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Abstract Patterns of gene flow and gene introgression can
be used to assess the risk of genetic pollution of wild for-
est trees from widespread cultivated trees. A comprehensive
understanding of the genetic relationships and levels of gene
flow among wild and cultivated common walnut (Juglans
regia) has become an urgent issue. Using twelve microsatel-
lite markers, we investigated the genetic diversity and gene
flow between cultivated and wild trees of J. regia in the Qin-
ling Mountains, China. A high level of genetic variation was
detected in both cultivated and wild trees. The mean number
of alleles per locus was 17.5. Observed heterozygosity (H)
and expected heterozygosity (Hg) were 0.777 and 0.800,
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respectively. Pollination of mother trees was not by nearest
neighbors, and a paternity of 60.7% of offspring evaluated
could not be assigned to a local, sampled tree. Pollen flow
from cultivated trees to wild trees was infrequent (5.4%), and
selfing rates ranged from zero to 25.0%. Male parents were
located from O to 1005 m from their female partners, with
an average pollination distance of 285.1 m. These results are
discussed in light of the cultivated species’ diversity, outlin-
ing the frequent spontaneous genetic contributions from the
wild to the cultivated compartment. In addition, the pol-
len flow parameters provide useful information about the
dynamics of pollen movement within J. regia populations.

Keywords Genetic diversity - Juglans regia - Mating
patterns - Microsatellites - Pollen flow

Introduction

Mating patterns, including pollen dispersal, gene flow, and the
movement of genes among lineages, play an important role in
the evolution of organisms by shuffling the genetic diversity
and structure within species (Jones et al. 2008). Genetic inva-
sion between wild species and cultivars by pollen dispersal,
seed dispersal, and hybridization has played an important role
in plant evolutionary history, especially the domestication of
trees as crops (Miller and Gross 2011; Delplancke et al. 2013).
Historically, wild species have been used in breeding programs
as a source of morphological and genetic variation for plant
improvement. In places where crops are grown near their wild
ancestors, the reverse movement of genes, from cultivated to
wild plants, has important evolutionary consequences for local
conspecifics and their relatives (McGranahan et al. 1988; Bar-
bour et al. 2002; Delplancke et al. 2012; Cornille et al. 2013).
Because cultivated genotypes can be highly competitive, they
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can contribute to the local exclusion of wild conspecifics
(Trucco et al. 2009). In other cases, cultivated plant species
have been selected for non-competitiveness or are less robust
because of genetic bottlenecks caused by long-term cultivation
(Miller and Gross 2011; Delplancke et al. 2012), but these
phenotypes and domestication bottlenecks are often much less
pronounced in perennial tree crops.

Hybridization between cultivated and wild trees is facili-
tated by the frequent absence of an intrinsic reproductive bar-
rier (Gepts and Papa 2003; Cornille et al. 2013). Cultivated
to wild gene flow can reduce biodiversity, cause a decline in
reproductive fitness, and lead to loss of genetic distinctive-
ness of native populations (Wolf et al. 2001; Sdnchez-de Ledn
and Johnson-Maynard 2009). Knowledge of pollen dispersal
patterns within forest landscapes is important for managing
the integrity of native gene pools by limiting the potential for
genetic pollution from non-native plantings.

Walnuts (most Juglans species) belong to a widespread
genus of wind-pollinated heterodichogamous species (Bai
et al. 2006, 2007; Kimura et al. 2012; Zhao et al. 2018). The
common walnut (also called the English or Persian walnut,
J. regia L.) is a monoecious wind-pollinated deciduous tree
native to Eurasia but now grown in many countries with a
temperate climate (Manning 1978; Gunn et al. 2010; Arad-
hya et al. 2017). It has been cultivated for its timber and nuts
for at least 6800 years (Beer et al. 2008; Feng et al. 2018).
In many parts of Asia it is difficult to know if autochtho-
nous trees are wild or feral (Pollegioni et al. 2015; Aradhya
et al. 2017; Bernard et al. 2018) as there are no obvious phe-
notypic indicators of domestication. Nuts from apparently
wild trees are harvested by villagers who transport them to
markets where they may be sold alongside locally grown
improved varieties. Because common walnut is long-lived
and anemophilous, gene flow between wild trees and modern
cultivated genotypes or their seedlings is likely, even in areas
that may be centers of diversity.

