherited mitochondri-
al markers and two maternally inherited chloroplast
intergenic spacers, three nuclear DNA sequences, and al-
lele sizes from 11 microsatellites were obtained from 108
individuals of J. hopeiensis, Juglans regia, and Juglans
mandshurica. Haplotype networks were constructed using
NETWORK. Genetic diversity, population differentiation,
and analysis of molecular variance (AMOVA) were used to
determine genetic structure. MEGA was used to construct
phylogenetic trees. Genetic diversity of J. hopeiensis was
moderate based on nuclear DNA, but low based on unipa-
rentally inherited mitochondrial DNA and chloroplast
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DNA. Haplotype networks showed that J. hopeiensis hap-
lotypes were different than haplotypes found in J. regia
and J. mandshurica. Allelic variants in nuclear genes that
were shared among J. hopeiensis populations were not
found in J. regia or J. mandshurica. Sampled populations
of J. hopeiensis showed clear genetic structure. The max-
imum parsimony (MP) tree showed J. hopeiensis to be
distinct from J. mandshurica but threatened by hybridiza-
tion with J. regia and J. mandshurica. J. hopeiensis popu-
lations are strongly differentiated from sympatric Juglans
species, but they are threatened by small population sizes
and hybridization.
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Introduction

A fundamental issue in ecology and conservation biology is
how evolutionary processes influence genetic variation across
the whole geographic range of a species (Pouget et al. 2013;
Budd et al. 2015). The phylogeography of species is shaped
by factors such as evolutionary integrity (Moritz 2002;
Broadhurst et al. 2008), demographic expansion, environmen-
tal variation, and natural catastrophes (Ruan et al. 2013;
Poudel et al. 2014). In addition, patterns of plant distribution
and genetic diversity have been affected by human manipula-
tion of the environment since the beginning of the Holocene
(Gunn et al. 2010; Poudel et al. 2014). Other human activities,
such as the commercial circulation and/or translocation of
seeds or seedlings with little or no regard for their provenance,
have serious implications for local forest genetic resources
(Pollegioni et al. 2011, 2015).

The Chinese walnut (Juglans hopeiensis Hu; in Chinese
“Ma walnut”) is one of four East Asian species in Juglans
section Cardiocaryon, which also includes Juglans
mandshurica, Juglans cathayensis, and Juglans ailantifolia.
Like all Juglans, J. hopeiensis is a monoecious, wind-polli-
nated, temperate deciduous tree (Manning 1978). It grows as a
sporadic, rare, endangered endemic tree, narrowly distributed
in northern China in the hilly, mid-elevation area near Beijing
and Tianjin, including parts of Hebei province (Lu et al. 1999;
Chen and Gilbert 2006; Aradhya et al. 2007; Zhao et al. 2014,
Hu et al. 2015). The Manchurian walnut (J. mandshurica)
grows in northern and northeastern China, Korea, Japan, and
the far eastern section of Russia (Lu 1982; Bai et al. 2010).
Persian walnut or common walnut (Juglans regia) grows in
wide geographical range, including Eurasia, from China to
Western Europe, and Eastern Asia (Manning 1978;
Pollegioni et al. 2015). Ma walnut (J. hopeiensis) is sympatric
with J. mandshurica (Zhang and Shao 2015; Xi 1990), which
has high-quality wood that has been used in military prod-
ucts, paneling, and furniture, but now it is most familiar as
the source of a hard-shelled, ornate nut sold in China as a
curio or talisman (Hao et al. 2013). The current demo-
graphic decline of the natural population of Ma walnut is
attributed to human activities including destruction of its
preferred habitats and global climate change (Pei et al.
2006; Hu et al. 2015). Previous research on this walnut
species was focused on molecular phylogeny (Aradhya
et al. 2007), traditional tree breeding, or descriptions of
germplasm collections (Hao et al. 2013; He et al. 2015).
In general, the species has not been given enough attention
and research (Pei et al. 2006). The population genetics of
Ma walnut (J. hopeiensis) are presented here for the first
time, although photosynthesis (Wang et al. 2005),
microsporogenensis (Mu et al. 1990), and germplasm and
cultivar relationships (Hao et al. 2007) were previously
reported.
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J. hopeiensis (Ma walnut), and J. mandshurica
(Manchurian walnut) are native to China, along with
J. cathayensis and Juglans sigillata (Manning 1978;
Fjellstrom and Parfitt 1995; Aradhya et al. 2007). J. regia is
planted as a crop in Asia, Australia, southern Europe, North
Africa, North America, and South America, but its origins
remain obscure, so whether it is native to China or an ancient
introduction into China is not known (McGranahan and
Leslie, 1991; Pollegioni et al. 2015, 2017). Whatever their
histories, J. regia and J. mandshurica are now sympatric with
J. hopeiensis (Lu et al. 1999; Hu et al. 2017).

