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Abstract
As an ecologically and economically important endemic bamboo species, moso (Phyllostachys edulis) has been widely distrib-
uted in Southern China. In the paper, 20 fluorescently labeled microsatellite markers were used to evaluate the genetic structure of
Ph. edulis including 34 representative populations (803 individuals) covering the geographic range in China. Moderate genetic
diversity (H= 0.376) and differentiation (Gst = 0.162) were detected at the species level, with the majority of genetic diversity
occurring within populations (84.55%). Bayesian model-based structure analysis and sNMF/ANLS-AS method revealed the
presence of two and three clusters. WhenK = 2, majority of populations (except SX) were clustered together (C1). It implied that
SX, known as an introduced and isolated founder population, significantly differed from other populations for distinct environ-
mental selection and allele mutation with the proof of scarce outcrossing and relatively high frequency of private allele. While
K = 3, two subgroups (C1a of 18 populations and C1b of 14 populations) were detected within C1. The C1b displayed as a belt-
shape region with an east-west direction. It coincided with the extremely high artificial selection in C1b (lower genetic diversity
than that of C1a) due to the intensive plantation in the last four decades. Our results implied that the population protection and
germplasm collection of moso bamboo should be not only from representative populations in Zhejiang, Jiangxi, Fujian, and other
places with intensive cultivation in the east of China, but from populations with high level of gene and genotypic diversity in the
west (e.g., HN5, GD1, GZ2, YN1, and SX).

Keywords Moso bamboo (Phyllostachys edulis) . Genetic diversity . Population structure . Simple sequence repeat
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Introduction

Moso bamboo, Phyllostachys edulis (Carrière) J. Houz.
(Poaceae), native to China, is the most economically and ecolog-
ically important bamboo species in China. As the third largest
source of timber and the predominant source of bamboo shoots,
it occupies approximately 70% of bamboo plantations and pro-
duces 5 billion US dollars annually in China (Fu 2001; Peng
et al. 2010). Significantly commercial interest and robust
clonality of this bamboo has resulted in wide cultivation in
Southern China (Zhou 1998). However, greater disturbances by
spontaneous vegetation as a result of human activity have led to
habitat deterioration and some loss of germplasm resource. An
accurate assessment of genetic diversity, population differentia-
tion, and spatial structure of moso bamboo across its entire dis-
tribution range in China is crucial for the design and
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implementation of appropriate conservation strategies and utili-
zation of biodiversity in natural and domesticated species.

In recent years, studies about the genetic diversity ofPh. edulis
have been taken using different molecular markers. Lai andHsiao
(1997) revealed a very limited genetic diversity of Ph. edulis in
Taiwan by random amplification of polymorphic DNA (RAPD)
marker. Zhang et al. (2007) also studied 18 populations in main-
land China by RAPD marker and exhibited a low genetic
variation in Ph. edulis. Ruan et al. (2008) studied the genetic
diversity and relationships of Ph. edulis from 17 provenances
applying markers amplified-fragment length polymorphism
(AFLP) and inter-simple sequence repeat (ISSR),which produced
low polymorphism at species level (38 and 39%, respectively).
Microsatellite markers, also known as simple sequence repeats
(SSR), are particularly valuable in plant breeding programs be-
cause they are polymorphic, codominant, relatively abundant, and
widely dispersed across the genome (Powell et al. 1996).With the
rapid development of genomic SSR and EST-SSR sequences,
microsatellite (SSR) markers have been developed for Ph. edulis
and several other bamboo species in recent years and applied to
estimate their transferability to other bamboo species, outcrossing
rates, and genetic diversity in partial Ph. edulis populations and
identify bamboo interspecies hybrids (Jiang et al. 2013; Kitamura
and Kawahara 2009; Kitamura et al. 2009; Lin et al. 2014;
Miyazaki et al. 2009; Tang et al. 2010). However, detailed insight
into the population genetics of Ph. edulis across its entire distri-
butions in China is still lacking as very few systematic studies
have been conducted.

To identify levels and structure of genetic variation and initiate
development of long-term strategies for sustainable use of re-
sources, a widespread analysis of population variation in Ph.
edulis in China was undertaken. In the present study, 20 fluores-
cently labeled polymorphic microsatellite markers were used to
evaluate the genetic diversity and population structure of Ph.
edulis including 34 representative populations (803 individuals)
from across its geographic range in China. Our major concerns
here are to reveal the current degree of genetic diversity, popula-
tion differentiation, and spatial structure of moso bamboo in
China and infer the main factors causing the population status.
Specifically, our interests are (1) as a predominantly clonal repro-
duction species, whether the genetic diversity ofmoso bamboo is
comparable with other sexual species. (2) What was the major
force resulting to population differentiation and spatial struc-
tures? (3) As two known artificial plantations, where did the
SX and SD populations originate from?

Materials and methods

Plant collections

A total of 34 natural populations were sampled from almost all
of the main growing regions of Ph. edulis in China. Within

each population, leaves were collected randomly from each
individual at least 50 m apart and then preserved in silica gel
for further analysis. The geographic distribution, population
code, collection sites, and sample sizes of the population are
given in Fig. 1 and Table 1. All the 803 samples from 34
populations were analyzed in the research, and the vouchers
for each population were deposited at the Bamboo Research
Institute of Nanjing Forestry University, Nanjing, Jiangsu,
China.

DNA extraction

The genomic DNAwas isolated from dried leaves following
the slightly modified protocol of Doyle and Doyle (1991).
Approximately 500 mg of silica-dried leaf tissue was crushed
in liquid nitrogen for each sample, followed by further mac-
eration in 2×CTAB buffer, 20 mM EDTA (pH 8), and 1.4 M
NaCl and incubation at 65 °C for 1 h. DNA was separated
from cellular debris by mixing with chloroform: isoamyl al-
cohol (24:1 v/v) followed by centrifugation at 13,000 rpm for
10 min, and the resulting aqueous layer was precipitated with
95% ethanol. The DNA pellet was air-dried and suspended in
50 μl 1×TE buffer at room temperature for 24 h.

