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Abstract

The relationships between epigenetic variation and different environments have being received more attention, however,
little is known of the population epigenetic changes by habitat fragmentation (HF). Our previous studies showed higher
genetic diversity and differentiation in fragmented populations (FPs) of a wild barley species Hordeum brevisubulatum. In
this paper, the effects on the population-epigenetic variation by HF were evaluated using marker methylation-sensitive
amplification polymorphism (MSAP). 21 individuals of 5 populations were selected upon the data of AFLP (amplified
fragment-length polymorphism) and SSAP (sequence-specific amplification polymorphism). Higher hypomethylation levels
were in three FPs (average 3.72%), comparing with two unfragmented populations (UFPs, average 2.67%), and higher
epigenetic diversities were also in FPs (0.292 of Nei’s index) than in UFPs (0.249). Epigenetic variations were higher than
genetic ones (AFLP and SSAP) within the populations, and individuals were dispersed more in cluster analysis using MSAP
data; although most of the individuals belonging to a population were clustered into one group using all markers of MSAP,
AFLP, and SSAP. The epigenetic molecular variation was lower between FP and UFP groups (3.09%) comparing with
genetic ones (AFLP, 18.13%; SSAP, 13.87%), but higher among populations (23.25%) within the groups than genetic ones
(AFLP, 12.69%; SSAP, 13.46%). In addition, epigenetic diversities were minimally correlated with genetic ones, and
uncorrelated with geographical distances. Therefore, population epigenetic variation may be more sensitive than genetic one
to the HF in wild barley.
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Introduction
Population genetic variation has been widely
recognized as a primary source of adaptation to different
natural environments. Habitat fragmentation (HF) generally
reduces population genetic diversity, blocks gene flow, and
increases genetic differentiation; the population
subsequently loses adaptability to different habitats
(Garcia-Fernandez et al., 2013, Zhao et al., 2018).
However, a recent series of studies suggested that
epigenetic processes affect gene activities, and increase
plant plasticity to various biotic and abiotic stresses (Rapp
& Wendel 2005, Vandegehuchte & Janssen 2014), thus,
epigenetic variance may be one of the core responding
factors to ecology and evolution in natural populations.
However, little is known of the epigenetic variance in
fragmented populations (FPs).
Some rules exist in the natural occurrence of
epigenetic variance. Firstly, DNA-methylation variation is
more abundant than genetic one and specifically correlates
with habitat environments (Chinnusamy & Zhu 2009,
Schulz et al., 2014, Medrano et al., 2014). Higher
epigenetic diversity was observed in Laguncularia
racemosa growing in a salt marsh comparing with control
plants (Lira-Medeiros et al., 2010), and epigenetic variation
among individuals of Viola cazorlensis was related to the
amount of damage by herbivores (Herrera & Bazaga 2011).
Then, some stress factors can change DNA methylation
patterns. DNA hypomethylation patterns were discovered
in plants growing in salt marsh (Lira-Medeiros et al.,
2010), drought (Tang et al., 2014) and metal-contaminated
(Kim et al., 2016) conditions, but water stresses induced
cytosine hypermethylation in pea (Labra et al., 2002) and
Alternanthera philoxeroides (Li et al., 2013). Thirdly,
epigenetic divergence is positively correlated with adaptive

genetic divergence in wild violets (Herrera & Bazaga 2011)
and Onthophagus (Snell-Rood et al., 2013). Inversely,
some studies showed that DNA-methylation variation is not
associated with genetic variation (Herrera & Bazaga 2011,
2016, Avramidou et al., 2015). Finally, epigenetic variances
may reflect the changes in physiological and morphological
traits, such as the flower morphology (Herrera & Bazaga
2010), adaptation history of cloned plants (Raj et al., 2011),
and heterophyll development (Herrera & Bazaga 2013). All
those rules indicate that more debates are in the population
epigenetic variations, and epigenetic variance may function
as a straightforward adaptive source in the response of
populations to the pressure of the HF.
Some high-throughput and high-resolution techniques
were effective in model species (Schulz et al., 2013).
