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Abstract: Ecological adaptation plays an important role in the process of plant expansion, and
genetics and epigenetics are important in the process of plant adaptation. In this study, genetic
and epigenetic analyses and soil properties were performed on D. angustifolia of 17 populations,
which were selected in the tundra zone on the western slope of the Changbai Mountains. Our
results showed that the levels of genetic and epigenetic diversity of D. angustifolia were relatively
low, and the main variation occurred among different populations (amplified fragment length
polymorphism (AFLP): 95%, methylation sensitive amplification polymorphism (MSAP): 87%). In
addition, DNA methylation levels varied from 23.36% to 35.70%. Principal component analysis
(PCA) results showed that soil properties of different populations were heterogeneous. Correlation
analyses showed that soil moisture, pH and total nitrogen were significantly correlated with genetic
diversity of D. angustifolia, and soil temperature and pH were closely related to epigenetic diversity.
Simple Mantel tests and partial Mantel tests showed that genetic variation significantly correlated
with habitat or geographical distance. However, the correlation between epigenetic variation and
habitat or geographical distance was not significant. Our results showed that, in the case of low
genetic variation and genetic diversity, epigenetic variation and DNA methylation may provide a
basis for the adaptation of D. angustifolia.
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1. Introduction

Global warming has many impacts on plants. In particular, a warmer climate may
force plant species to migrate from low to high altitudes [1], which is a phenomenon that has
been recently documented in some Chinese mountains and other parts of the world [2–6].
The rapid phenotypic changes of adaptive traits provide organisms with the potential for
local adaptation, which is very important for the survival and expansion of organisms [7,8].
Studies have shown that plants adapt to different environments in many ways, and ge-
nomic variation provides the basis for plant adaptation and invasiveness [9–11]; the large
expansion of plant transposons can produce genetic variation and lead to variations in key
adaptive traits, thereby improving their adaptability [12]. Plants adapt to the environment
via natural selection of fixed traits and plasticity of variable traits [13–15].

Studies shown that some invasive plants have similar or higher genetic diversity
in the invaded region than in their original habitat, which may help them adapt to the
environment [16,17]. Studies on the genetic structure of the invasive plant Phyla canescens
showed that the invasive populations in Australia and France had similar or even higher
genetic diversity than those in their native areas [18]. Generally, species need to maintain
enough genetic variation, that is, rich genetic diversity, to adapt to the environment and
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cope with natural selection. For invasive species, enough genetic variation is conducive
to coping with the selection pressure in a new environment. Although environmental
adaptation is accomplished by genetic changes of mutation, drift and selection are very
slow for some introduced species, and epigenetic mechanisms can affect their ecological
phenotypic diversity through rapid gene expression regulation [19,20], thereby affecting
their ecological performance, evolutionary potential and successful invasion [15,21,22].
As a mechanism of adaptive plasticity of natural plant populations, epigenetic variation
may be an important factor of the successful invasion of plants in a wide range of environ-
ments [23]. Among all known epigenetic mechanisms, DNA methylation is relatively stable,
as it has intergenerational heritability and can be independent of heritable genes [24–26].
Environmental stresses might trigger DNA methylation; studies have shown that DNA
methylation plays an important role in plants’ stress tolerance, such as water deficits,
chromium and high-salinity soils [27–30]. Thus, the study of ecology and evolutionary
epigenetics has attracted the most attention, and it is widely used in the study of epigenetic
variation in invasive plants [13,31,32].

The gramineous plant Deyeuxia angustifolia (Komarov) Y. L. Chang (D. angustifolia),
originally distributed on the low altitude birch forest belt of the Changbai Mountains,
is one of the dominant herbs under birch forest. However, field observations in the
past 30 years have shown that after growth and reproduction, D. angustifolia at lower
elevations of the tundra have been connected into patches. The increasing biomass of
D. angustifolia has been able to exclude native plants such as Rhododendron chrysanthum
Pall. and Vaccinium uliginosum Linn. and became the only dominant species [33,34]. The
main reason for the upward expansion of the tundra belt on D. angustifolia was that a
large number of forest gaps were formed due to the typhoon that occurred in 1986, which
created a natural expansion opportunity for low altitude plants [35]. In the subsequent
warming and nitrogen deposition experiments, the researchers compared the effects of
warming and nitrogen deposition on the expansion of the D. angustifolia plant and the
native Rhododendron chrysanthum Pall. plant in the tundra of the Changbai Mountains. The
results showed that nitrogen deposition significantly promoted the growth of D. angustifolia.
Nutrient disturbance may be the main reason for the expansion of D. angustifolia into tundra
ecosystem of the Changbai Mountains [36]. The previous studies of our research group
showed that the expansion of D. angustifolia significantly reduced the species diversity
and aboveground biomass of the native plant community, and changed the soil microbial
community structure of native plants in the tundra belt [37]. Consequently, previous
studies mainly explored the reasons for the expansion of D. angustifolia into the tundra zone
and its impact on native plants in the tundra. However, the adaptation mechanism of D.
angustifolia invading the tundra is still unclear. In the end, we will gain better knowledge on
how D. angustifolia, and probably other invasive species, adapt to stressful environments.

In this study, we sampled 17 natural populations of D. angustifolia from different ele-
vations on the western slope of the Changbai Mountains and surveyed the environmental
factors of each sampling site in order to detect different environment conditions. Amplified
fragment length polymorphism (AFLP) and methylation sensitive amplification polymor-
phism (MSAP) were used to study the genetic and epigenetic variation of D. angustifolia and
to unravel the role of genetic and epigenetic variation in the adaptation of D. angustifolia.

2. Results
2.1. Genetic Diversity and Structure

Using AFLP molecular marker technology, 10 pairs of selective amplification primers
were used to analyze the genetic diversity and genetic structure of 17 natural D. angustifolia
populations (Table 1). A total of 1776 loci were detected. The Shannon’s information
index (I) for each population ranged from 0.009 (P08) to 0.164 (P17), with an average
of 0.035; the percentage of polymorphic loci (PPL) ranged from 1.75% (P08) to 31.14%
(P17) with an average of 6.79% (Table 2). The results showed that the genetic diversity
of D. angustifolia was low in the population level. AMOVA was used to study genetic
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variation in D. angustifolia. At the species level, 95% of genetic variation came from among
the population, and 5% from within the population (Table 3). AMOVA results showed
significant genetic variation among populations (PhiPT = 0.946, p < 0.0001). Pairwise
population AMOVA showed similar results (Table S5). We visualized patterns of genetic
variation through principal coordinate analyses (PCoA) based on Nei’s genetic distance
matrix (Figure 1a), and PCoA could explain 30.43% of genetic variation. PCoA analysis
showed that all D. angustifolia populations can be divided into two large groups along the
1 axis of the principal coordinate, and P01–P09 is the first large group, of which P01–P05
and P06–P09 can be divided into two groups along the 2 axis of the principal coordinate.
P10–P17 is the second large group, and P10–P13 and P14–P17 are further divided into
two groups along the principal coordinate 2 axis. Based on Nei’s genetic distance, the
unweighted pair group mean with arithmetical averages (UPGMA) clustering analysis
was carried out on 17 populations of D. angustifolia (Figure S2a). The results showed that
17 populations of D. angustifolia were clearly separated into two clusters: the first cluster
was separated in two subgroups, the first one included P04, P05, P06, P07, P03, P01, P02;
the second one included P08, P09, P10, P11. The second cluster was also separated into
two subgroups, the first one included P12, P13, P14, the second one included P17, P15, P16.
PCoA and clustering analysis indicated that there were significant genetic variations in
different populations.

Table 1. Basic information of D. angustifolia natural population sampling points.