We investigated gene flow between (apparently) wild and
cultivated common walnut trees in the Qinling Mountains of
China, a region believed to contain an ancient population of
J. regia (Cheng et al. 2013; Guo et al. 2013). Our goals were
to: (1) Characterize the genetic diversity of common walnuts
(J. regia) in the Qinling Mountains; (2) Investigate the rela-
tive genetic contribution of cultivated J. regia to the seeds
of wild trees in the Qinling Mountains; and, (3) Determine
the pollen dispersal distance at research locations.

Materials and methods
Sampling and plant materials

Common walnut is valued for both nuts and timber. To
characterize the genetic diversity of cultivated common

@ Springer

walnuts, we sampled seeds from trees planted by farmers in
16 locations around the Qinling Mountains, Shaanxi prov-
ince, China (Table 1, Fig. 1). For clarity, these cultivated
trees are described as “cultivars” even though they were not
grafted but instead chance seedlings or seedlings of locally
desirable genotypes. At sites with cultivated trees, a sample
of genotypes were collected that were traditionally cultivated
by local farmers who had no access to modern, commercial
cultivars. To investigate the relative genetic contribution of
cultivated J. regia to the seeds of wild trees, we sampled
275 seeds from 19 mother trees at a single location (Table 1;
Fig. 1). Both the seeds and the mother trees were genotyped
at 12 loci and a parentage analysis used to determine the per-
cent of offspring derived from self-pollinations, pollinations
from nearby mother trees, pollinations from trees outside the
study area that were not genotyped, and pollinations from
the closest cultivated population (HH and II; Fig. 1). To
determine the pollen dispersal distance (Table 1, Fig. 1), the
sample locations were mapped using GIS software ArcGIS
(version 10.0; ESRI 2010).

SSR genotyping

DNA was extracted from leaf and seed samples using the
methods of Doyle and Doyle (1987) and Zhao and Woeste
(2011). Twelve microsatellite loci (Woeste et al. 2002; Vic-
tory et al. 2006; Ahmed et al. 2012; Pollegioni et al. 2015)
(Table 2) were used for genotyping. Each forward primer
was marked with fluorescent dye (FAM, TAMRM, HEX and
ROX). The PCR products were sent to Shagon Biotech Life
Science Products and Services for analysis. The genetic anal-
ysis process was similar to the methods in Feng et al. 2018.

Microsatellite data analysis

Genemapper software (Applied Biosystem, Foster City, CA,
USA) was used to score all genotype data. After removing
18 samples of seeds of cultivated individuals (seeds) and
36 samples of seeds of wild individuals (seeds) that had
genotypes that did not match their presumed maternal par-
ent based on CERVUS v3.0 (Kalinowski et al. 2007), a total
of 317 individuals were retained for analysis. The exclusion
probabilities for one parent and two parents was 80%. We
tested for evidence of null alleles using MICRO-CHECKER
(Van Oosterhout et al. 2004).

Deviations per locus and per mother tree from Hardy-
Weinberg equilibrium (HWE) were tested using GENEPOP
(Raymond and Rousset 1995) and Arlequin 3.5 (Excoffier
and Lischer 2010). CERVUS v3.0 software (Kalinowski
et al. 2007) and POPGEN version 1.32 (Yeh and Boyle
1996) were used to calculate the genetic diversity param-
eters, including percent polymorphic loci (95% criterion),
the total number of alleles (Na), effective number of alleles
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Table 1 Corpmon walnut No Group®  Name Sampled Samples Location Latitude  Longitude