Methylation-sensitive
amplification
polymorphism
(MSAP) (Reyna-Lopez et al., 1997), determining DNA
methylation in the abundant CpG sequences, is the most
common technique used in epigenetic literature of nonmodel plants (Schulz et al., 2013), because MSAP is an
efficient, low-cost, and reliable method for detecting DNA
methylation changes, and has been applied to evaluate the
response of epigenetic variance to environmental
perturbation in natural populations (Rapp & Wendel 2005,
Schulz et al., 2013, 2014, Preite et al., 2015). Therefore,
MSAP may be an appropriate marker to evaluate epigenetic
variance of the FPs in wild barley.
Hordeum brevisubulatum (wild barley) was a
dominant species in Songnen Plain (Kuo & Zhou 1980),
where the environment was easily disturbed by human
activities and formed fragmented habitats (Wang et al.,
2011). The HF severely blocks genetic communication
between wild barley populations, consequently reducing
the occurrence of rare alleles and resulting in higher genetic
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heterogeneity (Guo et al., 2016). Herein, some individuals
belonging to five H. brevisubulatum populations were
selected based on the results of amplified fragment-length
polymorphism (AFLP) and sequence-specific amplification
polymorphism (SSAP) data (Guo et al., 2016). And the
effects of HF on DNA-methylation pattern, epigenetic
variance, and differentiation were evaluated using MSAP,
and the possible correlations between epigenetic and
genetic variances were also discussed.
Materials and Methods
Plant sampling and DNA extraction: A total of 21
individuals from five H. brevisubulatum populations were
selected from 235 individuals belonging to nine
populations, depended on the results of dendrogram and
principle coordinate analysis (PCoA) by AFLP and SSAP
markers (Guo et al., 2016). The plants on each angle with
high genetic distances among individuals in a population
were selected. Among these plants, 14 individuals (SB1-1,
SB1-10, SB1-12, SB1-13, SB1-24, SB1-25, DBS2, DBS11,
DBS16, DBS23, DBS35, KZJ1, KZJ9, and KZJ13)
belonged to three FPs, namely, SB1 (123°42.270´,
l46°06.463´), DBS (123°39.726´, 44°51.960´), and KZJ
(124°05.077´, 45°05.693´). Seven individuals (SS1-5, SS110, SS1-22, SS1-28, FY2-6, FY2-7, and FY2-10) belonged
to two UFPs, namely, SS1 (124°00.610´, 47°14.782´) and
FY2 (124°20.725´, 47°30.425´). The details of the five sites
referred to Table 1 in Guo et al., (2016). Genomic DNA
was extracted from totally expanded leaves using a
modified cetyltrimethylammonium bromide (CTAB)
method (Guo et al., 2007) and was purified by phenolic
extraction. The quality and quantity of DNAs were
determined by gel electrophoresis and spectrometric assays.
MSAP amplifications: Genomic cytosine methylation in
the 5'-CCGG-3' sites of different individuals was analyzed
using MSAP marker described by Reyna-Lopez et al.,
(1997). In brief, total genomic DNA (500 ng) was
digested with two isoschizomers HpaII (H) (20 U/µL,
New England Biolabs, USA) and MspI (M) (10 U/µL),
and both combined with EcoRI (E) (20 U/µL), separately.
These two isoschizomers can recognize the same
sequence (CCGG), but differ in their sensitivity to DNA
methylation patterns. The degested DNAs were
subsequently ligated to H/E or M/E specific adapters
(Table 1) using T4-ligase (Takara, Dalian, China),
separately. Each PCR reaction in pre-amplification
contained 0.3 µM [H or M + 1], 0.3 µM [E + 1] primers
(Table 1), 1.0 U of rTaq DNA polymerase (Takara), 0.2
mM of each dNTP, and 2 µL of diluted restriction–
ligation sample, 1× PCR reaction buffer (Takara) in a total
volume of 20 µL. The amplification profile was one cycle
of 72°C for 2 min, followed by 20 cycles of 94°C for 30 s,
56°C for 30 s, and 72°C for 2 min, and one final
extension at 72°C for 3 min. The pre-amplification
products were diluted for 50 times and then used as
template for selective amplification. The selective
amplification PCR was carried out using 2.5 µL of the
diluted pre-selective amplifications, 0.1 µM each of two
[E + 3] primers, 0.15 µM [H/M + 3] primers (Table 1),
0.5 U of rTaq DNA polymerase, 0.2 mM of each dNTP,
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and 1× PCR reaction buffer in a 20 µL volume. The
amplification protocol was 1 cycle of 94°C for 2 min, 1
cycle of 94°C for 30 s, 65°C for 30 s, and 72°C for 2 min,
followed by nine cycles of a 1.0°C decrease in annealing
temperature per cycle, followed by 35 cycles of 94°C for
30 s, 56°C for 30 s, and 72°C for 2 min, and a final
extension at 72°C for 3 min. The amplifications were
performed in a PTC-100 Thermal Cycler (The MJ
Research Inc., Waltham, MA). Accordingly, 50 selected
primer pairs were screened. Only the primer pairs with
clear and reproducible bands were selected. Three
independent amplifications were performed on the 21
individuals using the selected primer pairs (Table 1) to
decrease the error rate among the different individuals
within each treatment. Only bands with sizes ranging
from 150 bp to 500 bp with sufficient intensity were
scored to reduce the potential effect of size homoplasy
(Vekemans 2002).