Microsatellite genotyping

Twenty polymorphic microsatellite markers that were previ-
ously developed by our lab (Jiang et al. 2013) were selected to
study the genetic structure of Ph. edulis (SSR references in
Supplementary Table S1). The forward primer of each primer
pair was labeled with one fluorescent dye (6-FAM or HEX).
First, each of the 803 individuals were separately amplified by
polymerase chain reaction (PCR) in a 10-μl reaction volume
containing 30 ng of genomic DNA, 1 μl of 10×PCR buffer,
0.1 mM dNTPs, 0.87 mM MgCl2, 0.48 μM of each primer,
and 0.5 U of Taq DNA polymerase (Takara Biotechnology
Co., Shiga, Japan). All PCR reactions were performed in an
Eppendorf Mastercycler gradient PCR thermal cycler
(Hamburg, Germany) using a modified touchdown protocol
(Don et al. 1991): 5-min denaturation at 94 °C, followed by
12 cycles of 94 °C for 30 s, 62 °C decreasing to 50 °C at 1 °C
per cycle for 30 s, 72 °C for 30 s; 20 cycles of 94 °C for 30 s,
52 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for
5 min. Finally, all PCR products were separated with GS500-
ROX-labeled standard on an ABI 3730XL DNA Analyzer
(Applied Biosystems Inc., Foster City, CA, USA), and the
amplified fragment sizes were estimated with GenMapper
4.0 software (Applied Biosystems).

Data analysis

Overall genetic diversity for each population was assessed
using mean number of alleles (Na), mean effective alleles
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(Ne), Shannon’s information index (I), percentage of polymor-
phic loci (Pp), average observed heterozygosity (Ho), average
expected heterozygosity (He), andWright’s fixation index (F).
Genetic polymorphism for each locus was assessed by calcu-
lating polymorphism information content (PIC), inbreeding
coefficient (Fis, Fit), and Nei (1973) genetic statistic, includ-
ing mean diversity within each population (Hs), total genetic
diversity in the pooled populations (Ht), total genetic diversity
distributed among populations (Dst), and the proportion of
genetic diversity that resides among populations (Gst =Dst/
Ht). We also calculated the Wright’s F statistics (Fst) to illu-
minate the genetic differentiation of the 34 Ph. edulis popula-
tions and estimate the gene flow (Nm) among populations
with the equation Nm = (1 − Fst)/4Fst (Wright 1978). The co-
dominant data were performed using the GenAlEx 6.5 soft-
ware to calculate Na, Ne, Pp, He, Ho, I, Fis, Fit, Fst, and Nm
(Peakall and Smouse 2012b). The PIC value of each SSR
marker and Nei’s pairwise genetic distance (Ds) were calcu-
lated using the PowerMarker 3.25 software (Liu and Muse
2005). Hs and Ht were calculated using PopGene 1.31 soft-
ware (Yeh et al. 2000). Analysis of molecular variance
(AMOVA) within populations and among populations was
performed in Arlequin 3.5 software (Excoffier and Lischer
2010) to determine the distribution of variation at different
hierarchical levels. The statistical significance of the variance
components was tested with 1000 permutations. AMantel test
for a significant relationship between the genetic distances
between sampling sites and their geographic distances was
analyzed by the IBD program (Bohonak 2002).

Several genetic diversity parameters prefering clonal or
partial clonal reproduction species were estimated for our da-
ta. These parameters reflect the genotypic richness (observed
number of multilocus genotype (MLG) and expected MLG
(eMLG)), diversity (Shannon-Wiener index (H), Stoddart
and Taylor’s index (G), and Simpson’s index (lambda)), and
evenness (E.5) of each population (Grunwald et al. 2003;

Shannon 2001; Simpson 1949; Stoddart and Taylor 1988). A
parameter named the index of association (IA), which was
useful to determine if populations are clonal or sexual, was
also estimated (Brown et al. 1980). Nine hundred ninety-nine
permutations were set for our data in order to give us a p value
for IA. All parameters above were implemented by the poppr
R package (Kamvar et al. 2014).

The Bayesian model-based program STRUCTURE ver-
sion 2.3.4 (Pritchard et al. 2000) was used to delineate clusters
of 803 individuals of the Ph. edulis populations on the basis of
their genotypes at multiple loci. Two sets of runs were per-
formed using the admixture model and correlated allele fre-
quencies between populations. Initial runs were performed
with 10,000 burn-in length (iteration) and 100,000 Markov
Chain Monte Carlo (MCMC) replicated 15 times at each K
from 1 to 34. The probable number of clusters was estimated
by the likelihood of the probability of data L (K) (=LnP (D)).
A second run was performed with 50,000 for burn-in length
and 500,000 for MCMC replicates 15 times at each K. The
best K value was estimated according to either L(K) or an ad
hoc quantity ΔK (Evanno et al. 2005). After obtaining the
optimum number of subpopulations, an AMOVA was per-
formed using Arlequin 3.5 software (Excoffier and Lischer
2010) to estimate the genetic variance components within
subpopulations and between subpopulations. Based on the
microsatellite variation, MEGA 5.1 software (Tamura et al.
2011) was used to construct a Neighbor-Joining (NJ) tree,
according to a pairwise population matrix of Nei’s pairwise
genetic distances (Ds). Principal coordinates analysis (PCoA)
of Ds was performed using GenALEx 6.5 software (Peakall
and Smouse 2012).

Due to the dominant clonal reproduction of Ph. edulis
which may give rise to a distinct population structure from
other sexual reproduction plant species, we also performed
individual ancestry coefficient estimation base on the sparse
non-negative matrix factorization (sNMF) via alternating non-

Fig. 1 Geographic distribution of
the 34 sampled populations of Ph.
edulis. See Table 1 for population
codes
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negativity-constrained least squares algorithm with active set
(ANLS-AS) method (Frichot et al. 2014; Kim and Park 2007).
The cross-entropy criterion estimating for clusters choosing
(Alexander and Lange 2011) was performed on R package
LEA (Francois 2016; Frichot and Francois 2015). The number
of ancestral populations (K) was set to 1–34, and each K was
repeated 100 times. The algorithms for estimating population
structure implemented in LEA differ from those of STRUCTURE
dramatically, and the assessment can be more accurate than
those of STRUCTURE in the presence of inbreeding (Frichot
et al. 2014). After the rational K was determined, we comput-
ed the spatial estimates of admixture coefficients and

represented the spatial predictions on a geographic map
(Francois 2016; Jay et al. 2012).