The relationship of Ma walnut to other members of the
section Cardiocaryon, especially J. mandshurica, is disputed
(Luetal. 1999; Aradhya et al. 2007). Evidence from randomly
amplified polymorphic DNA (RAPD) markers, isozymes, and
karyotype analysis indicated this species might have arisen
from the recent (from 3.51 to 7.91 Ma ago based on whole-
chloroplast genome data; Hu et al. 2017) hybridization of J.
regia and J. mandshurica (Wu et al. 1999; Mu et al. 1990; Hu
et al. 2017). Others have suggested that J. hopeiensis is a
variant of J. mandshurica based on the anther characteristics
and morphology (Lu et al. 1999). The most comprehensive
phylogenetic study concluded that Ma walnut is a well-
defined lineage and a sister clade to J. ailantifolia, J.
mandshurica, and J. cathayensis within section
Cardiocaryon (Stanford et al. 2000; Aradhya et al. 2007);
thus, J. hopeiensis can probably hybridize with any member
of Juglans sect. Cardiocaryon that is introduced to its range,
and with other Juglans species as well, as intersectional hy-
brids in Juglans are common (McGranahan and Leslie, 1991).
Interestingly, Chen and Gilbert (2006) includes only three
Juglans species (J. regia, J. sigillata, and J. mandshurica).

In this study, we assessed the genetic diversity, genetic
structure, and demographic history of J. hopeiensis. The sam-
ples were evaluated at two mitochondrial sequences, two
intergenic spacers of chloroplast DNA (cpDNA), the internal
transcribed spacer region ITS1-1TS4, two polymorphic nucle-
ar DNA sequences (/5R-8 and Jr5680), and 11 polymorphic
nuclear microsatellites. Our specific aims were to (1) charac-
terize the mitotypes, chlorotypes, and nuclear genetic variabil-
ity of J. hopeiensis and (2), based on genetic and population
genetic data, identify appropriate conservation strategies for
J. hopeiensis.

Materials and methods

Sample collections and DNA extraction

Samples of leaves from J. hopeiensis (n = 48), J. regia
(n = 30), and J. mandshurica (n = 30) were collected from

17 populations in China from 2013 to 2014 (Table 1). All
sampled trees were healthy, mature specimens that appeared
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to be autochthonous. We identified and collected samples of
these three Juglans species based on their leaf, flower, or fruit
morphology (Lu et al. 1999). The seven populations of
J. hopeiensis that we collected covered the entire geographic
distribution of the species (Table 1). Although the number of
samples from some sites was small, the sites were exhaustive-
ly sampled. DNA was extracted following the methods of
Doyle and Doyle (1987) and Zhao and Woeste (2011), and
stored at —20 °C.

Mitochondrial, chloroplast, and nuclear DNA sequence
analysis

The mitochondrial DNA sequences 3-9 (a likely #7nH) (Zhao
and Woeste 2011) and nad5 (Dumolin-Lapegue et al. 1997),
two chloroplast DNA segments (#7nL-F, Zhao and Woeste,
2011; trnS-G, Zhang et al. 2005), and three nuclear loci
(ITS, Zhao and Woeste 2011; /5R-8 (=GU552442, in
J. regia = gb|LIHL01055671.1|) Zhao and Woeste 2011;
Jr5680, a phenylalanine-ammonia lyase gene from J. regia,
Dang et al. 2016) were polymorphic in all Juglans species in
which they have been examined, so we analyzed these seg-
ments from each genome using a standard set of primers
(Table S1).

The sequence data were edited and aligned using
Bioedit v7.0.9 (Hall 1999). DnaSP v5.0 (Librado and
Rozas 2009) was used to calculate the number of segregat-
ing sites, number of haplotype/mitotypes, mean number of
pairwise differences (K), nucleotide diversity (pi), gene
diversity within populations (kg), total gene diversity
(h7), and parsimony informative sites. Each haplotype/
mitotype was divided into sample site contributions and
displayed as pie diagrams. We resolved the phased nuclear
DNA sequences by applying the PHASE algorithms
(Stephens and Donnelly 2003) in the software package
DNASP v5.0 (Librado and Rozas 2009). Phylogenetic re-
lationships between haplotypes were determined by con-
structing median-joining networks with Network v4.2.0.1
(Bandelt et al. 1999). Tajima’s D (Tajima 1989) was used
to examine the selective neutrality with significance tests
based on 1000 permutations using Arlequin v3.11
(Excoffier 2007). The neutrality test statistics Fu and Li’s
D (Fu and Li 1993) and Fu’s F's were used to detect depar-
tures from mutation-drift equilibrium. The population ge-
netic differentiation (Fg1) was determined with an analysis
of molecular variance (AMOVA, Dupanloup et al. 2002);
deviations from null distributions were tested with non-
parametric permutation procedures (N = 99,999). To test
whether the populations had undergone recent population
growth, we plotted the mismatch distribution using the
observed number of differences between pairs of haplo-
types (Mousset et al. 2004).
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Microsatellite data analysis