Elevation
(m)

Latitude
(◦N)

Longitude
(◦E) Nsp ST (◦C)

P01 2216 41.99077 128.01663 3 14.3
P02 2220 41.99142 128.01673 3 11.5
P03 2242 41.99280 128.01647 3 16.0
P04 2241 41.99272 128.01640 6 15.2
P05 2240 41.99268 128.01627 4 15.9
P06 2162 41.99052 128.01345 3 25.0
P07 2163 41.99053 128.01325 3 15.3
P08 2151 41.99018 128.01317 3 17.7
P09 2148 41.99065 128.01085 5 16.5
P10 2142 41.99053 128.01088 5 15.0
P11 2140 41.99050 128.01078 5 17.6
P12 2076 41.99030 128.00440 6 19.3
P13 2077 41.99033 128.00435 6 20.4
P14 2074 41.99020 128.00430 4 19.3
P15 2047 41.98882 128.00275 6 25.7
P16 2044 41.98880 128.00280 5 21.4
P17 2041 41.98855 128.00267 5 16.0

Nsp: number of species in sampling point (species richness index), ST: soil temperature.

Table 2. Genetic and epigenetic diversity of the natural population of D. angustifolia.

Sample Size I-AFLP PPL-AFLP I-MSAP PPL-MSAP

P01 10 0.074 15.43% 0.073 18.98%
P02 10 0.025 4.90% 0.087 18.93%
P03 10 0.016 2.98% 0.051 11.98%
P04 10 0.051 9.23% 0.016 3.54%
P05 10 0.015 2.82% 0.018 4.61%
P06 10 0.034 6.19% 0.033 9.04%
P07 10 0.020 3.77% 0.029 7.68%
P08 10 0.009 1.75% 0.018 4.05%
P09 10 0.020 4.22% 0.061 14.80%



Plants 2021, 10, 291 4 of 15

Table 2. Cont.

Sample Size I-AFLP PPL-AFLP I-MSAP PPL-MSAP

P10 10 0.023 4.50% 0.046 13.35%
P11 10 0.045 8.22% 0.044 9.08%
P12 10 0.026 5.29% 0.042 9.59%
P13 10 0.015 2.70% 0.011 2.26%
P14 10 0.014 2.48% 0.024 6.31%
P15 10 0.025 4.56% 0.020 4.73%
P 16 10 0.028 5.29% 0.006 1.36%
P17 10 0.164 31.14% 0.075 16.20%

Mean 10 0.035 6.79% 0.038 9.21%
SE 0.000 0.001 1.72% 0.001 1.38%

I = Shannon’s information index; PPL = Percentage of polymorphic loci.

Table 3. AMOVA results of amplified fragment length polymorphism (AFLP) data and methylation
sensitive amplification polymorphism (MSAP) data of the natural population of D. angustifolia.

Source df Est. Var. % p-Value Phi-Statistics

AMOVA results for AFLP
data
Among Pops 16 364.440 95% 0.0001 0.946
Within Pops 153 20.851 5%
Total 169 385.291 100%
AMOVA results for MSAP
data
Among Pops 16 214.356 87% 0.0001 0.866
Within Pops 153 33.065 13%
Total 169 247.421 100%
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Figure 1. Principal coordinates analyses (PCoA) of Nei’s genetic distance (a) and Nei’s epigenetic distance (b) of different
populations of D. angustifolia.

2.2. DNA Methylation Level

DNA methylation levels were significantly different in the 17 D. angustifolia popula-
tions tested. Among all populations, the percentage of unmethylated states was highest.
In population P01, P03, P05, P06, P07, P08, P13, the level of total methylation was higher
than that of semi-methylation, but in other populations, the level of total methylation
was lower than that of semi-methylation (Figure 2). The full methylation levels were
between 10.60% (P14) and 19.75% (P01), with an average of 14.35%; the semi-methylation
levels were between 8.98% (P07) and 20.30% (P02), with an average of 14.00%; the total
methylation levels were between 23.36% (P07) and 35.70% (P02), with an average of 28.35%
(Table S3). The results showed that the level of DNA methylation of D. angustifolia was
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relatively high in different populations, and there were different methylation patterns
among different populations.
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Figure 2. Relative DNA methylation levels in all populations of D. angustifolia. I—fragments present
in both profiles (1,1), unmethylated state; II—fragments were present only with EcoRI/HpaII (1,0),
hemi-methylation of external cytosine; III—fragments were present only with EcoRI/MspI (0,1),
full-methylation of internal cytosine; IV—fragments were absent with both profile (0,0), uninforma-
tive site.

2.3. Epigenetic Diversity and Structure

Using MSAP molecular marker technology, 10 pairs of selective amplification primers
were used to analyze the epigenetic diversity and epigenetic structure of 17 natural D.
angustifolia populations. A total of 2345 loci were detected, the Shannon’s information
index (I) for each population ranged from 0.015 (P08) to 0.199 (P17), with an average of
0.054; the percentage of polymorphic loci (PPL) ranged from 2.87% (P08) to 37.95% (P17),
with an average of 10.59% (Table 2). The results showed that the epigenetic diversity of D.
angustifolia was low in the population level. AMOVA results showed that at the species
level, 87% of epigenetic variation came from among population and 13% from within
population (Table 2). AMOVA results showed significant epigenetic variation among
populations (PhiPT = 0.866, p < 0.001). Pairwise population AMOVA showed the similar
results (Table S5). We visualized patterns of epigenetic variation through PCoA based on
Nei’s epigenetic distance matrix (Figure 1b), and PCoA could explain 17.02% of epigenetic
variation. PCoA analysis showed that, unlike genetic variation, P05 was significantly
separated from other populations, while P01, P02 and P03 were separated from other
populations along the 1 axis of the principal coordinate. In addition, P04 was separated
from the rest of the population along the 2 axis of the principal coordinate. Based on Nei’s
epigenetic distance, UPGMA clustering analysis was carried out on 17 populations of D.
angustifolia. The results showed that the 17 populations of D. angustifolia were clearly
separated into two clusters (Figure S2b): the first cluster included P05 and the second
cluster included all the other populations. PCoA and clustering analysis indicated that
there was significant epigenetic variation in different populations.

2.4. Differences in Soil Properties

Principal component analysis (PCA) was used to show the variation of soil properties
in different sampling sites, and PCA explains 75.32% of the variation (Figure 3). PC1
(Principal component 1) and PC2 (Principal component 2) explain 63.54% and 11.78%
of the variation, respectively. P09–P16 are obviously separated from other plots along
the 1 axis of the principal component, which is mainly affected by the changes of soil
temperature, total potassium, carbon–nitrogen ratio and pH, while other communities
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are mainly affected by the changes of soil moisture, total nitrogen, ammonium nitrogen,
nitrate nitrogen, total organic carbon and total phosphorus. In addition, P17 was obviously
separated from other communities along the 1 axis of the principal component. PCA results
showed that there was obvious heterogeneity in the growth environment of D. angustifolia
in different populations.
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Figure 3. Principal component analysis (PCA) of soil properties in different D. angustifolia populations.
Gray arrows indicate environmental factors, the red squares indicate D. angustifolia sampling plots.
TC: total organic carbon, TN: total nitrogen, C/N: carbon–nitrogen ratio, NH4

+-N: ammonium
nitrogen, NO3

−-N: nitrate nitrogen, TP: total phosphorus, TK: total potassium, AN: available nitrogen,
AP: available phosphorus, AK: available potassium, Moisture: water content, ST: soil temperature.

2.5. Environmental Drivers of Genetics and Epigenetics

From the pairwise correlation analysis (Figure 4), soil TN, NO3
−-N and moisture (soil

total nitrogen, nitrate nitrogen and water content) were positively related to the genetic
diversity of D. angustifolia; soil C/N, TK and pH (soil carbon–nitrogen ratio, total potassium
and pH) were negatively related to the genetic diversity of D. angustifolia (p < 0.05, Figure 4).
For epigenetic diversity, only soil pH and soil temperature were significantly negatively
correlated with epigenetic diversity of D. angustifolia (p < 0.05, Figure 4, Figure S3a).
We found that soil temperature decreased significantly with the increase in elevation
(r = −0.5966, p = 0.0115). DNA methylation in plants is usually sensitive to the changes
of environmental factors, and the changes of soil temperature had no significant effect
on the levels of full methylation and semi-methylation (p > 0.05, Figure S3c,d). However,
we found that soil temperature had a significant effect on the total methylation level of
D. angustifolia (r = 0.5670, p = 0.0176, Figure S3b), that is, the decrease in soil temperature
would significantly increase the total DNA methylation level of D. angustifolia.