Analysis of MSAP data: The scored MSAP bands were
transformed into a binary matrix, in which ‘‘1’’ indicates the
presence and ‘‘0’’ indicates the absence of a band at a
position. Banding patterns were classified into four types
according to their cytosine methylation status based on the
criteria of Salmon et al., (2008) and Lira-Medeiros et al.,
(2010). Non-methylated locus [bands were present in both
sites of E/H and E/M, (1, 1)] designated as type A;
hemimethylated locus at the external cytosine of the
restriction site [bands were present only in sites of E/H (1,
0)] designated as type B; hypermethylated locus [bands were
present only in sites of E/M (0, 1)] designated as type C; and
non-informative locus [bands were absent in both profiles (0,
0)] designated as type D. Type D cannot discriminate
between hypermethylation or nucleotide mutation.
The MSAP data were converted into a methylationsusceptible matrix, as described by Herrera & Bazaga
(2011) using R program msap version 1.1.6 (PérezFigueroa 2013). To evaluate the population epigenetic
variance, the loci of types B and C were scored “1”,
whereas the locus of type A was scored “0”. The locus of
type D was treated as “missing”. The AFLP and SSAP
matrices of “0, 1” of the 21 plants were extracted from
the data of 235 individuals (Guo et al., 2016), to
interpret the possible relationships between epigenetic
(MSAP) and genetic (AFLP and SSAP) changes by the
HF. Retrotransposon BARE-1 here was employed to
evaluate the polymorphisms within or near its sequences
in SSAP (Guo et al., 2016, Kalendar et al., 2011). Nei’s
gene diversity (GD) (1978), Shannon's information
indexes (I) (Lewontin 1972) and Nei’s genetic distance
(1978) were estimated by software POPGENE (Yeh et
al., 1999). Epigenetic/genetic differentiation was
assessed by genetic difference (FST) and molecular
variance analysis (AMOVA) using ARLEQUIN 3.5
(Excoffier & Lischer
2010). The significance of
variance components was obtained by nonparametric
procedures using 1,000 random permutations. PCoA was
performed using Nei’s genetic distance with NTSYS
(Rohlf
2000).
The
Bayesian-based
software
STRUCTURE (Falush et al., 2007) was used to forecast
the genetic and epigenetic structures of the five
populations. The number of genetic cluster K from 1 to 5
was determined using a non-admixture model with
independent allele frequencies between populations. The
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burn-in period was 50,000 and delta K (Evanno et al.,
2005) was estimated by the true number of genetic
groups with STRUCTURE HARVESTER (Earl &
vonHoldt 2012). Instance by distance (IBD) and
different significance analysis were determined by
Spearman’s non-parametric correlations (Hollander &
Wolfe 1973), and significant difference was checked by t
test using SPSS version 11.0 (SPSS Inc., Chicago IL).
The geographical distances between populations were
calculated using the formula of the great-circle distance
between
localities
(http://www.movabletype.co.uk/scripts/latlong.html).
Results
Characteristics of primer pairs: A total of 456 loci and
167 polymorphic loci (36.6%) were generated from 21
plants using 12 MSAP primer pairs (Table 1), which
were selected from 50 primer pairs. M4 had the least
number of loci (21), whereas M12 produced the most
number of loci (50) with 38 loci per primer pair. The
matrices of 273 and 224 polymorphic loci of 21
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individuals were extracted from the AFLP and SSAP
datasets, respectively (Guo et al., 2016).