Results

Genetic diversity analysis

A total of 169 alleles were detected across 20 microsatellite
loci with an average of 8.450 alleles per SSR locus for all 803
samples (see Table S2 in supplemental data). The mean ob-
served number of alleles (Na) and expected number of alleles

Table 1 Origin of materials and
sample numbers in the 34
populations of Ph. edulis

Population
code

Location (county,
province)

Latitude Longitude Altitude
range
(m)

Sample
size

Voucher
number

1.SC1 Changning, Sichuan 28.37860 104.96110 350–900 24 PheCN201105

2.SC2 Xingwen, Sichuan 28.33747 105.04760 400–850 24 PheXW201105

3.GZ1 Chishui, Guizhou 28.46142 105.96690 420–1000 24 PheCS201105

4.YN1 Yanjin, Yunnan 28.21700 104.17160 600–1100 24 PheYJ201105

5.YN2 Yiliang, Yunnan 27.89960 104.73870 1150–1400 24 PheYL201105

6.GZ2 Liping, Guizhou 26.25270 109.26390 450–750 24 PheLP201105

7.GX1 Rongshui, Guangxi 25.18180 109.19190 140–400 24 PheRS201106

8.GX2 Xingan, Guangxi 25.80450 110.47270 200–600 24 PheXA201106

9.GD1 Renhua, Guangdong 25.24210 113.86490 160–550 23 PheRH201106

10.GD2 Qujiang, Guangdong 24.63440 113.74780 170–550 24 PheQJ201106

11.HN1 Leiyang, Hunan 26.21350 112.97430 100–450 24 PheLY201106

12.HN2 Wangcheng, Hunan 28.31150 112.79890 50–250 24 PheWC201106

13.HN3 Yiyang, Hunan 28.46986 112.22761 100–200 24 PheYY201106

14.HN4 Taoyuan, Hunan 28.84078 111.24211 60–200 24 PheTY201106

15.HN5 Huaihua, Hunan 27.58356 109.94566 300–600 22 PheHH201106

16.HB1 Congyang, Hubei 29.63289 113.89894 50–200 24 PheCY201107

17.HB2 Xianning, Hubei 29.67881 114.23264 50–700 24 PheXN201107

18.FJ1 Xianyou, Fujian 25.49892 118.63664 150–650 24 PheXY201108

19.FJ2 Zhangping, Fujian 25.22583 117.29053 200–600 24 PheZP201108

20.FJ3 Shaxian, Fujian 26.33200 117.76628 400–700 24 PheSX201108

21.FJ4 Jianou, Fujian 26.99314 118.30764 100–600 24 PheJO201108

22.FJ5 Wuyi mountain,
Fujian

27.71239 117.83911 200–900 24 PheWY201108

23.JX1 Yanshan, Jiangxi 27.86528 117.49389 120–730 24 PheYS201108

24.JX2 Anfu, Jiangxi 27.49200 114.23206 370–1100 24 PheAF201108

25.JX3 Yihuang, Jiangxi 27.42639 116.12361 180–550 24 PheYH201108

26.JX4 Fengxin, Jiangxi 28.72431 115.04059 90–600 24 PheFX201108

27.AH1 Huoshan, Anhui 31.32857 116.28840 160–650 24 PheHS201109

28.AH2 Guangde, Anhui 30.84417 119.31514 50–250 24 PheGG201206

29.ZJ1 Anji, Zhejiang 30.48703 119.68989 90–400 24 PheAJ201206

30.ZJ2 Yuyao, Zhejiang 29.94972 121.13436 30–480 24 PheYY201206

31.ZJ3 Longyou, Zhejiang 28.88831 119.22747 130–450 24 PheLY201206

32.JS Yixing, Jiangsu 31.32673 119.75896 20–300 24 PheYX201207

33.SX Zhouzhi, Shaanxi 34.05835 108.32605 100–320 20 PheZZ201207

34.SD Laoshan, Shandong 36.26154 120.63314 20–200 18 PheLS201207
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(Ne) of 34 populations were 2.287 and 1.657, respectively
(Table 2). Fifteen populations (44%) presented private alleles.
The percentage of polymorphic loci (Pp) with 34 populations
varied from 50% (GX1) to 100% (GD1) with an average of
74.410%. Values for the mean expected heterozygosity (He)
of the 34 populations ranged from 0.238 to 0.538, with an
average of 0.320. Shannon’s information index (I) ranged
from 0.329 to 0.948, with an average of 0.500. Based on 20
microsatellite markers, we detectedmoderate genetic diversity
(H= 0.376) at the species level (see Table S2 in supplemental
data). HN5 had the highest level of genetic diversity (He =
0.538; I = 0.948), followed by GD1 (He = 0.524; I = 0.936),
while GX1 possessed the lowest genetic diversity (He =
0.238; I = 0.329). Those striking negative values of F (≤ -
0.1) indicated heterozygote excess or homozygote deficiency
at most loci in lots of populations (except GZ2, GD1, HN5,
SX, SC2, GZ1, YN1, HN1, and HB2) (Table 2). It implied
that those populations have been outcrossing more or less and
undergone a high degree of heterozygote-oriented environ-
mental or artificial selection pressures.