Simple Mantel tests between genetic variation and epigenetic variation with geograph-
ical distance and environmental factors across all sites revealed that geographical distance
(r = 0.647, p < 0.001) and environmental factors (r = 0.127, p = 0.041) were significantly
correlated with epigenetic variation (Table 4). In addition, there was no significant cor-
relations between epigenetic variation with genetic variation, geographical distance and
environmental factors. After eliminating the effect of genetic variation, partial Mantel
tests results showed that environmental factors and geographic distance were not signifi-
cantly correlated with epigenetic variation across all sites. While eliminating the effect of
epigenetic variation, environmental factors (r = 0.132, p = 0.033) and geographic distance
(r = 0.649, p < 0.001) were significantly correlated with genetic variation across all sites.
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When we eliminated the effect of geographic distance or environmental factors, there was
no significant correlation between genetic variation and epigenetic variation. In addition,
when we eliminated the effect of geographic distance, environmental factors were not
significantly correlated with genetic variation and epigenetic variation, but when we elimi-
nated the effect of environmental distance, geographic distance was significantly correlated
with genetic variation (r = 0.647, p < 0.001) and epigenetic variation (r = 0.251, p = 0.015)
(Table 5).
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Figure 4. Correlation analysis of soil properties with genetic diversity and epigenetic diversity of D. angustifolia. TC: total
organic carbon, TN: total nitrogen, C/N: carbon–nitrogen ratio, NH4

+-N: ammonium nitrogen, NO3
−-N: nitrate nitrogen,

TP: total phosphorus, TK: total potassium, AN: available nitrogen, AP: available phosphorus, AK: available potassium,
Moisture: water content, ST: soil temperature; I: Shannon’s information index; PPL: percentage of Polymorphic Loci.
* Correlation is significant at the 0.05 level.

Table 4. Correlation coefficients using Simple Mantel tests across all sites.

Gen Epi

Epi 0.045 -
Geo 0.648 *** 0.137
Env 0.127 * −0.099

Gen: Nei’s genetic distance, Epi: Nei’s epigenetic distance, Env: environment (soil) distance calculated with
Euclidean, Geo: geographical distance. Bold values indicate significant differences (*** p < 0.001; * p < 0.05).

Table 5. Partial Mantel tests were conducted to compare the relative effects of environment and spatial distance on genetics
and epigenetics.

Controlling for
Gen.dist

Controlling for
Epi.dist Controlling for Geo.dist Controlling for Env.dist

Effect of
Env.dist

Effect of
Geo.dist

Effect of
Env.dist

Effect
of

Geo.dist

Effect
of

Gen.dist

Effect of
Epi.dist

Effect of
Env.dist

Effect
of

Gen.dist

Effect of
Epi.dist

Effect
of

Geo.dist

Gen.dist - - 0.132 * 0.649 *** - −0.058 −0.120 - 0.059 0.647 ***
Epi.dist −0.106 0.142 - - −0.058 - −0.154 0.059 - 0.181 *

Gen.dist is the Nei’s genetic distance matrix. Epi.dist is the Nei’s epigenetic distance matrix. Env.dist is the environmental heterogeneity
matrix calculated with Euclidean. Geo.dist is the geographic distance matrix. Bold values indicate significant differences (*** p < 0.001;
* p < 0.05).

3. Discussion

D. angustifolia, a local herbaceous plant in the low altitude area of the Changbai
Mountains, has gradually expanded upward to the tundra belt with relatively high altitude
in recent years due to natural disasters (typhoons) and air nitrogen deposition. The
molecular mechanisms of genetics and epigenetics may provide the basis for the adaptation
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of D. angustifolia to the new environment. In order to understand how D. angustifolia adapts
to the tundra environment through genetics and epigenetics, AFLP and MSAP analyses
were carried out on 17 natural populations of D. angustifolia in an elevation gradient on
the western slope of the Changbai Mountains, so as to deepen our understanding of the
ecological adaptability of D. angustifolia.

3.1. Genetic Diversity and Structure

Consistent with previous research results on other clonal plants [32,38], the AFLP
results showed that the genetic diversity of D. angustifolia was relatively low, and the
average values of the Shannon information index (I) and percentage of polymorphic loci
(PPL) in 17 populations were 0.035 and 6.79%, respectively (Table 2). According to the
previous research of our research group, D. angustifolia has the characteristics of seed repro-
duction and rhizome asexual reproduction. In the process of upward expansion, sexual
colonization was carried out at first, and then the ramets produced by clonal reproduction
grew rapidly in the new habitat. In addition, although the offspring produced by sexual
reproduction have higher genetic diversity, the efficiency of asexual reproduction is rela-
tively high [39], so the expansion mode based on clonal reproduction is very important to
the rapid occupation of the niche and the success of expansion. Due to the lack of meiosis
mechanism, especially the basic stages such as hybridization and gene recombination, vege-
tative reproduction is expected to reduce genetic diversity. In the process of plant invasion,
invasive plants, especially clonal plants, may maintain a low level of genetic diversity after
gene drift during invasion [40,41], so genetic drift may be one reason for the low genetic
diversity of the invasive population. In addition, studies on clonal plant species showed
that ramets exhibit different phenotypes in different environments and thrive in different
environments, leading to a serious reduction or lack of biological genetic diversity [32,42].
AMOVA results showed that there was very little genetic variation in D. angustifolia, and
only 5% of the genetic variation came from within the population (Table 3), which may be
related to the rapid occupation of the habitat by a large number of clones after expansion
and colonization. Similar to the genetic variation of D. angustifolia, the results of studies
on A.donax and Alternanthera philoxeroides showed that the genetic variation is very small
within the scope of invasion [43–45]. In addition, the study on Capsella rubella showed that
although the genetic variation is very low, plants can quickly produce phenotypic variation
through the massive amplification of transposons, thus improving their adaptability [12].
PCoA (Figure 1a) and clustering analysis (Figure S2a) indicated that there were significant
genetic variations in different populations. In addition, we found that the genetic variation
of different populations is basically distributed along the elevation gradient, which may be
due to the influence of geographic distance formed by the elevation gradient.

3.2. Epigenetic Diversity and Structure

The low genetic diversity of D. angustifolia does not affect the upward expansion of D.
angustifolia into the tundra where the environment is more complex and changeable. There
is now increasing evidence that heritable variation in ecologically related traits can be gen-
erated through a set of epigenetic mechanisms even in the absence of genetic variation [32].
In addition, studies have shown that epigenetic changes in natural populations can be
independent of genetic variation, and in some cases, environment-induced epigenetic
changes may be inherited by offspring [24,38].

Similar to the AFLP results, we found that at the population level, the epigenetic di-
versity of D. angustifolia was relatively low. The average values of the Shannon information
index (I) and percentage of polymorphic loci (PPL) were 0.038 and 9.21%, respectively
(Table 2). AMOVA results showed that there was significant epigenetic variation among
populations (PhiPT = 0.929, p < 0.0001). A total of 87% of the epigenetic variation origi-
nated among populations, and 13% of the epigenetic variation originated within population
(Table 3). Similar to previous studies of epigenetic variations in natural populations of
other species [43,46], epigenetic variations within populations are higher than genetic
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variations within populations (MSAP: 13%, AFLP: 5%). A reasonable explanation is that
since the spontaneous epigenetic mutation rate is higher than the genetic mutation rate, the
epigenetic variation is usually larger [47], which may separate the genetic variation from
the epigenetic variation. Another common explanation is that populations with limited
genetic diversity, especially after genetic drift, can expand their niche through epigenetic
variation, which may be sensitive to environmental stimuli [48]. PCoA (Figure 1b) and
clustering analysis (Figure S2b) indicated that there were significant genetic variations in
different populations. However, the degree of separation of epigenetic variation among
different populations is not as obvious as genetic variation. This means that the effect of
geographic distance on epigenetic variation is not obvious.