Genomic DNA methylation changes of the FPs and
UFPs: The locus status of DNA methylation was classified
into four types (Table 2). Most of the loci were clustered
into type A (non-methylated locus, about 80%), and slight
lower (79.96%, average) was in three FPs comparing with
that (81.08%) in two UFPs, indicating more DNA
methylation changes or DNA mutations in FPs.
Hemimethylated type B was significantly higher (t test,
p<0.05) in the FPs (3.72%, average) than in the UFPs
(2.67%), and similar result was in type D (not determined):
FPs (10.32%), UFPs (7.62%) (p<0.05). However, the
percentage of hypermethylated type C was markedly
(p<0.05) lower in the FPs (5.99%) than in the UFPs
(8.71%). Those showed that higher hypomethylation, and
some of the undiscriminated nucleotide changes were
possibly induced by the HF. Moreover, the modified DNAmethylation patterns might be involved in the population’s
adaptation to environment changes by the HF.

Table 1. Adaptors and primers used in MSAP analysis and characteristics of the selected primer pairs.
Type/Code
Sequences
Adapters
EcoRI-adapter I
5'-CTCGTAGACTGCGTACC-3'
EcoRI-adapter II
5'-AATTGGTACGCAGTC-3'
HpaII/MspI-adapter I
5´-GATCATGAGTCCTGCT-3´
HpaII/MspI-adapter II
5´-CGAGCAGGACTCATGA-3´
Pre-selective primers
EcoRI +A
5'-GACTGCGTACCAATTCA-3'
HpaII/MspI+0
5´-ATCATGAGTCCTGCTCGG-3´
Selective primer combinations used in MSAP (Number of loci per primer pair produced / Number of polymorphic
loci, percent of polymorphic loci (%))
M1
EcoRI adapter+AGG-3´/HpaII/MspI adapter+TCT-3´ (32/19, 59.4)
M2
EcoRI adapter+AGG-3´/HpaII/MspI adapter+TCG-3´ (38/15, 39.5)
M3
EcoRI adapter+ACA-3´/HpaII/MspI adapter+TCC-3´ (38/17, 44.7)
M4
EcoRI adapter+AGA-3´/HpaII/MspI adapter+TCC-3´ (21/4, 19.0)
M5
EcoRI adapter+AGC-3´/HpaII/MspI adapter+TTC-3´ (49/17, 34.7)
M6
EcoRI adapter+ACT-3´/HpaII/MspI adapter+TTG-3´ (40/9, 22.5)
M7
EcoRI adapter+ACA-3´/HpaII/MspI adapter+TCG-3´ (43/14, 32.6)
M8
EcoRI adapter+AGA-3´/HpaII/MspI adapter+TCG-3´ (31/7, 22.6)
M9
EcoRI adapter+AGC-3´/HpaII/MspI adapter+TCC-3´ (42/17, 40.5)
M10
EcoRI adapter+ACA-3´/HpaII/MspI adapter+TTC-3´ (32/20, 62.5)
M11
EcoRI adapter+AGG-3´/HpaII/MspI adapter+TTC-3´ (40/10, 25.0)
M12
EcoRI adapter+ACC-3´/HpaII/MspI adapter+TTG-3´ (50/18, 36.0)
Total
(456/167, 36.6)
Table 2. The characteristics of DNA methylation patterns in 5 populations of Hordeum brevisubulatum.
Type A
Type B
Type C
Type D
Population
Total
Group
name
Percent Average Percent Average Percent Average Percent Average (%)
SB1
80.19
4.09
6.54
9.17
1
FPs
DBS
81.00
79.96
3.99
3.72*
4.91
5.99*
10.09
10.32*
1
KZJ
78.70
3.07
6.51
11.70
1
SS1
80.59
2.74
8.22
8.44
1
UFPs
81.08
2.67
8.71
7.62
FY2
81.51
2.49
9.21
6.80
1
Type A: bands both present in a locus of a plant by E/H and E/M (1, 1); Type B: band only presents in one locus of a plant by E/H (1,
0); Type C: band only presents in one locus of a plant by E/M (0, 1); Type D: no band presents in one locus of a plant by E/H and
E/M (0, 0). E: EcoRI, H: HpaII, M: MspI, FPs: fragmented populations, UFP: unfragmented populations.
*: Significant difference between FPs and UFPs, t text, p<0.05.
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Table 3. The genetic and epigenetic diversity indexes of MSAP, AFLP and SSAP.