(Juglans regzg) samples A seeds (N)  analyzed (N)

genotyped using 12 SSR loci
1 1 Cultivar-AA 6 5 Daliangou 34°17" 107°09'
2 1 Cultivar-BB 6 4 Tongyucun 34°09' 107°43'
3 1 Cultivar-CC 6 5 Tuoyuxiang 34°03' 108°07"
4 1 Cultivar-DD 6 6 Chandianzhen 33°12’ 106°29'
5 1 Cultivar-EE 6 5 Yishuizhen 33°16' 107°24'
6 1 Cultivar-FF 6 4 Hetaoping 33°02' 108°18'
7 1 Cultivar-GG 6 6 Zhangjiazhang  33°54’ 105°44'
8 1 Cultivar-HH 6 5 Luanzhen 34°01" 108°51'
9 1 Cultivar-II 6 5 Fuchaoyu 34°07' 109°31'
10 1 Cultivar-JJ 6 4 Ganxizhen 32°53' 109°16'
11 1 Cultivar-KK 6 5 Mengjiacun 34°16' 110°34'
12 1 Cultivar-LL 6 6 Qingshancun 33°57' 111°03'
13 1 Cultivar-MM 6 4 Qiumugou 32°51" 110°27'
14 1 Cultivar-NN 6 5 Fujiaao 33°05' 111°36'
15 1 Cultivar-OO 6 4 Bailiwan 33°33' 112°07'
16 1 Cultivar-PP 6 5 Shuishangou 34°29' 106°17'
Total Cultivars 96 78
17 2 Tree-A 15 14 Ningshan 33°44/ 108°45'
18 2 Tree-B 12 14 Ningshan 33°44/ 108°45'
19 2 Tree-C 10 10 Ningshan 33°44' 108°45'
20 2 Tree-D 18 17 Ningshan 33°44' 108°45'
21 2 Tree-E 13 10 Ningshan 33°44' 108°45'
22 2 Tree-F 14 12 Ningshan 33°45' 108°45'
23 2 Tree-G 20 21 Ningshan 33°45' 108°45'
24 2 Tree-H 11 12 Ningshan 33°45' 108°45’
25 2 Tree-1 16 18 Ningshan 33°45' 108°45’
26 2 Tree-J 14 13 Ningshan 33°45' 108°45’
27 2 Tree-K 23 21 Ningshan 33°45' 108°46’
28 2 Tree-L 15 12 Ningshan 33°45' 108°46’
29 2 Tree-M 16 13 Ningshan 33°45' 108°46’
30 2 Tree-N 19 0 Ningshan 33°45' 108°46'
31 2 Tree-O 11 4 Ningshan 33°45' 108°46'
32 2 Tree-P 12 12 Ningshan 33°45' 108°47'
33 2 Tree-Q 14 14 Ningshan 33°45' 108°46'
34 2 Tree-R 10 10 Ningshan 33°45' 108°46'
35 2 Tree-S 12 12 Ningshan 33945’ 108°46'
Total Wilds 275 239

4Group 1 indicates cultivated trees, Group 2 indicates wild trees at a single location (details in Fig. 1)

(Ne), allelic richness (Ar), gene diversity (Hg), and overall
gene diversity (Hp). The observed (H) and expected (Hp)
heterozygosities were calculated based on the allele frequen-
cies using POPGENE (Yeh and Boyle 1996).

Genetic differentiation between groups (Fgr) and link-
age disequilibrium (LD) between loci were tested using the
program GENEPOP v4.0 (Raymond and Rousset 1995). The
significance of difference between genetic groups, meas-
ured as Fgr, was determined by permutation tests (10,000)
using Arlequin v3.5 (Excoffier and Lischer 2010). Ry was

calculated using SPAGEDI (Hardy and Vekemans 2002). We
performed a two-level (among trees and with trees) analysis
of molecular variance (AMOVA) based on 239 seed from
19 wild mother trees using ARLEQUIN v3.5 (Excoffier and
Lischer 2010).

The overall genetic variation among cultivated and wild
trees was represented using principal coordinate analy-
sis (PCoA) using GenALEx v6.5 (Peakall and Smouse
2012). To evaluate the admixture and genetic populations
within wild trees only, a genetic structure analysis of 239
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Fig. 1 Locations of genotyped coomon walnut tree within the Qin-
ling Mountains. The numbers indicate the number of samples geno-
typed. Numbers 1-16 indicate 16 locations of cultivar trees, while
the 19 wild mother trees are from A to S in the box of red dotted
line (The numbers of seeds for each tree used for data analysis,