3.3. Environmental Drivers of Genetics and Epigenetics

Total nitrogen and nitrate nitrogen are positively correlated with genetic diversity
of D. angustifolia (Figure 4), which indicates that nitrogen plays an important role in the
expansion of D. angustifolia. Since the western slope faces the wind and increases the
accumulation of nitrogen, the growing season is mostly westerly, which means that pre-
cipitation brings more atmospheric nitrogen deposition. Previous studies have suggested
that nitrogen deposition is an important reason for the upward expansion of low-altitude
plants [49]. Zong et al. also believed that adequate nitrogen supply is essential for the
upward expansion of D. angustifolia, which enables it to reproduce and expand rapidly by
increasing the number of tillers [36,50], which can provide conditions for the colonization
of D. angustifolia in the tundra zone and increase the genetic diversity to some extent. There
is a positive correlation between soil moisture content and genetic diversity (Figure 4). The
elevation of the tundra zone is relatively high, and the temperature decreases with the in-
crease in elevation, so low evaporation leads to higher soil moisture content. D. angustifolia
is a hydro-mesophyte perennial herb, so sufficient water is beneficial to its establishment
and growth. There was a significant negative correlation between pH and the genetic
diversity of D. angustifolia (Figure 4), which meant that the increase in soil pH would
reduce the genetic diversity of D. angustifolia. A study on the tree species Beilschmiedia
roxburghiana also found similar results: as soil pH increased, the genetic diversity of trees
decreased. One explanation for this is that with the increase in pH, the average niche width
of species decreased, leading to the decrease in genetic diversity [51]. Therefore, we believe
that lower soil pH may increase the niche width of D. angustifolia and thus improve its
genetic diversity, resulting in its better adapting to the tundra environment. Combined
with the results above, the higher water content, soil nitrogen content and lower soil pH in
the tundra zone are conducive to the colonization of D. angustifolia, which will increase
their genetic diversity to a certain extent, so as to better adapt to the environment in the
tundra zone.

In plants, DNA methylation is involved in the response to environmental variations
stimuli and/or stress. Changes in DNA methylation are associated with many biological
functions and are considered as molecular tools for plants to adapt to different habitats
and external stimuli [43,52]. Through MSAP molecular marker technology, we found
that the total methylation level of the D. angustifolia genome was relatively high, with an
average of 28.35% (Figure 2, Table S3), and the differences were significant among different
populations. There was a significant correlation between DNA methylation level and soil
temperature. Soil temperature was negatively correlated with the epigenetic diversity of D.
angustifolia (Figure 4 and Figure S3a), and DNA methylation is more sensitive to environ-
mental changes, which may be a molecular basis for the rapid adaptation of D. angustifolia
to the changeable tundra environment when genetic diversity is limited in a short period
of time. Previous studies have shown that epigenetic effects can be long-term or short-term
involved in plant adaptation [32,53]. In populations, epigenetics can provide phenotypic
flexibility beyond genetic constraints, allowing rapid responses to variable or unpredictable
environments, potentially compensating for low genetic variability. Therefore, in the case
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of relatively low genetic diversity and genetic variation, D. angustifolia may adapt to the
environments through epigenetic regulation.

Simple Mantel tests and partial Mantel tests showed that there was no significant
relationship between genetic mechanisms and epigenetic mechanisms on the population
level (Tables 4 and 5). This is consistent with the results of previous studies on cloning
intruder Alternanthe raphiloxeroides [38]. The results suggest that the genetic mechanism
and the epigenetic mechanism may play an independent role in the adaptation process
of D. angustifolia. There was a significant correlation between genetic variation and envi-
ronmental factors, which indicates that environmental factors were an important source
of genetic variation and suggests that D. angustifolia. is specifically adapted to particular
environments. Consistent with the results of other plant species [23,54], there is a significant
correlation between geographical distance and genetic variation. Combining the results of
PCoA and clustering analysis, we believe that changes in elevation gradients have caused
differences in the geographic distances of different populations, and geographic distance
will affect the environmental factors of habitats, which in turn affect genetic variation.

In this study, we found that the genetic diversity of D. angustifolia was relatively low,
and its adaptability could not be fully explained from the perspective of genetic diversity,
but the soil properties in the tundra zone may be conducive to the colonization of D.
angustifolia. In addition, our results suggest that epigenetic regulation, especially DNA
methylation, can provide the basis for rapid adaptation to the environments. Our conclu-
sion is only applicable to the methods used in this study, but this does not fully explain its
adaptive mechanism. Therefore, carefully designed common garden studies are needed to
partition the contributions of genetic and epigenetic variation to adaptive phenotypes.

4. Materials and Methods
4.1. Plant Materials

Deyeuxia angustifolia (Komarov) Y. L. Chang (D. angustifolia), a narrow-leaf small reed,
is characterized as a hydro-mescophyte perennial herb, with life traits that include fast
growth, clonal and sexual reproduction, a short juvenile period, high seed production and
anemochory. In July 2017, 17 natural populations of D. angustifolia were selected from the
alpine tundra on the western slope of the Changbai Mountains (Figure S1, Table 1), located
in the Changbai Mountain National Nature Reserve (41◦41′49”–42◦25′18” N, 127◦42′55”–
128◦16′48” E), Jilin province, China. The elevation of these populations ranged from 2041
to 2242 m. In each population, we selected 10 individuals for leaf sample collection. To
ensure that the samples were not from the same physiological individual, we kept 1 m as a
minimum distance between samples. Moreover, to avoid differences, the leaf samples used
for molecular analysis were collected from the top two leaves of the plant. The collected
leaves were quickly dried in silica gel for genomic DNA extraction.

4.2. Soil Sampling

At the same time of collecting plant samples, we randomly selected five plots in each
population group and removed the surface plant samples and litter layers. Soil samples
were collected with a soil drill (diameter of 5 cm), and all the soil was mixed evenly. About
500 g of soil was obtained at each site. All samples were collected on the same day. After
collection, the samples placed in a cooler on ice were brought back to the laboratory for
mixing, sifting and root removal. The collected soil samples were used for analysis of
physical and chemical properties. Soil temperature was measured in situ using a datalogger
(FOTEL, Shanghai, China).

4.3. Plant Genomic DNA Extraction

The total DNA of the plant leaves was extracted using a Plant Genomic DNA kit
(Dingguo, Beijing, China), and the concentration and quality of the DNA were detected
using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), fol-
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lowed by verification by 1.2% agarose gel electrophoresis. The extracted DNA samples
were stored in a refrigerator at −20 ◦C for later use.