A total of 11 microsatellites (expressed sequence tag-simple
sequence repeat (EST-SSR)) were designed using sequence
data from J. hopeiensis, J. mandshurica, J. cathayensis, and
J. regia (Hu et al. 2015, 2016; Dang et al. 2015, 2016;
Table S2). All the EST-SSR-containing unigene sequences
were BLAST (Basic Local Alignment Search Tool) searched
in the NCBI database to identify their genic context
(Table S3). We performed the PCR amplification of primer
pairs on a Veriti 96-Well Thermal Cycler (Applied
Biosystems, Foster City, CA, USA) using 25-uL reactions.
The upper primers were labeled with fluorescent dye, 6-
FAM, HEX, TAMRA, and ROX (Sangon, Shanghai, China).
The PCR products were visualized by an ABI 3730 sequencer
(Applied Biosystems, USA). The allele size were assessed
using GeneMapper v3.7 (Applied Biosystems, USA).

Genetic diversity per locus and population were evaluated
through the following descriptive summary statistics: number
of alleles (NV4), observed (Hp) and expected (Hg) heterozy-
gosity, and inbreeding coefficient (Fig) using the program
GenAlEx 6.5 (Peakall and Smouse 2012). Allelic richness
for a sample size of four (J. hopeiensis) was estimated with
HP-Rare (Kalinowski 2005). GENEPOP v1.2 (Raymond and
Rousset 1995) was used to test the Hardy-Weinberg equilibri-
um (HWE) and linkage disequilibrium (LD) for all loci. The
program CERVUS v3.0 (Kalinowski et al. 2007) was used to
calculate the polymorphic information content (PIC).
MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) was
used to detect null alleles.

Genetic differentiation of populations (Fgr) was tested
using the program GENEPOP v1.2 (Raymond and Rousset
1995). The significance of Fst was determined by permuta-
tion tests (10,000) using Arlequin v3.5 (Excoffier and Lischer
2010). STRUCTURE was run using 100,000 burn-in MCMC
iterations, with a run length of 1,000,000 iterations, and ten
replicates per run for K =2 to 9 clusters with admixture model
(Pritchard et al. 2000). The software STRUCTURE
HARVESTER was used to calculated the optimal value of K
(Earl, 2012) using the delta K criterion (Evanno et al. 2005).
The inferred clusters were drawn as colored boxplots using
program DISTRUCT (Rosenberg 2004). STRUCTURE was
run using two datasets: all trees sampled from all species
(Table 1) and a second dataset containing only J. hopeiensis
samples showing <20% admixture with J. regia or
J. mandshurica in the analysis using all species. The overall
genetic variation within and among different trees was ex-
plored by principal coordinate analysis (PCoA) using
GenAlEx 6.5 (Peakall and Smouse 2012). The IBD software
(Bohonak 2002) was used to analyze the Mantel test of geo-
graphic distance and genetic distance based on the IBWS
(Isolation by distance web service) method (Jensen et al.
2005). The software Bottleneck v 1.2.02 was used to detect
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demographic bottlenecks in J. hopeiensis populations (Piry
et al. 1999) by a possible significant heterozygosity excess.

Results
Analysis of nucleotide diversity

The samples contained three variable sites within the two mi-
tochondrial loci, constituting five mitotypes (Table 1; Figs. 1a
and S1). All five mitotypes were observed in J. hopeiensis,
while J. regia had mitotype M4 only, and J. mandshurica had
mitotype M5 only (Fig. 1a). We believe that our samples
probably represent the entire variability within J. hopeiensis,
but other haplotypes have been documented for J. regia and
J. mandshurica (Hu et al. 2015). Although five mitotypes
were found in J. hopeiensis, only mitotype M1 was common,
and the other four (M2, M3, M4, and M5) were found in two
or fewer individuals of this species (Table 1; Fig. S1).

We obtained sequences for two cpDNA segments (aligned,
edited length of 1558 bp) from 108 individuals in 17 popula-
tions. The total sequence contained 27 variable sites (Figs. 1b
and S1) that constituted four haplotypes. Three haplotypes
(H1, H2, and H3) were found in J. hopeiensis populations,
while J. regia contained haplotype H4 only, and
J. mandshurica contained haplotype H1 only (Fig. 1b). Only
H1 and H4 were common’ H2 and H3 occurred in five or
fewer individuals (Figs. 1 and S1). The #nL-F DNA region
presented the higher nucleotide diversity (0.0012), in spite of
having the smaller number of nucleotides (1028 bp) and hap-
lotypes (only two).