The genotype-based genetic diversity refers to genotypic
richness (multilocus genotype (MLG), expectedMLG), diver-
sity (H, G, lambda), and evenness (E.5) of all 34 moso popu-
lations, which was estimated for its dominant asexual repro-
duction (Table 3). The arguments reflecting genotypic rich-
ness and diversity exhibited similar results among populations
with allele-based genetic diversity analyses. The populations
GD1 and HN5 displayed relatively high levels of genotypic
richness (MLGGD1 = 18, eMLGGD1 = 14.976; MLGHN5 = 16,
eMLGHN5 = 13.894) and diversity (HGD1 = 2.834, GGD1 =
16.030, lambdaGD1 = 0.938; HHN5 = 2.689, GHN5 = 13.444,
lambdaHN5 = 0.926), while the GX1 population presented
the lowest MLG (3), eMLG (2.696), H (0.456), G (1.292),
and lambda (0.226), in all given populations. The genotypic
evenness varied from population to population, and the pop-
ulations with the highest and lowest E.5 were SC2 (0.427) and
GD1 (0.939), respectively. Based on the estimation of the
index of association (IA), 21 of 34 populations (62%) present-
ed asexual (or selfing) reproduction (pIA < 0.05). After clone
correction, 13 of 34 populations (38%) still displayed non-
sexual reproduction (pIA

* < 0.05). This larger proportion of
clonal populations partially supported the conventional view
of the low frequency of sexual propagation in moso
populations.

Based on the common multilocus genotype (MLG) across
population analysis, we found only 26 of 265 (9.8%) MLGs
occurred at two or more populations (Fig. 2), in which
MLG.115 was the most common MLG and occurred at 14
populations, followed by MLG.259 (across 9 populations)
and MLG.86 (across 8 populations). No MLG in populations
GD2 and ZJ1 shared with other populations. Low proportion
of common MLG means that private MLGs are frequently
represented in each population. For instance, a total 17 of 18

MLGs in GD1, 13 of 16 MLGs in HN5, and 11 of 15
MLGs in GZ2 were unique across populations.
Combining this result with the number of private alleles
(Npa) in each population (Table 2), we inferred that a
large part of private MLGs probably derived from dis-
tinct environmental selection pressure and mutations of
alleles other than outcrossing.

The minimal spanning network of MLG based on Bruvo’s
genetic distance displayed that lots of MLGs have relatively
close relationships except some private MLGs from SX, HN5,
GD1, and GZ2 (Fig. 2b). The three most common MLGs
(115, 86, and 259) were clustered in the center of the network,
and the distance between MLG115 and 86 was closer. It
corresponded to the result that MLG115 and 86 were more
common in east populations, while MLG259 was common in
west and central populations. Remarkably, HN5, GZ2, GD1,
and SX populations may be multi-origin or mixed in the past
due to their large genetic distances between someMLGs with-
in each population (Fig. 2b).

Genetic structure analysis

As revealed by the estimated genetic diversity, the total diver-
sity (mean Ht) and diversity within populations (mean Hs)
were 0.376 and 0.320 across all populations, respectively
(see Table S2 in supplemental data). Dst and Gst were 0.056
and 0.162 in the light of Ht and Hs. The results inferred that
genetic variation in this species mainly existed within popula-
tions and genetic differentiation among populations was mod-
erate. The F statistics results showed moderate genetic differ-
entiation among 34 Ph. edulis populations (Fst = 0.172) and
considerable gene flow within populations (Nm = 1.203).

Population structure of moso bamboo was analyzed using
STRUCTURE 2.3.4 (Evanno et al. 2005). The distribution of
Log-likelihood [LnP (D)] did not show a clear trend (Fig. 3a),
and ΔK was then calculated to estimate the true value of K.
The result of this calculation showed that when K = 2, ΔK
reached its maximal value (Fig. 3b).

As a result, these data showed that the population was defined
as two subgroups. According to the inferred ancestry, most indi-
viduals showed an average estimated major membership propor-
tion ≥ 0.60 (Supplementary Material Table S3, when K = 2);
therefore, they could be classified as mainly belonging to one
of the two distinct genetic groups according to their largest an-
cestry membership fraction. The majority of individuals from
genetic cluster 1 (C1, Fig. 3c, when K = 2) comprised 32 popu-
lations (an average ancestry of 95%), and those from C2 mainly
consisted of SX population (75.8%) (Fig. 3c, Table S3). Due to
the proportion of membership lower than 0.6, HN5 was consid-
ered as amixture of the two genetic clusters (Table S3, whenK =
2). Therefore, K = 2 as the most likely number of populations
seems overly conservative. More likely, K = 3 is a more mean-
ingful value to obtain a clear genetic structure. Based on the
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proportion of ancestry of each population in the three clusters
(Table S3, when K = 3), C1 contained most of the individuals
from 19 populations (an average ancestry of 90%), C3 consisted
of most of the individuals from 13 populations (an average an-
cestry of 82.2%), and C2 still mainly included the individuals
from SX and HN5 populations (Fig. 3c when K = 3). It also
showed clusters C1 and C3, when K = 3, were equivalent to
subgroups (C1a and C1b) from C1 when K = 2. As revealed
by Fig. 3d, the proportions of ancestry of each population in each
of two and three gene pools were not well associated with the
geographical areas.

Another population structure analysis using a different al-
gorithm from STRUCTURE software by the R package LEA
(Francois 2016) revealed similar results. The optimal number
of ancestral populations (K) was two or three depending on the
smaller cross-entropy criterion (Fig. 4a). When K = 2, almost
all individuals from 33 populations (exclude SX) were clus-
tered together (cluster1), except a few samples (mainly from
HN5, GD1, GZ2) sharing high proportions of ancestry coef-
ficients with a majority of samples from SX population
(cluster2) (Fig. 4b, c). WhenK = 3, the primary cluster 1 while
K = 2 was further divided into two clusters (the new cluster 1

Table 2 Genetic diversity indices
based on 20 microsatellite loci for
34 populations of Ph. edulis

Population code N Na Ne Npa Pp (%) He Ho I F

1.SC1 24 2.050 1.581 0.050 75 0.295 0.452 0.441 −0.280
2.SC2 24 2.600 1.615 0.400 90 0.323 0.435 0.523 0.057

3.GZ1 24 2.700 1.789 0.000 90 0.404 0.438 0.647 0.058

4.YN1 24 2.750 1.746 0.000 85 0.372 0.438 0.611 −0.007
5.YN2 24 1.550 1.473 0.000 55 0.249 0.448 0.345 −0.629
6.GZ2 24 3.400 2.039 0.050 95 0.465 0.421 0.800 0.173