wild seeds was performed using a model-based Bayes-
ian clustering of individuals, as implemented in STRU
CTURE v2.3.4 (Pritchard et al. 2000). We also add the
cultivated seeds to the STRUCTURE analysis to check
the genetic mixture. This software uses a Markov Chain
Monte Carlo (MCMC) framework in which the algorithm
explores a parameter space considering individual admix-
ture proportion, locus-specific ancestries, population allele
frequencies, and the expected admixture of the data set,
assuming a user-defined K number of groups. STRUCTU
RE was run using 100,000 burn-in MCMC iterations, with
run lengths of 1,000,000 iterations, and ten replicates per
run for K= 1-15 clusters, with admixture (Pritchard et al.
2000). STRUCTURE HARVESTER was used to calculate
the optimal value of K (Earl and Vonholdt. 2012) using
the deltaK criterion (Evanno et al. 2005), and the inferred
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details see Table 1). The number of the different scales on the map.
QH=0Qinghai Province, GS=Gansu Province, SX=Shaanxi Prov-
ince, SXI=Shanxi Province, HN=Henan Province, SC=Sichuan
Province, HB=Hubei Province, CS=Chongqing Direct-controlled
Municipality

clusters were drawn as colored box-plots using program
DISTRUCT (Rosenberg 2004).

Maternity and paternity analysis

A total of 275 seeds from 19 adult wild walnut trees were
analysed for maternity using CERVUS v3.0 (Kalinowski et al.
2007), a software based on maximum-likelihood methods.
The simulation parameters were: 10,000 cycles, 19 candidate
mother trees, 19/275 as the proportion of candidate mothers
sampled, 0.975 as the proportion of loci typed, 0.01 as the
proportion of mistyped, 0.01 error rate in likelihood calcula-
tions, 0.80 for the relaxed confidence level and 0.95 for the
strict confidence level. After verification of maternal parent-
age for each offspring, the number of candidate male parents
specified in the simulation was the approximate size of the
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Table 2 Genetic diversity of 239 seeds from 18 adult wild Juglans regia mother trees, as revealed by 12 SSRs

Locus Range® Tm((°C) N Na Ne Ar H, Hg Hg Hy Gyt Fgp  Fig(ns) 1 PIC F(nul) HW
WGAO5  238-268 55 275 15 229 547 0.548 0.563 0.515 0.596 0.081 0.136 -0.147 1.01 0.545 0.0141 NS
WGA321 224-250 53 272 13 405 7.24 0.904 0.869 0.770 0.860 0.090 0.105 -0.183 1.60 0.854 —0.0206 ***
WGA27  184-226 53 275 20 373 7.65 0.866 0.859 0.731 0.866 0.135 0.156 —0.182 1.55 0.846 -0.0056 NS
WGA32  122-176 55 275 24 432 9.06 0.905 0.906 0.783 0.909 0.126 0.139 -0.188 1.73 0.897 +0.0003 NS
WGAO1  166-202 53 275 10 249 5.12 0.646 0.646 0.566 0.646 0.080 0.124 -0.140 1.09 0.619 +0.0051 NS
WGAI118 187-235 55 275 9 215 400 0.626 0.629 0.517 0.622 0.105 0.169 -0.172 0.92 0.580 -0.0041 NS
WGAO04  228-256 53 276 12 3.17 559 0.823 0.814 0.701 0.820 0.119 0.145 -0.149 133 0.789 -0.0063 NS
WGA71  154-228 53 273 34 485 11.4 0917 0957 0.816 0958 0.142 0.148 -0.119 1.93 0.953 +0.0203 ND
WGA376 182-232 55 277 21 4.02 8.88 0921 0.899 0.762 0902 0.140 0.156 -0.208 1.68 0.889 -0.0125 NS
WGA202 256-294 58 277 20 4.16 853 0927 0910 0.776 0911 0.134 0.148 -0.192 1.69 0.901 -0.0101 NS
WGA276 171-189 58 277 7 232 400 0.707 0.651 0.577 0.651 0.075 0.114 -0.221 1.00 0.586 -0.0461 NS
WGAQ9  240-256 55 273 7 338 529 0841 0850 0.718 0.847 0.129 0.152 -0.147 1.37 0.830 +0.0036 ***
Mean 16 3.41 6.85 0.803 0.796 0.686 0.799 0.113 0.142 -0.171 1.41 0.774