4.4. AFLP Analysis

The amplified fragment length polymorphism (AFLP) fingerprinting followed the
previous protocol of our research team with some modifications [55]. For restriction
digestion and ligation, 10 µL volumes containing 60 ng genomic DNA were combined with
1.0 µL 10× T4 DNA ligase buffer, 0.25 µL EcoRI adapter (20 µM), and 0.25 µL MseI adapter
(20 µM), 5 U EcoRI (New England Biolabs, NEB, Ipswich, MA, USA), 5 U MseI (NEB),
0.125 µL T4 DNA ligase (NEB) and double-distilled water. The mixture was incubated
at 37 ◦C for 8 h, 16 ◦C for 4 h, inactivated at 65 ◦C for 10 min and stored at −20 ◦C. For
the preselective amplification (PCR1), 25 µL reaction system was combined with 2 µL
digestion–ligation products, 0.25 µL of each pre-amplification primer, 12.5 µL 2 × EasyTaq
PCR Supermix for PAGE (Transgen, Beijing, China) and 10 µL double-distilled water. The
pre-amplification conditions were pre-denaturation at 94 ◦C (5 min) followed by 35 cycles
of 94.0 ◦C (30 s), 56.0 ◦C (30 s) and 72.0 ◦C (80 s), a final extension at 72.0 ◦C (10 min)
and storage at −20 ◦C. The PCR1 product was diluted by a ratio of 1:30. For the selective
amplification (PCR2), 25 µL reaction system was combined with 2 µL PCR1 products,
1.0 µL of EcoRI and MseI primer (Table S1), 12.5 µL 2 × EasyTaq PCR Supermix for PAGE
(Transgen, Beijing, China) and 8.5 µL double-distilled water. The selective amplification
conditions were pre-denaturation at 95 ◦C (5 min) followed by 12 cycles of 94.0 ◦C (45 s),
65.0 ◦C (30 s) decreasing by 0.7 ◦C per cycle, and 72.0 ◦C (90 s), then followed by 23 cycles
of 94.0 ◦C (45 s), 56.0 ◦C (30 s) and 72.0 ◦C (90 s), extension at 72.0 ◦C (10min) and storage
at −20 ◦C. All the PCR reactions were performed in T100TM Thermal Cycler (BIO-RAD,
Hercules, CA, USA). Based on the number of amplified fragments, 10 DNA samples of
each population and 10 selective primer combinations were chosen for the AFLP analyses
(Table S1). The fragments were separated on 6% sequencing gels and silver stained. To test
the repeatability of AFLP results, six individuals from each population were completely
replicated starting from the restriction/ligation reaction of AFLP. For every polymorphic
locus, each allele must exist in more than two individuals (>1% of all samples).

4.5. MSAP Analysis

The methylation sensitive amplified polymorphism (MSAP) technique, a modifica-
tion of the amplified fragment length polymorphism (AFLP) markers which replaced the
frequent cutter MseI with methylation-sensitive restriction enzymes HpaII (NEB) and
MspI (NEB), was used to assess the epigenetic variation within and among populations.
The MSAP protocol was performed with some modifications as the previous study de-
scribed [56]. For AFLP analyses, ten DNA samples of each population multiplied by 10
selective primer combinations were chosen for the MSAP analyses (Table S2). The ampli-
fied fragments were separated according to the AFLP analyses protocol. The fragments
were separated on 6% sequencing gels and silver stained. In order to reduce errors, the
paired analyses with different enzymes of the same sample were run within the same gel.
To assess the repeatability of our results, three individuals from each population were
completely replicated starting from the restriction/ligation reaction of MSAP.

4.6. Soil Properties

Soil properties were determined within one month after sampling as previously
described [37,57]. In brief, TC (total carbon) was determined by potassium dichromate-
concentrated sulfuric acid oxidation method. TN (total nitrogen) was measured on an auto-
matic kjeldahl nitrogen meter K1306 (Sonnen, Shanghai, China), AN (available nitrogen)
was measured using the Illinois soil nitrogen test diffusion method, NH4

+-N (ammonium
nitrogen) and NO3

−-N (nitrate nitrogen) were extracted with 2 M KCl, NH4
+-N was de-

termined by the indiophenol blue colorimetric method, while NO3
−-N was determined

by ultraviolet spectrophotometry. TP (total phosphorus) was determined colorimetrically
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using the molybdate method. AP (available phosphorus) was determined colorimetrically
based on the Olsen method. TK (total potassium) was extracted by incubation with sodium
hydroxide, and AK (available potassium) was extracted by incubation with 1.0 mol L−1

ammonium acetate for 0.5 h, followed by filtration. Soil pH was measured on a 1:5 (w/v)
ratio in distilled water using a pH meter. Soil moisture was determined after drying at
105 ◦C for 24 h. The soil C/N ratio was calculated as the TC to TN ratio. Soil temperature
of each population was measured in situ using a datalogger.

4.7. Statistical Analyses

The software Quantity One was used to identify and label distinct and independent
bands of the electrophoresis. The AFLP and MSAP fragments (bands) were scored as
presence (1) or absence (0) of DNA fragments (bands). All fragments from 100 to 600 bp
were considered, and a data matrix of the AFLP and MSAP banding patterns of all pop-
ulations was assembled for further analysis. Since the sensitivity of restriction enzymes
HpaII and MspI to the methylation site is different, the HpaII only identifies cytosine lateral
hemi-methylation (single chain), while the MspI only recognizes the inner cytosine full-
methylation (double chain).The MSAP reactions can be divided into four distinct outcomes:
I, fragments present in both profiles (1/1), unmethylated state; II, fragments present only
with EcoRI/HpaII (1/0), hemi-methylation of external cytosine; III, fragments present only
with EcoRI/MspI (0/1), full-methylation of internal cytosine; IV, fragments absent with
both profiles (0/0), uninformative site. The first three results predict different methylation
levels, while the last result may have different causes, including methylation mutations
or DNA sequence mutations, and it is thus uninformative [58]. For further analyses, we
transformed raw MSAP data matrix into a binary matrix as Schulz et al. described [58].
Methylation levels of DNA were obtained from as the percentages of the four results.

According to the binary AFLP and MSAP data matrix, the population genetics software
GENALEX 6.5 [59] was used to analyze the main biodiversity indices within and between
populations, including the Shannon’s information index (I), percentage of polymorphic
loci (PPL); analysis of molecular variance (AMOVA) was used to study the distribution of
genetic and epigenetic variation, with 9999 permutations. Pairwise population ΦST values
were used to evaluate genetic and epigenetic differentiation among all groups based on
GENALEX 6.5. Nei’s genetic distance and Nei’s epigenetic distance matrix were obtained
based on GENALEX 6.5. Principal coordinate analysis (PCoA) was used to analyze genetic
variation and epigenetic variation between populations. AMOVA and PCoA were also
based on GENALEX 6.5 software. The MEGA X [60] software was used to conduct a
cluster analysis on different populations using the unweighted pair group mean with
arithmetical averages (UPGMA). Pearson correlation analysis between soil properties and
genetic diversity index and epigenetic diversity index was performed in R (version 4.0.2)
with the corrplot package. Mantel tests and partial Mantel tests were conducted with the
vegan package in R, with 9999 permutations. Origin2018 was used for principal component
analysis of soil properties. TC, TN, NH4

+-N, NO3
−-N, AP, pH, moisture and C/N ratio

(means± standard deviation) of each sample was performed with three technical repeats in
the laboratory. For TP, TK, AK and AN, a single test of each sample was determined by the
Public Technology Service Center of the Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences with a 95% confidence level.

5. Conclusions

Finally, we found that the genetic diversity of D. angustifolia in the western slope
of the Changbai Mountains was relatively low, which may be due to the short time of
expansion into the tundra zone, and the clonal reproduction and genetic drift in the process
of expansion. The epigenetic diversity is relatively low, but the level of DNA methylation
is relatively high, and the main variations of the genetics and epigenetics of D. angustifolia
were from different populations. This may be due to geographical isolation. Sufficient
nitrogen, higher soil moisture and lower soil pH may provide a suitable environment
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for the colonization and expansion of D. angustifolia in tundra. Clonal reproduction and
epigenetic regulation, especially DNA methylation, may be involved in the adaptation of D.
angustifolia to different environments, which may be a molecular basis for rapid adaptation
to tundra environment.
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7/10/2/291/s1, Figure S1: Maps of the seventeen D. angustifolia sampling sites on the western slope
of the Changbai mountain. Jilin Province, China, Figure S2: UPGAM cluster analyses of different
populations of D. angustifolia based on Nei’s genetic distance (a, AFLP data) and Nei’s epigenetic dis-
tance (b, MSAP data), Figure S3: Correlation analyses of soil temperature with Epigenetic Shannon’s
Information Index (a), total methylation level(b), full methylation level(c) and semi-methylation
level (d) of D. angustifolia, Table S1: Adaptor and primer sequence used in AFLP analysis, Table S2:
Adaptor and primer sequence used in MSAP analysis, Table S3: Bands of different states and DNA
methylation level of D. angustifolia from different populations, Table S4: Soil properties of different
populations of D. angustifolia, Table S5: Pairwise population ΦST values of genetic (above) and
epigenetic (below) variation.