MSAP
AFLP
SSAP
Sample
Group
size
GD
I
GD
I
GD
I
Fragmented
14
0.292
0.430
0.269*
0.409*
0.284*
0.429*
Unfragmented
7
0.249
0.366
0.176
0.264
0.194
0.292
Total
21
0.319
0.471
0.285
0.439
0.298
0.456
GD: Nei’s gene diversity, I: Shannon's information index, FPs: fragmented populations, UFP: unfragmented populations.
*: Significant difference between FPs and UFPs t text, p<0.05

Table 4. The matrices of population genetic and epigenetic distances using marks MSAP, AFLP and SSAP, and
the geographical distances between populations.
Population code
SB1
DBS
KZJ
SS1
FY2
MSAP
SB1
0.000
DBS
0.268
0.000
KZJ
0.374
0.259
0.000
SS1
0.285
0.257
0.318
0.000
FY2
0.263
0.303
0.294
0.197
0.000
AFLP
SB1
0.000
DBS
0.120
0.000
KZJ
0.154
0.074
0.000
SS1
0.209
0.148
0.153
0.000
FY2
0.236
0.157
0.168
0.056
0.000
SSAP
SB1
0.000
DBS
0.111
0.000
KZJ
0.176
0.096
0.000
SS1
0.188
0.142
0.168
0.000
FY2
0.223
0.156
0.225
0.077
0.000
Geographical distance between populations (Kilometer)
SB1
0.000
DBS
62.203
0.000
KZJ
31.601
42.460
0.000
SS1
256.287
268.646
241.167
0.000
FY2
308.376
327.189
295.644
69.521
0.000
Epigenetic diversity of the FPs and UFPs: Epigenetic
diversity was established by Nei’s gene diversity (GD)
and Shannon's information indexes (I) (Table 3). Both GD
and I parameters showed that the epigenetic diversity in
the FPs was higher (GD: 0.292 and I: 0.430) than that in
the UFPs (GD: 0.249 and I: 0.336). Those results were
different to AFLP and SSAP data (Table 3), AFLP and
SSAP indexes were significantly different between the
UFPs and FPs (p < 0.05) and conforming to our previous
data (Guo et al., 2016), and the results also confirmed that
the selected 21 plants could maximally mirror the
population diversity of the five populations, similar
indexes were also showed in Figs. 1, 2, and Table 5.
Epigenetic diversity (measured by MSAP) indexes were
higher than genetic ones in all populations. This finding
implied that the HF in H. brevisubulatum population led
to a high amount of epigenetic diversity or heterogeneity.
Similarly, the epigenetic distances were significantly
higher than the genetic ones (p<0.01; Table 4), indicating
possible higher epigenetic variation among populations in
H. brevisubulatum. However, no correlation between

epigenetic and geographical distances (rMSAP = 0.06, p =
0.568) was found using IBD analysis, which was contrary
to the results of genetic IBD analysis (rAFLP = 0.711, p =
0.980; rSSAP = 0.681, p = 0.977). The higher p values
might be the insufficient number of individuals, but the
results still indicated that epigenetic variance was mainly
related to habitat environments and not reflected the mass
migration history of H. brevisubulatum.
Epigenetic differentiation of the FPs and UFPs: The
higher indexes of the epigenetic/genetic diversity of the
total populations (Table 3) and epigenetic/genetic
distances (Table 4) indicated that epigenetic
differentiation existed in and among populations.
Hierarchical AMOVA confirmed this hypothesis (Table
5). Similar to genetic variance, a high percentage of
epigenetic variance (73.67%) was observed within the
populations, whereas 26.3% was observed among the
populations and groups. However, only 3.09% variance
was found between the FP and UFP groups, too lower
than the genetic ones by AFLP (18.13%) and SSAP
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(13.87%). However, epigenetic variance 23.25% was
found among the populations within the groups and about
two times than the genetic variance indexes of AFLP
(12.69%) and SSAP (13.46%). Those results showed that
the epigenetic variance of population is easily influenced
by habitat environments. Meanwhile, the dispersal of the
individuals in a population was larger in MSAP than those
in SSAP and AFLP, although the majority of the 21 plants
were classified into three groups using MSAP data by
PCoA (Fig. 1a), similar with the results of AFLP (Fig. 1b)
and SSAP (Fig. 1c). Moreover, the populations in the FP
group were clustered into two sub-groups (SB1 was one
sub-group). STRUCTURE analysis also confirmed those
results when K = 3 (Fig. 2). However, epigenetic groups
were sorted in a different order comparing with genetic
groups. The red group in AFLP and SSAP included SB1
alone, whereas the red group in MSAP included SS1 and
FY2. These findings were similar to the result of PCoA
(Fig. 1), and indicated a minimal correlation between
epigenetic and genetic variances in H. brevisubulatum
populations. Thus, the epigenetic variance was mainly
related to habitat environments, which probably promoted
epigenetic differentiation in H. brevisubulatum.