A total of 45 nuclear haplotypes were identified among the
108 individuals in three Juglans species based on sequence
variation at the three nuclear segments that we analyzed
(aligned, trimmed length of 1943 bp) (Fig. S1). A total of 69
variable sites were parsimony informative (Table 2). J. regia
was monomorphic at /5R-8, Jr5680, and ITS (haplotypes H9,
H1, and H14, respectively), as was J. mandshurica (H2, H12,
and H20) (Fig. 2). The /5R-8 DNA region (420 bp) presented
the highest nucleotide diversity (0.0222), in spite of having the
fewest haplotypes (nine) (Fig. 2a). The region, Jr5680
(796 bp), contained 14 haplotypes but presented the lowest
nucleotide diversity (0.0081) (Table 2; Fig. 2b). The ITS re-
gion contained 20 haplotypes, and its nucleotide diversity was
0.0161 (Table 2; Fig. 2¢). J. hopeiensis presented 39 private
haplotypes, while the remaining two haplotypes H2 (/5R-8)
and H12 (Jr5680) were found both in J. hopeiensis and
J. mandshurica (Fig. 2a, b) and two haplotypes H9 (I/5R-8)
and H1 (Jr5680) were found in both J. hopeiensis and J. regia
(Fig. 2a, b). The haplotype H20 (ITS) was only found in
J. mandshurica, while the haplotype H14 (ITS) was found
in J. regia and J. hopeiensis (Fig. 2c¢).

Geographic structure, neutrality tests, and mismatch
analysis

The geographic distribution of mitotypes revealed a phylogeo-
graphic signal that was somewhat stronger than the signal for
cpDNA and nuclear ribosomal DNAs (nrtDNAs), although
there was a clear differentiation at the species level at the
nuclear loci as well (Figs. 1 and 2). Haplotype H9 of /5R-8,
haplotype H1 of Jr5680, and haplotype H14 of ITS were
found mostly not only in J. regia but also (2, 25, and 2 times,
respectively) in 48 samples of J. hopeiensis and not at all in
J. mandshurica. Conversely, only haplotype H2 of /5R-8 and
H12 of Jr5680 were found in J. hopeiensis, and H20 of ITS
was found in J. mandshurica, and these haplotypes were not
found in samples of J. hopeiensis or J. regia (Table 1; Fig. 2).
For J. hopeiensis, the most common and the most widely
distributed ancestral haplotype was H1 at locus /5R-8 (Fig.
2a). Haplotypes H2 to H11 and H14 of locus Jr5680 were
only distributed inJ. hopeiensis (Fig. 2b). For ITS, haplotypes
H14 and H20 were the only haplotypes in J. regia and
J. mandshurica, respectively (Fig. 2c). Haplotype H15 was
the ancestral haplotype for J. hopeiensis based on network
analysis that included the other two Juglans species as
outgroups. Network analysis of all three nuclear genes placed
J. hopeiensis haplotypes as intermediate to J. regia and
J. mandshurica. Maximum parsimony (MP) trees joined Ma
walnut with J. regia as one group based on mitochondrial
DNA (mtDNA) (bootstrap support <50), while Ma walnut
was joined to J. mandshurica using cpDNA and ntDNA with
strong bootstrap support (Fig. S2). The three walnut species
(J. hopeiensis, J. mandshurica, and J. regia) shared
mitotypes and chlorotypes, although no single haplotype
was common to all three species and J. hopeiensis
contained haplotypes not found in either J. mandshurica
or Persian walnut (J. regia), and no mitotype or chlorotype
was common to J. mandshurica and J. regia (Table 1). A
similar pattern was also observed for the nuclear sequences
(TS, 15R-8, and Jr5680).