7.GX1 24 1.500 1.459 0.000 50 0.238 0.448 0.329 −0.792
8.GX2 24 1.650 1.476 0.000 60 0.250 0.450 0.352 −0.567
9.GD1 23 3.750 2.279 0.200 100 0.524 0.407 0.936 0.218

10.GD2 24 2.400 1.598 0.000 85 0.315 0.498 0.486 −0.182
11.HN1 24 3.100 1.852 0.100 90 0.388 0.475 0.642 −0.049
12.HN2 24 1.800 1.516 0.000 65 0.270 0.463 0.388 −0.495
13.HN3 24 1.700 1.545 0.000 65 0.290 0.460 0.408 −0.468
14.HN4 24 1.650 1.536 0.000 60 0.272 0.450 0.384 −0.500
15.HN5 22 3.600 2.540 0.200 95 0.538 0.407 0.948 0.227

16.HB1 24 1.800 1.586 0.000 60 0.290 0.471 0.416 −0.577
17.HB2 24 3.500 1.772 0.100 90 0.382 0.448 0.673 0.042

18.FJ1 24 1.850 1.552 0.000 70 0.279 0.456 0.407 −0.397
19.FJ2 24 2.150 1.583 0.100 80 0.311 0.452 0.473 −0.111
20.FJ3 24 1.850 1.539 0.000 65 0.286 0.460 0.415 −0.492
21.FJ4 24 2.850 1.692 0.000 90 0.334 0.475 0.547 −0.134
22.FJ5 24 1.600 1.497 0.000 55 0.261 0.460 0.362 −0.735
23.JX1 24 1.700 1.531 0.000 65 0.287 0.450 0.409 −0.385
24.JX2 24 1.850 1.519 0.000 70 0.276 0.454 0.402 −0.356
25.JX3 24 2.100 1.555 0.000 70 0.295 0.456 0.447 −0.300
26.JX4 24 2.950 1.679 0.050 75 0.326 0.454 0.546 −0.147
27.AN1 24 2.000 1.563 0.000 75 0.296 0.452 0.439 −0.188
28.AH2 24 2.050 1.509 0.100 70 0.266 0.458 0.397 −0.443
29.ZJ1 24 2.100 1.487 0.050 65 0.260 0.442 0.392 −0.490
30.ZJ2 24 1.850 1.498 0.000 60 0.259 0.463 0.377 −0.542
31.ZJ3 24 2.000 1.519 0.150 60 0.266 0.465 0.400 −0.589
32.JS 24 2.000 1.513 0.200 75 0.276 0.458 0.405 −0.314
33.SX 20 3.450 2.150 0.150 95 0.462 0.365 0.819 0.262

34.SD 18 1.900 1.540 0.050 65 0.272 0.456 0.401 −0.570
Mean 23.6 2.287 1.657 0.060 74.410 0.320 0.450 0.499 −0.232

Na no. of different alleles in each locus, Ne no. of effective alleles, Npa no. of private alleles, Pp percentage of
polymorphic loci, I Shannon’s information index, Ho observed heterozygosity, He expected heterozygosity, F
fixation index
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and cluster 2), and the primary cluster 2 became a new cluster
3 (Fig. 4b, d). The new cluster 1 displayed as a belt-shape
region with an east-west direction.

Cluster analysis

A Neighbor-Joining tree was constructed based on Nei’s ge-
netic distance (DS, Fig. 5a) for a better understanding of the
relationships between these populations. Population SX was

genetically distinct from other populations while two clusters
were set. After setting the number of clusters as three, group 1
(populations with a blue tip label) included two populations
(SX and HN5); group 2 included 18 populations mainly col-
lected from south-western and central China, Guangdong and
Fujian province; and group 3 included the rest 14 populations,
which are located at south-eastern and central China. These
cluster results were largely agreed with the conclusions from
pop structure analyses. In addition, a NJ tree for 803 Ph. edulis

Table 3 The genotypic richness, diversity, evenness, and index of association (IA) for 34 populations of Ph. edulis