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fruits (Manning et al., 2006). Those results indicated that
the HF might lead to higher genomic DNA
hypomethylation levels in wild barley, DNA demethylation
then activates some genes within transposons, such as
retrontransposon Bare-1, used in SSAP analysis, were
activated, and consequently led to higher genetic diversity
detected by SSAP (Guo et al., 2016). However, the
relationships among population fragmentation, DNA
methylation, activity of retrontransposon Bare-1 and
genetic variance need further investigation. Contrarily, pea
(Labra et al., 2002) and A. philoxeroides (Li et al., 2013)
under water stress showed cytosine hypermethylation.
Thus, DNA methylation or demethylation may be the key
factors in plants responding/adapting directly to the
environmental changes. And the DNA methylation pattern
changes of H. brevisubulatum might exhibit a similar
strategy of re-activating some genes by demethylation, and
adapt to the fragmented habitats.

Discussion
Significantly, HF impacts epigenetic variances of H.
brevisubulatum populations, such as the higher genomic
DNA hypomethylation levels, higher epigenetic diversity,
and more differentiation. Thus, this paper might offer
some novel opinions to study the influences of the HF on
the evolution of the natural populations, and to protect the
wild barley in the severely destroyed fragmented habitats.
The HF in Songnen Plain, mainly being caused by
human activities in the last three decades (Wang et al.,
2011, Huang et al., 2012), might result in a high pressure
on H. brevisubulatum and led to changes of genomic
DNA demethylation to some extent (Table 2). This
phenomenon was also discovered in plants under various
stresses, e.g., cold (Hashida et al., 2006), drought (Li et
al., 2013, Tang et al., 2014), salt (Lira-Medeiros et al.,
2010), and heavy metals (Kim et al., 2016). For example,
the transcriptome-level patterns were paralleled by the
differences in genome-wide DNA demethylation in
Populus under drought conditions (Raj et al., 2011). The
genomic DNA of the salt marsh plants were lower
methylated, 14.6% of DNA methylation loci was
observed from the total loci than that 32.1% from the
riverside plants, (Lira-Medeiros et al., 2010).
DNA methylation is usually associated with gene
inactivation, whereas DNA demethylation results in gene
activation (Schulz et al., 2013). Thus, the higher DNA
demethylation levels in FPs might activate some genes in
wild barley. Generally, the transposon DNA sequences in
plants are heavily methylated, and always occur within the
gene promoters or transcribed regions within the
transposons (Zhang et al., 2006). The transposon Tam-3 in
Antirrhinum was activated by cold stress-induced
hypomethylation (Hashida et al., 2006). The promoter of
the colorless non-ripening (CNR) gene, a component of the
regulatory network that controls fruit ripening in tomato, is
extensively methylated in all individuals that carry the CNR
phenotype, but is largely unmethylated in the wild-type

Fig. 1. Principle coordinates analysis (PCoA) using Nei’s genetic
distance matrixes of 21 Hordeum brevisubulatum individuals. a:
MSAP, b: AFLP, c: SSAP. UFP: unfragmented population.
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Table 5. Molecular variance analysis (AMOVA) of 5 populations of Hordeum brevisubulatum, and 5
populations were classed into fragmented (SB1, DBS, and KZJ) and unfragmented (SS1 and FY2) groups.
Source of variation
MSAP
AFLP
SSAP
Among groups
3.09%
18.13%
13.87%
Among populations within groups
23.25%
12.69%
13.46%
Within populations
73.67%
69.19%
72.67%
Fst
0.263
0.308
0.273
P
<0.01
<0.01
<0.01

Fig. 2. District plots for STRUCTURE analysis of 5 Hordeum
brevisubulatum populations based on MSAP, AFLP and SSAP
datasets. FP: Fragmented population, UFP: Unfragmented
population.