Tests of neutrality for all nuclear, mitochondrial, and
chloroplast sequences of J. hopeiensis were not conclusive.
They revealed that Tajima’s D was positive in all cases, Fu
and Li’s values were also positive, but none of the statisti-
cal tests were significant (Table 2). The mismatch distribu-
tion for the mitochondrial sequences had a single peak, which
indicated that J. hopeiensis population size has expanded, ex-
perienced admixture with neighboring demes, or undergone a
bottleneck (Fig. S3a). The mismatch distribution analyses for
the cpDNA and nrtDNA of J. hopeiensis, however, showed a
double peak and multiple peaks, respectively, which indicated
no recent expansion or contraction (Fig. S3b, c). Analyses
using the software bottleneck showed that populations LS,
XL, XK, and KC may have experienced a bottleneck
(Table S4).
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. £ g2 Fle =0 n s o xx
2.22, with a mean of 1.70 (Table S2). MICRO-CHECKER = I8 [ S s ss3 33 3
. =}
2.2.3 (Van Oosterhout et al. 2004) did not reveal any null s
alleles. When the same analyses were applied to all 17 popu- Lmj Y
lations (all three Juglans species), alleles per locus (N4) S % '5«
ranged from 1.727 to 6.364 with a mean of 3.032. The ob- 2 5 g
served heterozygosity (Hp) and expected heterozygosity (H) L: g = 3 G =~ © < & o
. = Z a'n N~ AN~ Ao
varied from 0.136 to 0.636 (mean = 0.386) and from 0.227 to s «
0.759 (mean = 0.463), respectively. Shannon’s index (/) é E
ranged from 0.371 to 1.597, with a mean of 0.824 2 E 5} g
(Table S5). Allelic richness (AR) ranged from 1.490 to ° —qﬁé é: é
2.920, with a mean of 2.126. Allelic richness ranged from § 2§ . =~ S
1.490 to 1.820 for J. regia, allelic richness ranged from A %
1.910 to 2.920 for J. hopeiensis, and allelic richness ranged % o
from 1.740 to 2.710 for J. mandshurica, respectively 3 22 a
(Table S5). The population LS had ten private alleles, while i é E £
XM, XL, KC, and ZW had three, one, one, and one private z £8 8 © o o o <
. a AETE [ —~@meenoa~a o Z
alleles, respectively (Tables S6 and S7). A large number of g 2
private alleles (ten) were identified across eight loci at the LS E =
sample site. Private alleles at site XM were at loci JM61666 s g 7 ‘E
and JM5969 (three total alleles, frequencies were 0.083, g Ey‘i . o o <+ 2 5
: . . ) EFr|L8ax32838888 =
0.042, and 0.083, respectively); at site ZW, a private allele 2 fTeLe 8 <& =2 R = - %
was at locus JR6439 (frequency was 0.125); at site KC, a z _%; )
. < o
private allele was at JM5969 (frequency was 0.167); and at £ '§o < S <Zt
XL, a private allele was at locus JR4616 (allele frequency was ~ § S . % B S & E %
0.056) (Table S6). Four populations showed significant de- s_,E "% § %’ o ‘:§ = 2 2 = ﬁl °§ 7o g .§
. ey . ! = = .
parture from the Hardy-Weinberg equilibrium (HWE) for £ g = & m IS s sE< g S
. . . = .2 Q
at least some loci, LS (eight loci, JR4616, IM61666, O § E 8
JM28820, IM78331, JC8125, JH89978, and JM77909), ~ g < < < g g
XM (seven loci, JR6439, JR3773, IM61666, JM28820, = 2] 8 % % Z 7 E
E3 & E & z £ §

IM5969, JH84548, and JH89978), XL (five loci, JR3773,
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4 Fig.2 Geographical distribution of haplotypes and network of haplotype
for 17 populations of J. hopeiensis, J. mandshurica, and J. regia based on
three ntDNA (/5R-8, Jr5680, and ITS) sequences. Patterns were assigned
for each haplotype according to the network at the right side of the figure.
a Results for ntDNA sequence /5R-8. b Results for nrDNA sequence
Jr5680. ¢ Results for ntDNA sequence ITS

IM61666, IM68820, JC8125, and JM77909), and ZW
(two loci, JIM5969 and JH89978). We observed no isola-
tion by distance among J. hopeiensis populations.
Applying the Mantel test for matrix correlation did not

a _
/~ FP L

J. regia

|ICZ|I LF

114°E
1

S ||I | |J. ho eie|nsis I
L L Ll L LLL L 7 L
SM / LS XL /KC/XK/ zw /P

reveal any correlation between genetic distance and geo-
graphic distance (» = 0.007, P = 0.530, Fig. S5).

Analysis of genetic structure

When all samples (from all three species) were included in the
STRUCTURE analysis (which was based on EST-SSR data
only), the highest mean posterior probability value was detect-
ed for K =3 (Fig. 3). For K = 3, the proportion of membership
in each population for each individual strongly reflected

|II|||||||| I | d_ I |
| gl\_ﬂiz /|

=
X Y.

_J.mandshurica
I i I I T I
C X MY JS AS

42°N

40°N
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L(K) (mean +- SD)

o~ 1000
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5 °

3500

e ! l[. N —
K=5 I I II
9 & N A A VA A <

Fig. 3 Probability of membership in each of the three species (Q-plot)
based on Bayesian model-based clustering of 108 individuals of
J. hopeiensis, J. mandshurica, and J. regia using 11 EST-SSRs. a
Estimated genetic clustering (K = 3) obtained with the STRUCTURE
program for 108 individuals. Individuals are separated according to the
population, and the black vertical line in the bar chart is population iden-
tifier. b Location of each sampled population and proportion of admixture

of J. hopeiensis, J. regia, and J. mandshurica in each population are
indicated with pie charts. ¢ Distribution of delta K for K =2 to 9 to
determine the true number of populations (K) as described in Evanno
et al. (2005). d Mean log likelihood of the data at varying estimates of
K. e Structure analysis of J. hopeiensis sampled from seven locations
showing moderate differentiation (K=5) and little admixture
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species membership, as expected. At K = 3, some admixture
between J. hopeiensis and J. mandshurica was indicated. This
pattern was also detected in the core dataset of 11 EST-SSR
loci used in the PCoA analysis, as shown in Fig. S4. In the
maximum parsimony tree based on mitochondrial sequence,
J. hopeiensis occupied a separate branch from J. mandshurica
and J. regia (Fig. S2a). At the nuclear level, however, an
overlap between J. mandshurica and J. hopeiensis was obvi-
ous, as was their separation from J. regia (except for a small
number of haplotypes that probably reflect hybrid ancestry).
STRUCTURE, a Bayesian clustering software program, sep-
arated the samples of J. hopeiensis into five populations based
on EST-SSRs (Fig. 3e).