*Range =allele size range; Tm=annealing temperature; N=total number of samples; Na=the total number of alleles; Ne=effective num-

ber of alleles; Ar=allelic richness; Hy=observed heterozygosity; Hg=

expected heterozygosity; Hg=gene diversity; Hp=overall gene diver-

sity; Ggr=standardized genetic differentiation; Fgy=among population differentiation; F;g=Fixation index; I=Shannon’s information index;
PIC =Polymorphism information content; F (null) =estimated null allele frequency; HW = Significance of deviation from Hardy-Weinberg equi-
librium. Key: NS=not significant, * =significant at the 5% level, ** =significant at the 1% level, *** =significant at the 0.1% level, ND =not

done. These significance levels included a Bonferroni correction

male gene pool for the cultivated and wild trees in this study,
which included both sampled and unsampled male parents.
The total of number of identified male parents was 371 and
the proportion of male parents sampled were adjusted to 0.80,
0.05 as the proportion of mistyped, 0.05 error rate in likelihood
calculations, 0.65 for the relaxed confidence level and 0.95 for
the strict confidence level.

Mating pattern and pollen dispersal

The relatedness among all 19 adult wild trees was calculated
using software RELATEDNESS v5.0.5 (Goodnight and
Queller 1999). Observed distances of pollen migration were
used to construct a dispersal curve to describe pollen move-
ment within the population. Measurements consisted of the
distance between the mother and the putative father when
the most likely father was assigned. In addition, the distances
between each mother tree and all other candidate fathers were
also measured to determine whether the observed inter-mate
distance was influenced by the spatial arrangement of the adult
trees. Gene flow (Nm) was estimated using Arlequin v3.11
(Excoffier and Lischer 2010) and MIGRATE v3.6 (Beerli
2006).

Results

Genetic variation and structure of wild walnut seeds
and cultivars as revealed by microsatellite data

Estimates of genetic diversity varied among microsatellite
loci and among the wild offspring cohorts and adult (wild)
trees [N =18 after removal of wild parent Tree-N (Fig. 1)
due to poor DNA quality]. Among wild samples (N =239),
alleles per locus (Na) ranged from 9 to 34, with a total of 192
alleles across the 12 loci. The mean number of alleles per
locus was 16.0. The mean polymorphic information content
(PIC) was 0.774 (Table 2). Allelic richness (Ar) estimated
among all trees ranged from 4.00 to 9.06 with an average of
6.85. Observed heterozygosity (Hy) among loci was 0.803,
with a range of 0.548-0.927. Expected heterozygosity
(Hg) among loci was 0.796, with a range of 0.563-0.957
(Table 2).

Among samples from cultivated trees (78 seeds from 16
locations), the range of alleles per locus (Na) was from 7
to 29, with a total of 187 alleles across the 12 loci. The
mean number of alleles per locus was 15.58. The mean pol-
ymorphic information content (PIC) was 0.779 (Table 3).
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Table 3 Genetic diversity of

: Locus Na Ne Hg Hg PIC F (null) HW

239 seeds from 12 cultivated

Juglans regia trees, as revealed WGAO05 13 1.00 0.377 0.722 0.683 +0.3292 ks

by 12 SSRs WGA321 14 4.00 0.880 0.862 0.841 —0.0141 ND
WGA27 19 3.70 0.757 0.903 0.889 +0.0853 ND
WGA32 21 1.66 0.506 0.903 0.889 +0.2821 ND
WGAO1 11 2.00 0.548 0.680 0.637 +0.1049 NS
WGAL118 12 1.00 0.538 0.634 0.596 +0.0829 NS
WGAO04 11 2.00 0.545 0.815 0.783 +0.1978 NS
WGA71 29 1.00 0.623 0.955 0.695 +0.2078 ND
WGA376 20 1.00 0.831 0.918 0.906 +0.0493 ND
WGA202 16 1.77 0.794 0.905 0.890 +0.0636 ND
WGA276 14 2.00 0.872 0.903 0.889 +0.0128 ND
WGA09 7 2.00 0.795 0.857 0.833 +0.0336 ND
Mean 15.58 1.93 0.672 0.838 0.794