Previous studies have shown that epigenetic variation
was higher than genetic variation within and between
populations, our results demonstrated similar findings
(Table 3), and epigenetic distance indexes were also
significantly larger than genetic ones (Table 4). Similar
results have been presented in white mangrove (LiraMedeiros et al., 2010), V. cazorlensis (Herrera & Bazaga
2010), and Helleborus foetidus (Medrano et al., 2014). In
dandelion, comparing with the control, a 30% change in
polymorphic methylation-sensitive markers was observed
when plants were exposed to different stresses
(Verhoeven et al., 2010). Those studies indicated that the
HF may be as a stress factor that affects the epigenetic
and genetic variance/heterogeneity in H. brevisubulatum.
The changes in genomic epigenetic patterns may be
response for a short time to stress pressures (Schulz et al.,
2014), such as bottleneck effect, which results in the
decrease of genetic diversity with the increase of
epigenetic diversities (Rapp & Wendel 2005, Furrow &
Feldman 2014). However, the H. brevisubulatum
populations in Songnen Plain have been severely
fragmentized over the last 60 years, and such
fragmentation might be sufficient to maintain the
epigenetic equilibrium within populations, but insufficient
for maintaining equilibrium of genetic variance.
Generally, perenniality, outcrossing, and polyploidy of
wild barley (Kuo & Zhou 1980) have been regarded as
factors that contributed to the maintenance of high genetic
diversity in FPs (Klank et al., 2012). Such factors might

lead to a rapid repair of methylation changes after
epigenetic perturbance. Thus, H. brevisubulatum might
buffer the excess epigenetic changes caused by the HF.
However, this hypothesis should be confirmed further.
The epigenetic-molecular-variation indexes in H.
brevisubulatum were specific to habitats/ populations/
treatments (Table 5), and similar results were in a wild
barley species H. spontaneum (Sharma et al., 2005) and
other plants, such as natural B. ermanii plants growing in
alpine tundra and subalpine areas (Wu et al., 2013), plants
treated with salt (Lira-Medeiros et al., 2010), drought
(Raj et al., 2011, Li et al., 2013, Tang et al., 2014), and
tissue culture pressure (Guo et al., 2007, Shair et al.,
2016). Those findings agreed with that the correlation
between epigenetic variance and habitat environments/
stress treatments was more than that between genetic
variance and habitat environments/ stress treatments
(Chinnusamy & Zhu 2009, Whipple & Holeski 2016).
Herrera et al., (2016) also found that epigenome of the
nearby individuals were more similar than their genome,
especially at small spatial scales. Therefore, population
fragmentation of H. brevisubulatum might lead to DNAmethylation variation over the last several decades, and
such variation increases the evolutionary potential
adaptation to the environmental heterogeneity.
Minimal correlation existed between epigenetic and
genetic variances in wild barley populations (Figs. 1, 2).
Similarly, most researchers agree with that epigenetic
variation in natural populations may be independent from
genetic one in jatropha (Yi et al., 2010), potato (Marfil et
al., 2009), and cotton (Keyte et al., 2006). However, some
studies indicated the coordinated genetic-epigenetic
adaptive differentiation (Herrera & Bazaga 2010, Paun et
al., 2010). Day & Bonduriansky (2011) demonstrated that
epigenetic variation might affect the evolution of genetic
variation and vice versa, and Ochogavia et al., (2009)
showed the strong correlation between methylation and
gene expression in Eragrostis curvula. Therefore, the
relationship between epigenetic and genetic variations is
still under debate, and needs further discussion.
In conclusion, the pressures of the HF on the natural
populations of H. brevisubulatum might result in genomic
DNA demethylation, which may re-activate some genes and
transposons, and ultimately help plants to adapt to some
stress conditions, and lead to epigenetic/genetic variances.
The high epigenetic diversity in FPs results in high molecular
variance within the populations, consequently, causes higher
epigenetic differentiation within populations than that among
populations. Thus, epigenetic variance may be more
important than genetic one in the response of plants to the
HF. The absence of correlation between epigenetic and
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geographical distances in H. brevisubulatum implies that
epigenetic variance may be only specific to habitat
environments and fails to reflect the gigantic scale spread
history of the species. Even so, this paper primarily studied
the relationships between epigenetic variance and the HF,
and many questions and hypotheses need to be discussed in
wild barley and other organisms.
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