Analysis of molecular variance

Microsatellites revealed a clear genetic distinction among the
seven J. hopeiensis populations studied (Fst = 0.097,
P < 0.001). These results were corroborated by analysis of
molecular variance (AMOVA) (Table 3). AMOVA analysis
of the data using the mtDNA, ¢cpDNA, and /5R-8, ITS, and
Jr5680 sequences of J. hopeiensis populations showed that the
coefficient of genetic differentiation at these loci was (Fgt) was

—0.030 (P < 0.05), 0.191 (P < 0.01), 0.156 (P < 0.01), 0.373
(P <0.01), and 0.625 (P < 0.01), respectively (Table 3).

Discussion

Analysis of genetic structure, the presence of private alleles
and haplotypes, and the MP tree based on mitochondrial
marker data (Fig. S2a) all indicated that J. hopeiensis is sister
to J. mandshurica, but is a distinct evolutionary lineage. In the
Bayesian STRUCTURE analysis based on EST-SSRs, sam-
ples from all seven locations (representing the entire range of
the species) clustered into a single group distinct from J. regia
and J. mandshurica (Fig. 3). But the STRUCTURE analysis
also showed that J. hopeiensis may be undergoing genetic
swamping by admixture with both J. regia and
J. mandshurica. Genetic swamping and introgression by re-
lated taxa can threaten species’ genetic and evolutionary in-
tegrity (Holderegger et al. 2005), and it represents an impor-
tant hazard to plant conservation (Ellstrand 1992). How hy-
bridization affects J. hopeiensis specifically (in terms of fit-
ness) has not been determined but is an important research
question. Certainly human dispersal and selection have played

Table 3 AMOVA results for

seven populations of J. hopeiensis Type of genetic markers Source df SS Est. Var. P (%)
using multiple loci

EST-SSR Among populations 6 56.03 0.43 Va 9.69
Within populations 89 353.12 3.98 Vb 90.31
Total 95 409.16 4.39 100
Fs1=0.097

mtDNA (3-9+nad5) Among populations 6 1.67 —0.01 Va -3.04
Within populations 17 5.25 0.31 Vb 103.04
Total 23 6.92 0.30 100
Fsr=-0.030

cpDNA (trnL-F+trnS-G) Among populations 6 10.35 0.21 Va 19.06
Within populations 21 18.83 0.90 Vb 80.94
Total 27 29.18 1.11 100
Fs1=0.191

nrDNA (/5R-8) Among populations 6 36.01 0.33 Va 15.65
Within populations 89 159.98 1.80 Vb 84.35
Total 95 195.99 2.13 100
Fs1=0.156

nrDNA (ITS) Among populations 6 164.95 1.92 Va 37.30
Within populations 89 287.79 323 Vb 62.70
Total 95 452.74 5.16 100
Fsr=0.373

nrDNA (Jr5680) Among populations 6 176.42 2.23 Va 62.47
Within populations 89 118.99 1.34 Vb 37.53
Total 95 295.41 3.56 100
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a role in maintaining J. hopeiensis on the landscape, but they
have also encouraged its hybridization, which likely increases
its genetic diversity but may not increase its fitness (Vila et al.
2000; Crystal et al. 2016). Outbreeding depression and lack of
adaptation are possible consequences of interspecific hybrid-
ization (Goto et al. 2011; Bleeker et al. 2007).

J. hopeiensis populations not only contained unique haplo-
types, but also shared haplotypes at nuclear loci, mitotypes,
and chlorotypes of J. regia and J. mandshurica (Figs. 1,2, and
S2). J. hopeiensis also contained microsatellite alleles not
found in the other two Juglans species (Table S6). It is possi-
ble that nuclear sequences, chlorotypes, and mitotypes that
were unique to J. hopeiensis in our dataset are also found in
J. regia, J. mandshurica, or even J. cathayensis or J. sigillata
(Iron walnut) at locations that we did not sample. For example,
chlorotype H3 of J. hopeiensis, which appeared to be derived
from the only observed J. regia chlorotype (H4, Fig. 1b
network), was found in only a single individual of population
KC (Fig. 1b). This individual also contained mitotype M4
(found in all J. regia), showed considerable admixture in the
nuclear genome with J. regia based on EST-SSR alleles (Fig.
3), and contained the nuclear haplotypes H28 and H29 that
were least differentiated from J. regia based on maximum
parsimony (Fig. S2). These data may indicate that chlorotype
H3 was actually a J. regia chlorotype found in a cryptic
J. regia % J. hopeiensis hybrid individual, which may explain
why H3 is not connected to H2 (the only other J. hopeiensis
chlorotype) in the network diagram of Fig. 1b and why the
same individuals showed H14 (a J. regia haplotype at ITS,
Fig. 2¢) and H5 and H6 at nuclear locus /5R-8, two haplo-
types not found in the J. regia samples, but closely related to
them (Fig. 2a). Similarly, H8 of nuclear locus /5R-8 (Fig. 2a)
was identified in three individuals of population XM.
Haplotype H8 was closest genetically to H2, the haplotype
common to all J. mandshurica that we sampled and discon-
nected from other J. hopeiensis haplotypes. These three indi-
viduals appeared highly admixed at EST-SSR loci (Fig. 3a)
and contained mitotype M5, which was common to all
J. mandshurica that we sampled (Fig. 1a). It seems likely that
samples XM-4, XM-5, and XM-6 are J. mandshurica x
J. hopeiensis hybrids. A conclusion of hybridity for these
individuals is uncertain, however, because other
J. hopeiensis individuals with an M5 mitotype did not show
strong admixture at EST-SSRs (Fig. 3a).