Na=Number of alleles; Ne=effective number of alleles; Hy=observed heterozygosity; Hg=expected
heterozygosity; PIC=Polymorphism information content; F (null)=estimated null allele frequency;
HW = Significance of deviation from Hardy-Weinberg equilibrium

Observed heterozygosity (Hy) among loci was 0.672 with
arange of 0.377-0.880. The mean expected heterozygosity
(Hg) among loci was 0.838, with a range of 0.634-0.955.
The mean polymorphic information content (PIC) was 0.794
and the mean effective number of alleles (Ne) was 1.93 with
arange of 1.00-4.00 (Table 3). In wild trees, by contrast, the
mean effective number of alleles (Ne) was 3.41 with a range
of 2.15-4.85 (Table 2). Microsatellites revealed clear genetic
differentiation between the 239 wild progenies and 78 culti-
vated progenies (Figs. 2 and 3). Both wild populations and
cultivars were distinguished by the first two coordinates of

the principal coordinate analyses (Fig. 2, accounting for
63.4% of the observed variance).

Genetic structure

Bayesian clustering of 239 progenies from 18 wild mother
trees identified three populations as most likely (Fig. 4).
These populations are distinguishable despite relatively high
gene flow among the wild mother trees (Nm=1.534). Visual
examination of the spatial arrangement of the populations
within the site from which the wild seeds were collected

Fig. 2 Principal coordinate
analyses (PCoA) of 317 com-

Principal Coordinates Analysis (PCoA)

mon walnut (J. regia) samples
(239 seeds and 78 cultivated
trees) based on 12 microsatellite
loci. Green triangle indicates
cultivated trees and red square
indicate the wild trees

41.3 %

Coord. 2
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Table 4 Maternity and

. . Maternity and pater- ~ From cultivated trees From wild trees Unassigned
paternity analysis of a total of nity analysis
371 samples No. Percent (%) No. Percent (%) No. Percent (%)
Mother assigned 78 81.25 239 86.91 54 17.03
Father assigned 38 10.24 135 36.39 198 46.63

Fig. 5 Distribution of J. regia
trees in the study population
showing the locations of eight-
een wild mother trees. Small
circles and pie graphs indicate
the profiles of genotyped prog-
eny arrays from each mother
tree for seed lot collection from
2011. Large letters around the
pie indicate the wild mother
tree’s name. Dark gray, white,
light gray, and black wedges
represent selfing, male parent
was a cultivated plant, two
parents within study site, and
unassigned seeds, respectively
(details see Table 5)

| Selfing

[ Single parent come from cultivars
Two parents within study site

reveals no obvious spatial association among the trees of
each population (Fig. 1). The wild populations were geneti-
cally distinct from the seeds from cultivated trees (Fig. 3),
which all belonged to a common population.

Maternity and paternity analysis

Paternity analysis of 371 seeds revealed that the male par-
ent of 94 (25.3%) samples could be identified based on the
genotypes of the seeds and their presumed female parent.
Of these, 36 samples (15.1%) were seeds from cultivated
trees, 61 (25.5%) were from wild adult mother trees with
80% confidence (Table 4). Among wild trees, mean dis-
tance between successful males and their female mates
was 285.1 m, ranging from 61.2 to 1005.5 m, not including
self-pollinations. Most successful pollinizers (75%) were
from 200 to 600 m from their mate, and only three trees
were more than 1250 m from their mate (Fig. 5). The rate
of gene flow (0.425) between wild and cultivated J. regia
was estimated using Fgr which was 0.088, ranged from
0.046 (GG-LL) and from 0.147 (FF-NN), which was lower
than the average Fgr among 18 progenies of wild trees

@ Springer
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Table 5 AMOVA design and results among 18 wild trees for vari-
ance at 12 SSR loci