Pop. N MLG eMLG SE H G lambda E.5 IA p.IA IA
* p.IA

*

SC1 24 9 7.694 0.888 1.861 5.053 0.802 0.747 0.927** 0.001 0.795** 0.008

SC2 24 7 5.500 0.938 1.010 1.746 0.427 0.427 11.222** 0.001 8.715** 0.001

GZ1 24 13 10.480 1.058 2.210 6.261 0.840 0.648 6.954** 0.001 6.236** 0.001

YN1 24 14 11.665 1.026 2.477 10.286 0.903 0.851 5.295** 0.001 5.656** 0.001

YN2 24 4 3.686 0.488 0.815 1.704 0.413 0.559 −0.132 0.891 −0.593 0.874

GZ2 24 15 11.944 1.064 2.441 8.471 0.882 0.712 7.757** 0.001 6.367** 0.001

GX1 24 3 2.696 0.481 0.456 1.292 0.226 0.504 −0.039 0.610 −0.400 0.594

GX2 24 6 4.946 0.821 0.953 1.735 0.424 0.462 0.247* 0.033 −0.449 0.901

GD1 23 18 14.976 0.890 2.834 16.030 0.938 0.939 7.207** 0.001 6.413** 0.001

GD2 24 7 5.696 0.888 1.113 1.933 0.483 0.456 7.091** 0.001 7.206** 0.001

HN1 24 13 10.489 1.062 2.242 6.857 0.854 0.696 1.915** 0.001 1.048** 0.002

HN2 24 7 6.372 0.661 1.545 3.349 0.701 0.637 0.029 0.357 −0.185 0.711

HN3 24 8 7.362 0.663 1.827 4.881 0.795 0.745 0.079 0.243 −0.298 0.860

HN4 24 5 4.686 0.488 1.330 3.236 0.691 0.804 −0.068 0.718 −0.313 0.720

HN5 22 16 13.894 0.872 2.689 13.444 0.926 0.907 4.116** 0.001 3.278** 0.001

HB1 24 7 6.196 0.737 1.657 4.500 0.778 0.825 0.177 0.054 −0.278 0.813

HB2 24 12 9.641 1.033 1.964 4.174 0.760 0.518 8.466** 0.001 7.655** 0.001

FJ1 24 8 7.087 0.769 1.733 4.364 0.771 0.722 −0.090 0.77 −0.476 0.978

FJ2 24 12 9.926 1.010 2.153 6.128 0.837 0.674 0.080 0.262 −0.359 0.984

FJ3 24 7 5.989 0.808 1.420 2.909 0.656 0.608 0.974** 0.001 0.009 0.448

FJ4 24 11 8.750 1.049 1.917 4.721 0.788 0.641 8.082** 0.001 8.119** 0.001

FJ5 24 5 4.490 0.604 1.203 2.667 0.625 0.715 −0.042 0.634 −0.286 0.696

JX1 24 5 4.720 0.458 1.227 2.571 0.611 0.652 0.350** 0.005 −0.258 0.694

JX2 24 8 6.641 0.895 1.370 2.420 0.587 0.484 0.383** 0.006 −0.356 0.922

JX3 24 11 9.283 0.943 1.988 4.721 0.788 0.591 0.465** 0.003 0.098 0.293

JX4 24 14 10.946 1.066 2.161 4.966 0.799 0.516 2.134** 0.001 1.369** 0.001

AH1 24 7 6.141 0.754 1.516 3.429 0.708 0.684 0.528** 0.002 −0.066 0.549

AH2 24 8 6.641 0.895 1.370 2.420 0.587 0.484 0.900** 0.001 0.396 0.092

ZJ1 24 13 10.250 1.080 2.163 6.000 0.833 0.650 −0.016 0.518 −0.326 0.979

ZJ2 24 8 6.500 0.938 1.453 2.880 0.653 0.574 −0.075 0.743 −0.541 0.990

ZJ3 24 12 9.446 1.058 1.878 3.646 0.726 0.478 −0.086 0.748 −0.467 0.997

JS 24 7 5.740 0.880 1.192 2.133 0.531 0.494 0.705** 0.001 0.006 0.444

SX 20 11 10.384 0.628 2.233 8.000 0.875 0.840 7.344** 0.001 4.619** 0.001

SD 18 12 12.000 0.000 2.216 6.480 0.846 0.671 0.221 0.071 −0.119 0.736

Total 803 265 13.887 1.768 4.338 22.802 0.956 0.289 5.226** 0.001 5.189** 0.001

N number of individuals observed, MLG number of multilocus genotypes observed, eMLG the number of expected MLG at smallest sample size ≥ 10
based on rarefaction, SE standard error based on eMLG, H Shannon-Wiener index of MLG diversity, G Stoddart and Taylor’s index of MLG diversity,
lambda Simpson’s index, E.5 evenness or E5, IA the index of association, p.IA the probability of IA occurred by chance

*The recomputed IA and p.IA after clone correction
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Fig. 3 STRUCTURE analyses based on the microsatellite data of 803
individuals (34 populations) of Ph. edulis. a Mean Ln P(D) (± SD) over 15
runs for eachK value.bThe correspondingΔK statistics calculated according
to ΔK (Evanno et al. 2005). c Histogram of the structure analysis for the
model with K= 2 and 3. The different colored bars (red, green, blue) refer to

three different genetic pools (C1, C2, C3), and bar length is proportional to the
inferred ancestry values into each group for each individual when K= 3. d
Proportions of ancestry of each population in two (K= 2) and three (K= 3)
gene pools defined by Pritchard et al. (2000)

Fig. 2 The count of common multilocus genotypes (MLGs) across pop-
ulations (a) and minimum spanning network based on Bruvo’s genetic
distance for microsatellite markers (b). Nodes (circles) represent individ-
ual multilocus genotypes. Node colors/shades represent population mem-
bership proportional to the pie size. Node sizes are relatively scaled to

log1.45n, where n is the number of samples in the nodes to avoid node
overlap severely. Edges (lines) represent minimum genetic distance be-
tween individuals determined by Prim’s algorithm. Nodes that are more
closely related will have darker and thicker edges whereas nodes more
distantly related will have lighter and thinner edges
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samples was also constructed (Supplementary Fig. S1). The
clustering pattern was found to be in general agreement with
relationships based on ancestry studies, although several indi-
viduals from different geographic origins grouped together.
Still, in most cases, the samples belonging to the same popu-
lation are in the same branches. Isolation by distance analysis
based on theMantel test also indicated that genetic differences
increase linearly with geographic distances (Supplementary
Fig. S2).

The principal coordinates analysis (PCoA) result based on
Nei’s genetic distances (DS) reflected the genetic differentia-
tion among the 34 Ph. edulis populations (Fig. 5b). The first
three principal coordinates explained 78.4% of the total vari-
ation. PCo1 explained 44.44% of the total genetic variance,
and PCo2 explained 23.7%. Based on the dispersion locations
of different populations in the plot, large genetic divergence
was observed in pairwise comparisons between SX, GZ2,
HN5, and the other populations. The clustering of populations

was in agreement with the Neighbor-Joining tree and
STRUCTURE analysis.

AMOVA analysis

An AMOVA test was conducted according to the Bayesian-
clustering results above (Table 4). All the 34 Ph. edulis pop-
ulations were divided into cluster 1 (C1) and cluster 2 (C2).
The C1 group was classified into two subgroups. The sub-
groups included C1a, containing 18 populations (SC1\2,
GZ1, YN1\2, GD1\2, HN3\4, HB1\2, FJ1\2\3\4\5, JX3, and
AH1) and C1b, comprised of 14 populations (GZ2, GX1\2,
HN1\2, JX1\2\4, ZJ1\2\3, AH2, JS, and SD). The remaining
populations (SX, HN5) belonged to C2. Wright (1978) pro-
posed that there is moderate genetic differentiation when the
Fst values are between 0.05 and 0.15 among populations.
AMOVA results indicated that most of the existing genetic
diversity was distributed within populations (88.55%) and on-
ly 15.45% occurred among populations (Fst = 0.154).