Our analyses showed that J. hopeiensis was closer geneti-
cally to J. mandshurica than J. regia, especially when nuclear
sequence data were considered (Figs. 1, 2, and S2). This is not
a surprising result, for J. regia cannot be considered native to
the parts of China containing J. hopeiensis, but it has grown
there as a cultivated species for many generations (Chen et al.
2014), and J. hopeiensis has long been considered a member of
sect. Cardiocaryon, rather than sect. Dioscaryon of Juglans.
The reduction in population size of the J. hopeiensis may be

due to genetic swamping caused by pollen flow form other
cultivated Juglans species in nearby farms (Millar et al.
2012) and other processes that mediate hybridization between
closely related species (Hoban et al. 2012; Gémez et al. 2015;
Shu et al. 2016). Some of the nuclear haplotypes of
J. hopeiensis that clustered near to J. mandshurica based on
maximum parsimony (Fig. S2) were identified in individuals
that also reflected admixture at microsatellite loci. For exam-
ple, H41 was found in the highly admixed samples XM-1 and
XM-3 (Fig. 3), H42 was found in XM-4, and H37 was found in
XM-2. Nevertheless, there was no perfect correspondence be-
tween the Bayesian analyses based on microsatellites (Fig. 3)
and the maximum parsimony branch placement (Fig. S2).
Some samples with relatively greater admixture in the
STRUCTURE analysis did not show evidence of hybridization
based on sequence data from any of the three nuclear loci, so
their haplotypes were strongly differentiated from J. regia and
J. mandshurica in the maximum parsimony tree (Fig. S2).

Both the nrDNA sequence data and EST-SSR data showed
that there is probably a high level of gene flow between
J. hopeiensis and J. mandshurica, presumably though wind
pollination and possibly recently by human selection for thick,
ornate shells. The spatially explicit maps (Figs. 1, 2, and 3)
show that J. hopeiensis is fully sympatric with J. mandshurica,
and the results from STRUCTURE show that gene flow be-
tween J. hopeiensis and J. mandshurica is more common and
probably more biologically important than between J. regia
and either of the other two species (Fig. 3). Only
J. hopeiensis populations ZW and PS showed few clear signs
of introgression with other Juglans species, but sample sizes
from these populations were small, so their apparent genetic
purity may be a sampling artifact. Some J. hopeiensis samples
appeared to be complex hybrids involving J. regia and
J. mandshurica or possibly other Juglans species.

The genetic features and genetic structure of J. hopeiensis
have important implications for the conservation and manage-
ment of this narrowly distributed and extremely rare species.
Because the species is rare, all existing populations should be
protected from exploitation and their natural regeneration en-
couraged, but particular features of some populations deserve
to be highlighted here. Populations LS, XL, KC, ZW, and XM
contained private alleles at nuclear loci (Table S7), and popu-
lation PS was the only population in which the chlorotype of
all sampled individuals was H2, the chlorotype unique to
J. hopeiensis (Fig. 2b). Within J. hopeiensis, only chlorotype
H3 was private to one population; H3 was observed in a single
individual of population KC and is probably a J. regia
chlorotype. Private alleles may represent important genetic
resources for species survival. It is likely that there has already
been allele loss from three of these populations (LS, XL, and
KC), based on genetic bottleneck analysis (Table S4). A sud-
den and dramatic reduction in population size may have been
the result of the use of J. hopeiensis for timber or for gunstocks

@ Springer



91 Page 12 of 14

Tree Genetics & Genomes (2017) 13:91

during wars of the last century (Pei et al. 2006). From 1949 to
1978, Ma walnut received almost no scientific attention be-
cause the value of its nuts was low, it grows relatively slowly,
and its natural reproductive capacity is low (Pei et al. 2006).
With the improvement of living standards in China, Ma wal-
nut is increasingly sought as a curio or talisman, and the nuts
are even exported (Wu et al. 1999; Pei et al. 2006). As a
consequence, resources of this species are suffering from
long-term predatory development, illegal logging,
overgrazing, and habitat fragmentation, all of which threaten
the species with extinction (Chen et al. 2014; Pei et al. 20006).