Source of variation df  Sum of squares Variance  Variation (%)

compo-
nents

Among trees 17 380.88 0.688 12.57

Within trees 239 1201.00 4.785 87.43

Total 100.00

(Fgr=0.094), ranged from 0.053 (J-K) and from 0.137
(C-I). The genetic differentiation (Fgp) was 0.042 between
wild and cultivated groups; AMOVA revealed that most of
the genetic variation (96%) was within wild or cultivated
trees (Table 5). Paternity analysis showed that none of the
wild mother trees was father of a seed from a cultivated
tree, although coalescent-based estimations of gene flow
(Nm=1.48 among wild mother trees; Nm =2.58 among
cultivated trees, Nm = 1.76 between wild and cultivated
trees) indicated that cultivated J. regia was expected to
contributed about 13 migrants (5.4%) to the seeds of the
wild progenies (Fig. 6).
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Mating system and pollen dispersal

Of 239 progeny samples, 36 (15.1%) were determined to
have arisen from self-pollination. Among wild mother trees,
the selfing rate varied between zero to 16.7% (Table 6;
Fig. 6). The percentage of seeds with two wild parents
within the study site varied among mother trees from zero
to 38.5% (Table 6). In addition, 145 progenies (60.7%) were
not assigned pollen parents (paternity analysis did not match
any sampled wild or cultivated genotype). These were most
likely the result of immigrant pollen from outside the study
area or were sired by un-sampled trees within the study site.
Contamination rates for individual wild mother trees ranged
from 50.0% to 91.7% (Table 6).

Discussion

Performance of microsatellite markers in genetic
variation and genetic structure of walnut

Microsatellite markers provided robust and highly informa-
tive signals based on high levels of polymorphism (Woeste
et al. 2002; Dangl et al. 2005; Victory et al. 2006; Polle-
gioni et al. 2015). In general, it is expected that the genetic
diversity of wild trees would be higher than cultivated trees.
Our investigation revealed genetic variation in progenies of
wild and cultivated J. regia in the Qinling Mountains were
similar, although there were some important differences, and
wild and cultivated trees belonged to distinct genetic groups
(Fig. 3). Cultivated and wild trees were similar in terms of
number of alleles (Na), expected heterozygosity (Hg), and
polymorphic information content (PIC) (Tables 2 and 3).
In contrast, cultivated trees and wild trees differed in terms
of effective number of alleles (Ne) (1.93 versus 3.41) and
observed heterozygosity (Hg) (0.672 versus 0.803) (Tables 2
and 3). These results indicate that the cultivated trees and
wild trees differed considerably in two important measures

of diversity, possibly because of human selection, although
it is likely that most cultivated trees in the Qinling Moun-
tains are only one or two generations removed from a wild
population.

Contributions of wild walnuts to cultivated trees

These results are in accordance with studies of other plants
that revealed substantial genetic exchange between wild and
cultivated varieties of the same species. For example, pat-
terns with a similar trend were observed for maize (Mat-
suoka et al. 2002), apples (Coart et al. 2006; Cornille et al.
2012), cultivated olive trees (Breton et al. 2008), and grape
cultivars (Myles et al. 2011).

Wild walnut trees have long been used as a source of
genetic novelty in breeding programs (Pollegioni et al.
2015). On the other hand, these results raised a question of
whether wild-to-cultivated exchanges remained exclusively
spontaneous or whether traditional practices could have
facilitated the fixation of introgressed wild genes into culti-
vated walnut trees. For Juglans, several authors reported the
direct use of wild species as rootstocks (McGranahan and
Leslie 2009). Additionally, germplasm resources are rich
and the varieties numerous in J. regia which may be caused
by a long cultivation history, and many are biologically and
economically important because of their high-quality timer
and nutritious nuts. Traditional practices in walnuts breeding
remain largely unknown s (Rogers 2004; Beer et al. 2008).