Author Contributions: Data curation, B.N., W.Z. and X.C.; funding acquisition, X.C.; investigation,
B.N., W.Z., and J.Y.; methodology, B.N., J.L. and Y.D.; software, B.N. and J.Y.; writing—original draft,
B.N., W.Z. and X.C.; writing—review and editing, B.N., W.Z. and X.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by the Natural Science Foundation of Jilin province, China
(20190201298JC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Ming Xing, Xiaolong Wang, Mingze Tang, Yulin Wang, Yuanbo Ni,
Jiahua Pang, Jianan San for their assistance with the field sampling and lab experiments.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Renwick, K.M.; Rocca, M.E. Temporal context affects the observed rate of climate-driven range shifts in tree species. Glob. Ecol.

Biogeogr. 2015, 24, 44–51. [CrossRef]
2. Du, H.; Liu, J.; Li, M.; Büntgen, U.; Yang, Y.; Wang, L.; Wu, Z.; He, H. Warming-induced upward migration of the alpine treeline

in the Changbai Mountains, northeast China. Glob. Chang. Biol. 2018, 24, 1256–1266. [CrossRef]
3. Shi, H.; Zhou, Q.; Xie, F.; He, N.; He, R.; Zhang, K.; Zhang, Q.; Dang, H. Disparity in elevational shifts of upper species limits in

response to recent climate warming in the Qinling Mountains, North-central China. Sci. Total Environ. 2020, 706, 135718–135730.
[CrossRef] [PubMed]

4. Tao, Y.; Wang, Z.; Ma, C.; He, H.; Xu, J.; Jin, Y.; Wang, H.; Zheng, X. Soil Mesofauna Respond to the Upward Expansion of
Deyeuxia purpurea in the Alpine Tundra of the Changbai Mountains, China. Plants 2019, 8, 615. [CrossRef]

5. Alvarez-Garrido, L.; Viñegla, B.; Hortal, S.; Powell, J.R.; Carreira, J.A. Distributional shifts in ectomycorrizhal fungal communities
lag behind climate-driven tree upward migration in a conifer forest-high elevation shrubland ecotone. Soil Biol. Biochem. 2019,
137, 107545–107555. [CrossRef]

6. Løkken, J.O.; Evju, M.; Söderström, L.; Hofgaard, A. Vegetation response to climate warming across the forest–tundra ecotone:
Species-dependent upward movement. J. Veg. Sci. 2020, 31, 854–866. [CrossRef]

7. Scheffers, B.R.; De Meester, L.; Bridge, T.C.L.; Hoffmann, A.A.; Pandolfi, J.M.; Corlett, R.T.; Butchart, S.H.M.; Pearce-Kelly,
P.; Kovacs, K.M.; Dudgeon, D.; et al. The broad footprint of climate change from genes to biomes to people. Science 2016,
354, aaf7671-1–aaf7671-11. [CrossRef] [PubMed]

8. Barrett, S.C.H. Foundations of invasion genetics: The Baker and Stebbins legacy. Mol. Ecol. 2015, 24, 1927–1941. [CrossRef]
9. Guo, L.; Qiu, J.; Ye, C.; Jin, G.; Mao, L.; Zhang, H.; Yang, X.; Peng, Q.; Wang, Y.; Jia, L.; et al. Echinochloa crus-galli genome analysis

provides insight into its adaptation and invasiveness as a weed. Nat. Commun. 2017, 8, 1–10. [CrossRef]
10. Li, L.F.; Li, Y.L.; Jia, Y.; Caicedo, A.L.; Olsen, K.M. Signatures of adaptation in the weedy rice genome. Nat. Genet. 2017,

49, 811–814. [CrossRef]

https://www.mdpi.com/2223-7747/10/2/291/s1
https://www.mdpi.com/2223-7747/10/2/291/s1
http://doi.org/10.1111/geb.12240
http://doi.org/10.1111/gcb.13963
http://doi.org/10.1016/j.scitotenv.2019.135718
http://www.ncbi.nlm.nih.gov/pubmed/31940727
http://doi.org/10.3390/plants8120615
http://doi.org/10.1016/j.soilbio.2019.107545
http://doi.org/10.1111/jvs.12911
http://doi.org/10.1126/science.aaf7671
http://www.ncbi.nlm.nih.gov/pubmed/27846577
http://doi.org/10.1111/mec.13014
http://doi.org/10.1038/s41467-017-01067-5
http://doi.org/10.1038/ng.3825


Plants 2021, 10, 291 14 of 15

11. Yuan, Y.; Jin, X.; Liu, J.; Zhao, X.; Zhou, J.; Wang, X.; Wang, D.; Lai, C.; Xu, W.; Huang, J.; et al. The Gastrodia elata genome
provides insights into plant adaptation to heterotrophy. Nat. Commun. 2018, 9, 1–11. [CrossRef]

12. Niu, X.M.; Xu, Y.C.; Li, Z.W.; Bian, Y.T.; Hou, X.H.; Chen, J.F.; Zou, Y.P.; Jiang, J.; Wu, Q.; Ge, S.; et al. Transposable elements drive
rapid phenotypic variation in Capsella rubella. Proc. Natl. Acad. Sci. USA 2019, 116, 6908–6913. [CrossRef]

13. Nicotra, A.B.; Segal, D.L.; Hoyle, G.L.; Schrey, A.W.; Verhoeven, K.J.F.; Richards, C.L. Adaptive plasticity and epigenetic variation
in response to warming in an Alpine plant. Ecol. Evol. 2015, 5, 634–647. [CrossRef] [PubMed]

14. Roda, F.; Ambrose, L.; Walter, G.M.; Liu, H.L.; Schaul, A.; Lowe, A.; Pelser, P.B.; Prentis, P.; Rieseberg, L.H.; Ortiz-Barrientos,
D. Genomic evidence for the parallel evolution of coastal forms in the Senecio lautus complex. Mol. Ecol. 2013, 22, 2941–2952.
[CrossRef] [PubMed]

15. Zhang, Y.Y.; Fischer, M.; Colot, V.; Bossdorf, O. Epigenetic variation creates potential for evolution of plant phenotypic plasticity.
New Phytol. 2013, 197, 314–322. [CrossRef]

16. Kelager, A.; Pedersen, J.S.; Bruun, H.H. Multiple introductions and no loss of genetic diversity: Invasion history of Japanese Rose,
Rosa rugosa, in Europe. Biol. Invasions 2012, 15, 1125–1141. [CrossRef]

17. Mori, B.A.; Davis, C.S.; Evenden, M.L. Genetic diversity and population structure identify the potential source of the invasive red
clover casebearer moth, Coleophora deauratella, in North America. Biol. Invasions 2016, 18, 3595–3609. [CrossRef]

18. Xu, C.Y.; Julien, M.H.; Fatemi, M.; Girod, C.; Van Klinken, R.D.; Gross, C.L.; Novak, S.J. Phenotypic divergence during the
invasion of Phyla canescensin Australia and France: Evidence for selection-driven evolution. Ecol. Lett. 2010, 13, 32–44. [CrossRef]
[PubMed]

19. Medrano, M.; Herrera, C.M.; Bazaga, P. Epigenetic variation predicts regional and local intraspecific functional diversity in a
perennial herb. Mol. Ecol. 2014, 23, 4926–4938. [CrossRef]