Compared to the (geographically restricted) samples of the
other two species, J. hopeiensis was considerably more genet-
ically diverse, especially populations XM, LS, and XL
(populations with the largest sample sizes, Table S5; Fig.
2a), which may have been a reflection of the number of trees
sampled from those sites. Populations LS, XL, and XM were
the most genetically diverse (Table S5) based on effective
numbers of alleles and unbiased expected heterozygosity.
Population LS also contained a large number of private alleles,
as previously mentioned. The accuracy of our within-group
diversity parameter estimates (Table S5) is low, since we were
constrained by small sample sizes. These estimates should be
considered rough approximations. These estimates do support
the general impression that the genetic diversity of
J. hopeiensis is comparable to J. regia and J. mandshurica,
two species not considered at risk. Further sampling will be
needed to determine the extent to which higher levels of di-
versity in these populations, as compared to the others, were
biased by sample sizes and/or by admixture with other
Juglans species. For example, some individuals with mitotype
MS of populations XM might be J. mandshurica hybrids (Fig.
la). A low level of genetic diversity is commonly expected for
narrow endemic plants (Ellstrand and Elam 1993), but that is
not always the case (Fernandez-Mazuecos et al. 2014).
Walnuts are large, long-lived trees with a heterodichogamous
(highly outcrossing) mating system (Kimura et al. 2003).
These life traits and this reproductive strategy typically main-
tain high levels of genetic diversity within populations. We
observed that genetic diversity measures for J. hopeiensis
populations were similar to or even higher than those for
J. regia and J. mandshurica (Table S5), species not considered
at risk. Our sample sizes from J. regia and J. mandshurica
were small and geographically restricted, however, so our es-
timates of diversity for these species are likely biased.

The natural distribution of J. hopeiensis in China is limited
to a series of separated populations. The seven locations that
we sampled revealed relatively little interpopulation hybridi-
zation (admixture between J. hopeiensis populations), which
probably means that they are not exchanging much pollen
(Fig. 3e). The relatively high genetic differentiation among
populations of J. hopeiensis (Table 3; Fig. 3e), relatively large
numbers of private nuclear alleles present at relatively high
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frequencies (Table S6), large number of loci significantly out
of HWE (Table S2), and many loci with high Fig values
(Table S2) may all indicate a lack of gene flow within and
among demes. The level of population differentiation
(Fst = 0.097) of J. hopeiensis was slightly higher than that
observed in many wild, wind-pollinated Juglans species with
continuous distributions analyzed using SSRs (North
American species), but comparable to Chinese Juglans spe-
cies with wild populations that are often disjunct
(J. mandshurica, Fst = 0.054, Wang et al. 2016; J. regia,
Fst = 0.16, Pollegioni et al. 2015; Juglans cathayenesis,
Fst=0.110, Bai et al. 2014; J. sigillata, Fs = 0.111, Wang
et al. 2015), whereas Juglans in eastern North America grow
in forests that are less disjunct than those in Asia (Juglans
nigra, Fst = 0.017, Victory et al. 2006; Juglans cinerea,
Fst = 0.045, Hoban et al. 2010). Many factors, including
population size, sample sizes, and biogeography, can influ-
ence estimates of Fgr, but data from EST-SSRs do not strongly
indicate that J. hopeiensis populations are more shaped by
isolation than any other Chinese Juglans species.

Small populations are especially susceptible to loss
(Matthies et al. 2004). Therefore, we recommend that in situ
conservation efforts should be implemented especially for the
unprotected small populations PS, XK, and KC, to prevent
their further deterioration. Efforts toward enrichment or en-
hancement of natural regeneration should be considered.
Trees in all populations should be sampled to determine the
likelihood that they are hybrids and whether they should be
removed or repropagated to another location. The identifica-
tion of any other natural populations of J. hopeiensis and their
risk of gene admixture from other Juglans should also be a
high priority. J. hopeiensis is sympatric with J. mandshurica,
and J. regia has been introduced to most if not all of the
J. hopeiensis range. The role of interspecific hybridization in
the maintenance of genetic diversity and/or the loss of fitness
in J. hopeiensis needs further investigation. If conspecific
gene flow results in outbreeding depression, then populations
should be managed to reduce gene flow (Ellstrand 1992).
J. hopeiensis in living collections such as arboreta or botanical
parks should be genotyped to verify its taxonomic status and
as a potential source of pollen for controlled crosses. The risk
of loss of J. hopeiensis by genetic swamping needs to be
evaluated thoroughly. Isolation of nonadmixed J. hopeiensis
should take place by removal of J. mandshurica and J. regia
from within a buffer zone of several kilometers. Much more
data are needed to craft a comprehensive conservation plan for
J. hopeiensis; however, we believe that the data presented here
represent an important starting point.
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