Fig. 4 Ancestry coefficient analyses of 803 individuals from 34
populations of Ph. edulis based on the 20 microsatellite loci. a The
cross-entropy criterion changed with the number of ancestral populations
(K). Smaller values of the cross-entropy criterion usually mean better
runs. b The bar plot of admixture coefficients among all 803 individuals;

the order of individuals from left to right was same as Fig. 3c. c, d The
spatial interpolation of ancestry coefficients based on the POPSutilities.R
suite of functions (Jay et al. 2012). Only the cluster with the maximal
local contribution to ancestry is represented at each geographic point of
the map
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Pairwise Fst showed a strong genetic differentiation (Fst =
0.253) between the two clusters. Moreover, high differentia-
tion occurred between subgroups (C1a and C1b) within the
C1 group (Fst = 0.175). Taken together, these results indicated
moderate levels of genetic differentiation between populations
of Ph. edulis.

Discussion

Genetic diversity

Levels of genetic diversity in moso bamboo have been mea-
sured in several studies. Lai and Hsiao (1997) observed a very
limited genetic variation in this species from Taiwan based on
13 RAPD markers, three microsatellites, and one minisatellite
marker. Ruan et al. (2008) observed the percentage of poly-
morphic loci (Pp) of 38 based on AFLP and Pp of 39.9% on
ISSR markers from 17 Ph. edulis provenances. Zhang et al.
(2007) observed a Shannon’s information index (I) value of
0.377 based on RAPD markers for 18 Ph. edulis populations.
The within-population variation was detected for 12
Dendrocalamus membranaceus populations using 10 ISSR
markers (Hs = 0.164, I = 0.249, and Pp = 48%) (Yang et al.
2012) and for 7 Dendrocalamus giganteus populations using
7 ISSR markers (Hs = 0.042, Pp = 11.33%) (Tian et al. 2012).
In contrast, a moderate genetic diversity (Hs = 0.32, I = 0.499,
Pp = 74.4%) was revealed within the 34 Ph. edulis popula-
tions analyzed herein. This distinction is likely due to the
different sample size, sampling strategy, and markers used.
Hamrick and Godt (1996) suggested that life form and breed-
ing system had highly significant influences on genetic diver-
sity and its distribution, and predominately outcrossing woody
species had more genetic diversity than predominately herba-
ceous species. However, high genetic diversity has been ob-
served in some clonal plants based on different molecular
markers in recent years (Chen et al. 2010; Clark-Tapia et al.

2005; De Witte et al. 2012). Regardless of breeding system,
the geographic distribution of populations, habitat character-
istics, and population history have an important impact on the
genetic diversity of clonal plants as well. Ph. edulis has a
rather striking life history, characterized by a prolonged veg-
etative phase, long flowering intervals (67–120 years), and
gregarious flowering (Isagi et al. 2016; Janzen 1976;
Watanabe et al. 1994). Besides the low incidence of sexual
reproduction and somatic mutations, genetic variation of Ph.
edulis also may result from historical factors. As the most
important economic bamboo species, Ph. edulis has a long
history of cultivation, and artificial gene flow caused by mi-
gration may be one of the reasons explaining a rich genetic
diversity observed in several populations.

In our study, the highest levels of genetic diversity and few
sexual reproduction (pIA = 0.001), as well as high frequency
of private alleles and MLGs, had been seen in populations
HN5 (Huaihua, Hunan), GD1 (Renhua, Guangdong), and
GZ2 (Liping, Guizhou) (Tables 2, 3, Fig. 2). Besides, the
minimal spanning network displayed dispersed and relatively
large distances between MLGs within each of these popula-
tions. Therefore, we inferred the rich genetic diversity may be
a result of mixture frommulti-populations in the past and they
underwent lower level artificial selection.Meanwhile, we sug-
gest that population SX (Zhouzhi, Shaanxi) also has a rich
genetic variation explained by multi-origin. A cloned plant
population may have been established by a number of multi-
origin genotypes which now may be polyclonal and maintain
a high genetic diversity (Chung et al. 2013). According to
historical records and our fieldwork, moso bamboos from
SX were cultivated and introduced from the Hunan and
Hubei provinces from 60 years ago. In addition, some un-
known origin of seedlings was mixed in, contributing to mul-
tiple sources of germplasm. Moreover, most of the MLGs in
SX haveminimal spanning network with those in HN5, which
implied the founders mainly originated from HN5. No
flowering behavior, so far, further demonstrated that the

Fig. 5 Neighbor-Joining plot and
principal coordinates analysis for
34 populations of Ph. edulis
based on Nei’s genetic distances
(DS). a The tip labels are colored
according to the structure
simulation for K = 3. b
Geographically distinct genetic
clusters are indicated by squares.
The first and second axes
extracted 44.44 and 23.7% of the
total genetic variation,
respectively
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genetic diversity of the population was in agreement with the
historic genotype diversity. We also noticed that most popula-
tions had low genetic variability, especially those from
Zhejiang, Anhui, Fujian, and Jiangxi provinces. In these
places, moso bamboo was affected by strong artificial selec-
tion (Zhou 1998), resulting in a sharp reduction of existing
native bamboo area and genetic diversity.

Genetic differentiation and gene flow

AMOVA analysis showed that, on average, genetic variation
within a population was larger than that among populations.
This situation is common among outcrossing and vegetatively
propagated perennial species which are generally highly het-
erozygous and maintain high levels of genetic variation within
populations (Hamrick and Godt 1989). Previous work by
Wright (1978) stated that the genetic differentiation among
populations would be moderate when the value of Fst was
among 0.05–0.25 and high when Fst was greater than 0.25.
From the AMOVA analysis, the overall level of genetic diver-
sity arising from the differentiation over all populations was
moderate (Fst = 0.154, Gst = 0.162). This differentiation was
generally lower than those reported in other woody bamboos,
Dendrocalamus membranaceus (Gst = 0.252) (Yang et al.
2012) and D. giganteus (Gst = 0.847) (Tian et al. 2012), and
similar to the result in barley (Fst = 0.18) (Rodriguez et al.
2012). The gene flow (Nm) was estimated with the value of
Fst. The value of gene flow (Nm) less than 1.0 is generally
regarded as the threshold value beyond which significant pop-
ulation differentiation occurs (Slatkin and Barton 1989). In the
present study, the mean value of Nm was 1.203, indicating
there was enough gene flow in this population to counteract
genetic differentiation by gene drift (Hamrick et al. 1992).