20. Zhang, Y.Y.; Latzel, V.; Fischer, M.; Bossdorf, O. Understanding the evolutionary potential of epigenetic variation: A comparison of
heritable phenotypic variation in epiRILs, RILs, and natural ecotypes of Arabidopsis thaliana. Hered 2018, 121, 257–265. [CrossRef]

21. Bossdorf, O.; Richards, C.L.; Pigliucci, M. Epigenetics for ecologists. Ecol. Lett. 2007, 11, 106–115. [CrossRef] [PubMed]
22. Liu, L.; Pei, C.; Liu, S.; Guo, X.; Du, N.; Guo, W. Genetic and epigenetic changes during the invasion of a cosmopolitan species

(Phragmites australis). Ecol. Evol. 2018, 8, 6615–6624. [CrossRef]
23. Lele, L.; Ning, D.; Cuiping, P.; Xiao, G.; Weihua, G. Genetic and epigenetic variations associated with adaptation to heterogeneous

habitat conditions in a deciduous shrub. Ecol. Evol. 2018, 8, 2594–2606. [CrossRef]
24. Crews, D.; Gore, A.C.; Hsu, T.S.; Dangleben, N.L.; Spinetta, M.; Schallert, T.; Anway, M.D.; Skinner, M.K. Transgenerational

epigenetic imprints on mate preference. Proc. Natl. Acad. Sci. USA 2007, 104, 5942–5946. [CrossRef] [PubMed]
25. Heard, E.; Martienssen Robert, A. Transgenerational Epigenetic Inheritance: Myths and Mechanisms. Cell 2014, 157, 95–109.

[CrossRef] [PubMed]
26. Li, J.; Yang, D.L.; Huang, H.; Zhang, G.; He, L.; Pang, J.; Lozano-Duran, R.; Lang, Z.; Zhu, J.K. Epigenetic memory marks

determine epiallele stability at loci targeted by de novo DNA methylation. Nat. Plants 2020, 6, 661–674. [CrossRef] [PubMed]
27. Xu, J.; Zhou, S.; Gong, X.; Song, Y.; Van Nocker, S.; Ma, F.; Guan, Q. Single-base methylome analysis reveals dynamic epigenomic

differences associated with water deficit in apple. Plant Biotechnol. J. 2018, 16, 672–687. [CrossRef] [PubMed]
28. Jiang, C.; Mithani, A.; Belfield, E.J.; Mott, R.; Hurst, L.D.; Harberd, N.P. Environmentally responsive genome-wide accumulation

of de novoArabidopsis thalianamutations and epimutations. Genome Res. 2014, 24, 1821–1829. [CrossRef]
29. Zhang, Q.; Liang, Z.; Cui, X.; Ji, C.; Li, Y.; Zhang, P.; Liu, J.; Riaz, A.; Yao, P.; Liu, M.; et al. N6-Methyladenine DNA Methylation in

Japonica and Indica Rice Genomes and Its Association with Gene Expression, Plant Development, and Stress Responses. Mol.
Plant 2018, 11, 1492–1508. [CrossRef] [PubMed]

30. Ferrari, M.; Torelli, A.; Marieschi, M.; Cozza, R. Role of DNA methylation in the chromium tolerance of Scenedesmus acutus
(Chlorophyceae) and its impact on the sulfate pathway regulation. Plant Sci. 2020, 301, 110680. [CrossRef]

31. Ni, P.; Li, S.; Lin, Y.; Xiong, W.; Huang, X.; Zhan, A. Methylation divergence of invasive Ciona ascidians: Significant population
structure and local environmental influence. Ecol. Evol. 2018, 8, 10272–10287. [CrossRef]

32. Guarino, F.; Cicatelli, A.; Brundu, G.; Improta, G.; Triassi, M.; Castiglione, S. The use of MSAP reveals epigenetic diversity of the
invasive clonal populations of Arundo donax L. PLoS ONE 2019, 14, e0215096. [CrossRef] [PubMed]

33. Zong, S.; Xu, J.; Wu, Z. Investigation and mechanism analysis of Deyeuxia. angustifolia (Kom.) invading tundra on the western
slope of Changbai Mountain. J. Mt. Sci. 2013, 31, 448–455. [CrossRef]

34. Wang, X.; Liu, H.; Dong, W.; Fan, W.; Wu, Z. Comparison of the response of Rhododendron chrysanthum Pall. and Deyeuxia
angustifolia Kom. to temperature rise on the forest line on the west slope of Changbai Mountain. Geogr. Res. 2015, 34, 1044–1052.
[CrossRef]

35. Xue, J.G.; Wu, Y.X. Investigation about vegetation restoration at typhoon ruined area in Jilin Changbai Mountain National Nature
Reserve. Territ. Nat. Resour. Study 2009, 1, 95–96. [CrossRef]

36. Zong, S.; Jin, Y.; Xu, J.; Wu, Z.; He, H.; Du, H.; Wang, L. Nitrogen deposition but not climate warming promotes Deyeuxia
angustifolia encroachment in alpine tundra of the Changbai Mountains, Northeast China. Sci. Total Environ. 2016, 544, 85–93.
[CrossRef]

37. Li, L.; Xing, M.; Lv, J.; Wang, X.; Chen, X. Response of rhizosphere soil microbial to Deyeuxia angustifolia encroaching in two
different vegetation communities in alpine tundra. Sci. Rep. 2017, 7, 43150. [CrossRef]

http://doi.org/10.1038/s41467-018-03423-5
http://doi.org/10.1073/pnas.1811498116
http://doi.org/10.1002/ece3.1329
http://www.ncbi.nlm.nih.gov/pubmed/25691987
http://doi.org/10.1111/mec.12311
http://www.ncbi.nlm.nih.gov/pubmed/23710896
http://doi.org/10.1111/nph.12010
http://doi.org/10.1007/s10530-012-0356-0
http://doi.org/10.1007/s10530-016-1250-y
http://doi.org/10.1111/j.1461-0248.2009.01395.x
http://www.ncbi.nlm.nih.gov/pubmed/19849709
http://doi.org/10.1111/mec.12911
http://doi.org/10.1038/s41437-018-0095-9
http://doi.org/10.1111/j.1461-0248.2007.01130.x
http://www.ncbi.nlm.nih.gov/pubmed/18021243
http://doi.org/10.1002/ece3.4144
http://doi.org/10.1002/ece3.3868
http://doi.org/10.1073/pnas.0610410104
http://www.ncbi.nlm.nih.gov/pubmed/17389367
http://doi.org/10.1016/j.cell.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24679529
http://doi.org/10.1038/s41477-020-0671-x
http://www.ncbi.nlm.nih.gov/pubmed/32514141
http://doi.org/10.1111/pbi.12820
http://www.ncbi.nlm.nih.gov/pubmed/28796917
http://doi.org/10.1101/gr.177659.114
http://doi.org/10.1016/j.molp.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30448535
http://doi.org/10.1016/j.plantsci.2020.110680
http://doi.org/10.1002/ece3.4504
http://doi.org/10.1371/journal.pone.0215096
http://www.ncbi.nlm.nih.gov/pubmed/30964932
http://doi.org/10.16089/j.cnki.1008-2786.2013.04.016
http://doi.org/10.11821/dlyj201506004
http://doi.org/10.16202/j.cnki.tnrs.2009.01.020
http://doi.org/10.1016/j.scitotenv.2015.11.144
http://doi.org/10.1038/srep43150


Plants 2021, 10, 291 15 of 15

38. Shi, W.; Chen, X.; Gao, L.; Xu, C.Y.; Ou, X.; Bossdorf, O.; Yang, J.; Geng, Y. Transient Stability of Epigenetic Population
Differentiation in a Clonal Invader. Front. Plant Sci. 2019, 9, 1851. [CrossRef]

39. Kanbe, T.; Akimoto, S. Allelic and genotypic diversity in long-term asexual populations of the pea aphid, Acyrthosiphon pisum in
comparison with sexual populations. Mol. Ecol. 2009, 18, 801–816. [CrossRef]