Nuclear microsatellites (SSRs) showed that genetic
exchanges between cultivated J. regia and wild J. regia
were directional (from cultivar to wild), and outlined sub-
stantial cultivated-to-wild gene flow (Nm=0.4252), con-
firming that J. regia genes could spontaneously be intro-
gressed into their wild resources. And this genetic transfer
can have significant evolutionary consequences, especially
if the inserted transgene is adaptive under natural condi-
tions (Felber et al. 2007; Sun et al. 2019). For example,
traits such as enhanced fertility (Zhao and Woeste 2011),
late flowering (Cornille et al. 2012), and antifungal (e.g.,
S. clavigignenti-juglandacearum, Ross-Davis et al. 2008)
could favor the emergence of highly competitive pheno-
types if transferred into wild species. Our results also high-
lighted the importance when inferring the origins of walnut
domestication using molecular genetic data, because gene
flow from wild walnuts can have a bias on distance-based
ancestry inferences (Cornille et al. 2012; De Andrés et al.
2012). Finally, this study revealed that cultivated-to-wild
gene flow occurred commonly among the walnuts located
in the Qinling Mountains. There are no barriers preventing
gene flow between wild and cultivated walnut trees at the
current time in the study site. Further, these results suggest
that transgenes could potentially introgress from cultivated
into wild Persian walnut populations, demonstrating the
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need for detailed characterization of cultivated to wild gene
flow within the Juglans species complex (Yuan et al. 2018;
Dang et al. 2019).

Mating system, out crossing rates, and pollen dispersal

The mating system of walnuts is characterized by a pro-
togynous—protandrous dimorphism which is a form of het-
erodichogamy (Bai et al. 2007; Kimura et al. 2012) intended
to avoid self-pollination. A genetic model of this system
predicts a stable polymorphism with both mating types in
equal proportion in a randomly mating population (Hérdling
and Bergsten 2006). The proportion of progeny derived from
self-pollinations in our study was 15.1%, less than three
times as outside trees. This selfing rate was considerably
higher than rates reported in other Juglans species (Bai
et al. 2007) and in other wind-pollinated species (Kimura
et al. 2012). The rate of self-pollination can vary over years
and among populations and may be strongly affected by
local factors (Kery et al. 2003). Bai et al. (2007) showed
that self- mating was rare in a high-density, morph-ratio-
unbiased population of the heterodichogamous Manchurian
walnut, Juglans mandshurica Maxim. Kimura et al. (2012)
reported that the selfing rate was 13.8% of Japanese walnut
(J. ailantifolia Carr.) in a 2.5 ha study site. The population
was wild, low density, and morph-ratio-biased. In our study,
selfing rate varied between zero to 25.0% with a mean of
15.1% (Fig. 6); the highest rates of selfing were observed in
tree-M and tree-H; Fig. 6). Moreover, the un-assigned wild
trees impact the selfing rate caused by the missing data in
this study. The simplest explanation for variance in selfing
rates among trees is difference in the availability of mating
partners in the neighbourhood, but factors related to phenol-
ogy likely play a role, especially within-plant bloom overlap.
Therefore, a relatively lengthy intra-morph bloom overlap
may have affected the extent of assortative mating in this
study. The inbreeding coefficient for the seeds of the wild
parents was 0.077.

Averaged across all seeds, the mean distance between
parents (d) was 285.1 m for wild-mother trees. Immigra-
tion rates were approximately 60.9%. These findings indi-
cate that pollination by distant males may be relatively
common in this population (Fig. 5). Kimura et al. (2012)
showed that distance to pollinizers in a wild population of
Juglans ailantifolia was 392 m and 233 m for protogynous
and protandrous mother trees, respectively. Bai et al. (2007)
showed that pollen dispersal in J. mandshurica was pre-
dominantly short-distance, and local density of reproductive
trees affected the patterns of pollen dispersal in forest trees.
Mating patterns were thus also affected by both density and
tree size (Jolivet et al. 2012).

Our study revealed that in this population of J. regia in
the Qinling Mountains, the longest pollination distance was

1.0 km. Large-scale studies are needed to disentangle rela-
tive influences of these factors on the mating system and
pollination success (Jolivet et al. 2012; Davies et al. 2015).

Conclusions

Pollination of mother trees was outcrossed, often by neigh-
bors, and pollinizers outside the immediate sampled area
accounted for about 60.7% of the sampled seeds. In a few
cases, pollination of wild trees was by nearby cultivated
trees (5.4%). The selfing rate among the wild trees varied
from zero to 25.0%. Pollinizers ranged from zero (self-pol-
linations) to 1005 m from their respective female partners,
with an average distance of 285.1 m. This description of
pollen flow provides useful information about the dynamics
of pollen movement within wild J. regia populations.
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