Because of the naturally long vegetative phase and low pollen
dispersion caused by infrequent and spare flowering, as well
as the differences in flowering times, seed dispersal is not the
most probable explanation for gene exchange over a long
distance (Zhang andMa 1990). As an economically important
bamboo species,Ph. edulismost likely has undergone human-
mediated movement of genotypes among partial distribution
areas.

Population structure

Genetic structure analysis both based on STRUCTURE and R
package LEA indicated K = 2 as the most likely model for two
clusters, the main cluster which most populations fell into
(C1) and cluster two which only a few populations belonged
to (C2). A strong genetic differentiation (Fst = 0.252) oc-
curred between C1 and C2 according to AMOVA analysis.
When K = 3, our result revealed that 32 populations from C1
were further divided into two subgroups (C1a with 18 popu-
lations and C1b with 14 populations). These clusters we de-
fined are also supported by our genetic distance-based NJ and
PCoA analysis (Fig. 5). Remarkably, because most of individ-
uals from SX fell into C2 and some individuals from HN5,
GZ2, and GD1 located in central China showed mixed ances-
try of C1 and C2, we inferred that SX, as a known introduced
population, probably originated from these populations above.
The minimal spanning network of MLG based on Bruvo’s
genetic distance (Fig. 2b) also supported the point.

According to historical records, bamboos were largely in-
troduced and cultivated in a number of Northern China re-
gions under the BSouth Bamboo Transfer to North^ program
of China around 60 to 70 years ago. We further verified the
reliability of this historical record by clustering analysis in

Table 4 Analysis of molecular variance (AMOVA) of 34 populations of Ph. edulis based on population genetic structure by Arlequin v3.5

Source of variation d.f. Sum of squares Variance components Percentage of variation Fixation indices (Fst)

Among populations 1 163.370 0.66838 Va 15.45

Within populations 1604 5866.933 3.65769 Vb 84.55

Total 1605 6030.330 0.154

For two groupsa:

Among groups 1 163.370 0.57894 Va 13.58

Among populations within groups 32 857.079 0.49847 Vb 11.69

Within populations 1572 5009.854 3.18693Vc 74.73

Total 1605 6030.303 0.253

For two subgroupsb:

Among subgroups 1 277.694 0.35794 Va 9.78

Among populations within subgroups 29 477.911 0.28274 Vb 7.73

Within populations 1445 4362.306 3.01890 Vc 82.49

Total 1475 5117.910 3.65957 0.175

aGroups were defined by two predefined gene pools (C1, C2)
b Subgroups means C1a and C1b
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moso bamboo. According to historical records, the moso bam-
boo stands in Zhouzhi, Shaanxi (SX), Northwest China, main-
ly consisting of asexual clones from Hunan, Hubei, Jiangsu,
or other provenances (Li 1995). Our data confirmed that the
existing SX moso bamboo population mainly originated from
Huaihua, Hunan provenance (HN5) (Figs. 2, 3, 4, 5), Central
China. The moso bamboo forest of Laoshan, Shandong (SD),
Northern China, could be established through different origi-
nal clones from several eastern provenances such as Fujian.
Zhejiang, and Jiangsu, during 1966 to 1972. Structure analysis
in our study strongly supports that the existing SD moso bam-
boo populations shared the same cluster with most of the
eastern populations. For instance, the SD population has the
lowest genetic distance with FJ3 population (Shaxian, Fujian)
and FJ2 population (Zhangping, Fujian) (Figs. 3, 4, 5).
According to cultural records, moso bamboo was not present
in Chishui, Guizhou (GZ1) until 200 years ago in the Qing
Emperor Qianlong (1769 AD), and the existing GZ1 moso
bamboo had been introduced and developed by Li Litai from
Shanghang County, Fujian province. Our data also suggested
that GZ1 population and SC1 population in Southwestern
China and Fujian populations fell into the same sub-group,
especially with a relatively close genetic distance with
Wuyishan and Jian’ou, Fujian (FJ1 and FJ5).

Implications for the development of Ph. edulis

Due to habitat deterioration as a result of human activity, as
well as a very weak capacity for reproduction and regenera-
tion from seedlings, there is an urgent need for germplasm
collection and conservation of Ph. edulis. The study herein
revealed genetic variation for Ph. edulis occurs mainly within
populations, so a protective strategy should focus on each
population. Several populations with an abundant genetic var-
iation, e.g., Huaihua of Hunan (HN5), Renhua of Guangdong
(GD1), and Liping of Guizhou (GZ2), should be the focus of
in situ conservation to some degree. Meanwhile, ex situ con-
servation should be carried out to sustain the maximum genet-
ic diversity of this important bamboo in China. The ex situ
germplasm resources might include any available seeds and
vegetatively propagated materials taken from multiple popu-
lations representing different clusters. Conservation of the dif-
ferent germplasms is of utmost importance as each population
derives from unique ancient clones and thus maintains signif-
icant agro-biodiversity.

Conclusions

Moderate genetic diversity and differentiation were revealed
within the 34 Ph. edulis populations. Population structure
analyses displayed the number of ancestral populations was
two (C1 and C2) for 803 individuals from 34 populations.

Except early introduced populations SX and multi-origin pop-
ulation HN5, Ph. edulis was further divided into two subclus-
ters (C1a and C1b). C1b mainly contained 14 populations
from the region undergoing intensive bamboo plantation
(Zhejiang, Jiangsu, Anhui, Jiangxi, Hunan, and Guangxi),
and C1a included the rest 18 populations mainly collected
from southeastern (Fujian), south (Guangdong) and south-
western (Guizhou, Yunnan, and Sichuan) China. These results
are useful for the germplasm conservation and efficient utili-
zation of moso genetic resources.
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