40. Lambertini, C.; Riis, T.; Olesen, B.; Clayton, J.S.; Sorrell, B.K.; Brix, H. Genetic diversity in three invasive clonal aquatic species in
New Zealand. BMC Genet. 2010, 11, 52. [CrossRef]

41. Loomis Eli, S.; Fishman, L. A Continent-Wide Clone: Population Genetic Variation of the Invasive Plant Hieracium aurantiacum
(Orange Hawkweed; Asteraceae) in North America. Int. J. Plant Sci. 2009, 170, 759–765. [CrossRef]

42. DeWoody, J.; Rowe, C.A.; Hipkins, V.D.; Mock, K.E. “Pando” lives: Molecular genetic evidence of a giant aspen clone in central
Utah. West. N. Am. Nat. 2008, 68, 493–497. [CrossRef]

43. Foust, C.M.; Preite, V.; Schrey, A.W.; Alvarez, M.; Robertson, M.H.; Verhoeven, K.J.F.; Richards, C.L. Genetic and epigenetic
differences associated with environmental gradients in replicate populations of two salt marsh perennials. Mol. Ecol. 2016,
25, 1639–1652. [CrossRef]

44. Geng, Y.; van Klinken, R.D.; Sosa, A.; Li, B.; Chen, J.; Xu, C.-Y. The Relative Importance of Genetic Diversity and Phenotypic
Plasticity in Determining Invasion Success of a Clonal Weed in the USA and China. Front. Plant Sci. 2016, 7, 213. [CrossRef]

45. Malone, J.M.; Virtue, J.G.; Williams, C.; Preston, C. Genetic diversity of giant reed (Arundo donax) in Australia. Weed Biol. Manag.
2017, 17, 17–28. [CrossRef]

46. Schulz, B.; Eckstein, R.L.; Durka, W. Epigenetic variation reflects dynamic habitat conditions in a rare floodplain herb. Mol. Ecol.
2014, 23, 3523–3537. [CrossRef] [PubMed]

47. Van der Graaf, A.; Wardenaar, R.; Neumann, D.A.; Taudt, A.; Shaw, R.G.; Jansen, R.C.; Schmitz, R.J.; Colomé-Tatché, M.; Johannes,
F. Rate, spectrum, and evolutionary dynamics of spontaneous epimutations. Proc. Natl. Acad. Sci. USA 2015, 112, 6676–6681.
[CrossRef] [PubMed]

48. Richards, E.J. Inherited epigenetic variation—Revisiting soft inheritance. Nat. Rev. Genet. 2006, 7, 395–401. [CrossRef]
49. Heer, C.; Körner, C. High elevation pioneer plants are sensitive to mineral nutrient addition. Basic Appl. Ecol. 2002, 3, 39–47.

[CrossRef]
50. Jin, Y.; Xu, J.; Wang, Y.; Wang, S.; Chen, Z.; Huang, X.; Niu, L. Effects of nitrogen deposition on tundra vegetation undergoing

invasion by Deyeuxia angustifolia in Changbai Mountains. Chin. Geogr. Sci. 2015, 26, 99–108. [CrossRef]
51. Xu, W.; Liu, L.; He, T.; Cao, M.; Sha, L.; Hu, Y.; Li, Q.; Li, J. Soil properties drive a negative correlation between species diversity

and genetic diversity in a tropical seasonal rainforest. Sci. Rep. 2016, 6, 20652. [CrossRef]
52. Dowen, R.H.; Pelizzola, M.; Schmitz, R.J.; Lister, R.; Dowen, J.M.; Nery, J.R.; Dixon, J.E.; Ecker, J.R. Widespread dynamic DNA

methylation in response to biotic stress. Proc. Natl. Acad. Sci. USA 2012, 109, E2183–E2191. [CrossRef]
53. Vanden Broeck, A.; Cox, K.; Brys, R.; Castiglione, S.; Cicatelli, A.; Guarino, F.; Heinze, B.; Steenackers, M.; Vander Mijnsbrugge, K.

Variability in DNA Methylation and Generational Plasticity in the Lombardy Poplar, a Single Genotype Worldwide Distributed
Since the Eighteenth Century. Front. Plant Sci. 2018, 9, 1635. [CrossRef] [PubMed]

54. Sun, L.K.; Liu, G.X.; Zhang, B.G.; Zhang, G.S. Effects of environmental factors on population genetic diversity of Tamarix chinensis.
Acta Pratacult. Sin. 2019, 28, 178–186. [CrossRef]

55. Wang, X.; Zhao, W.; Li, L.; You, J.; Ni, B.; Chen, X. Clonal plasticity and diversity facilitates the adaptation of Rhododendron aureum
Georgi to alpine environment. PLoS ONE 2018, 13, e0197089. [CrossRef] [PubMed]

56. Zhao, W.; Shi, X.; Li, J.; Guo, W.; Liu, C.; Chen, X. Genetic, Epigenetic, and HPLC Fingerprint Differentiation between Natural
and Ex Situ Populations of Rhodiola sachalinensis from Changbai Mountain, China. PLoS ONE 2014, 9, e112869. [CrossRef]

57. Chen, L.; Liu, L.; Mao, C.; Qin, S.; Wang, J.; Liu, F.; Blagodatskiy, S.; Yang, G.; Zhang, Q.; Zhang, D.; et al. Nitrogen availability
regulates topsoil carbon dynamics after permafrost thaw by altering microbial metabolic efficiency. Nat. Commun. 2018, 9, 3951.
[CrossRef]

58. Schulz, B.; Eckstein, R.L.; Durka, W. Scoring and analysis of methylation-sensitive amplification polymorphisms for epigenetic
population studies. Mol. Ecol. Resour. 2013, 13, 642–653. [CrossRef]

59. Peakall, R.; Smouse, P.E. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an update.
Bioinformatics 2012, 28, 2537–2539. [CrossRef]

60. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

http://doi.org/10.3389/fpls.2018.01851
http://doi.org/10.1111/j.1365-294X.2008.04077.x
http://doi.org/10.1186/1471-2156-11-52
http://doi.org/10.1086/599241
http://doi.org/10.3398/1527-0904-68.4.493
http://doi.org/10.1111/mec.13522
http://doi.org/10.3389/fpls.2016.00213
http://doi.org/10.1111/wbm.12111
http://doi.org/10.1111/mec.12835
http://www.ncbi.nlm.nih.gov/pubmed/24943730
http://doi.org/10.1073/pnas.1424254112
http://www.ncbi.nlm.nih.gov/pubmed/25964364
http://doi.org/10.1038/nrg1834
http://doi.org/10.1078/1439-1791-00075
http://doi.org/10.1007/s11769-015-0746-1
http://doi.org/10.1038/srep20652
http://doi.org/10.1073/pnas.1209329109
http://doi.org/10.3389/fpls.2018.01635
http://www.ncbi.nlm.nih.gov/pubmed/30483290
http://doi.org/10.11686/cyxb2018691
http://doi.org/10.1371/journal.pone.0197089
http://www.ncbi.nlm.nih.gov/pubmed/29746526
http://doi.org/10.1371/journal.pone.0112869
http://doi.org/10.1038/s41467-018-06232-y
http://doi.org/10.1111/1755-0998.12100
http://doi.org/10.1093/bioinformatics/bts460
http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Genetic Diversity and Structure 
	DNA Methylation Level 
	Epigenetic Diversity and Structure 
	Differences in Soil Properties 
	Environmental Drivers of Genetics and Epigenetics 

	Discussion 
	Genetic Diversity and Structure 
	Epigenetic Diversity and Structure 
	Environmental Drivers of Genetics and Epigenetics 

	Materials and Methods 
	Plant Materials 
	Soil Sampling 
	Plant Genomic DNA Extraction 
	AFLP Analysis 
	MSAP Analysis 
	Soil Properties 
	Statistical Analyses 

	Conclusions 
	References

