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Abstract

Solidago canadensis, originating from the temperate region of North America, has
expanded southward to subtropical regions through polyploidization. Here we investi-
gated whether freezing tolerance of S. canadensis was weakened during expansion. Mea-
surement of the temperature causing 50% ruptured cells (LTsp) in 35 S. canadensis
populations revealed ploidy-related differentiation in freezing tolerance. Freezing toler-
ance was found to decrease with increasing ploidy. The polyploid populations of
S. canadensis had lower SclICE1 gene expression levels but more ScICE1 gene copies than
the diploids. Furthermore, more DNA methylation sites in the ScICE1 gene promoter
were detected in the polyploids than in the diploids. The results suggest that promoter
methylation represses the expression of multi-copy ScICE1 genes, leading to weaker
freezing tolerance in polyploid S. canadensis compared to the diploids. The study pro-
vides empirical evidence that DNA methylation regulates expression of the gene copies

and supports polyploidization-driven adaptation to new environments.
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binding factor (CBF)/dehydration-responsive element binding protein
(DREB) pathway (referred to as the CBF pathway) (Chinnusamy, Zhu, &

Cold stress, including chilling (0-15°C) and freezing (<0°C) temperatures,
is one of the key factors limiting plant growth, development and distribu-
tions (Allen & Ort, 2001; Wang, Jiang, & Li, 2012). Plant response to cold
stress is crucial for geographical expansion. At low but non-lethal tem-
perature, most temperate plants can tolerate cold stress by increasing
activities of antioxidant enzymes such as catalase (CAT), superoxide dis-
mutase (SOD) and peroxidase (POD) and accumulating antioxidants
including proline. These compounds protect plants from reactive oxygen
species (ROS) such as H,O, and peroxides such as malondialdehyde
(MDA) (Deng et al., 2012; Mittler, Vanderauwera, Gollery, & Breusegem,
2004; Zhu, Dong, & Zhu, 2007). Many studies have revealed the underly-

ing molecular mechanisms, which primarily depend on the C-repeat
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Zhu, 2007; Cook, Fowler, Fiehn, & Thomashow, 2004; Zhu et al., 2007).
The CBF transcription factors enhance plant cold tolerance by activating
down-stream cold-regulated genes (COR) (Maruyama et al., 2004; Vogel,
Zarka, Buskirk, Fowler, & Thomashow, 2005). The CBF genes are regu-
lated by an up-stream gene, inducer of CBF expression 1 (ICE1). The
ICE1 gene encodes a myelocytomatosis (MYC)-like basic helix-loop-helix
(bHLH) transcription factor. This transcription factor activates the CBF
genes by binding to the MYC recognition elements in the promoter of
CBF genes (Chinnusamy et al., 2007). The ICE1 gene is constitutively
expressed and its overexpression likely enhances the expression of CBF
genes under cold conditions (Chinnusamy et al., 2007; Zhu et al., 2007).
Further studies also found that the activation and degradation of ICE1
protein is mediated by sumoylation and ubiquitination, respectively
(Dong, Agarwal, Zhang, Xie, & Zhu, 2006; Miura et al., 2007).
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Polyploidization (whole-genome duplication) is a process that an
organism doubles its genome through unreduced gametes or somatic
doubling. This event can originate from within or between populations
of a single species or between different species (Lawton-Rauh, 2003;
Ranney, 2006; Storme & Geelen, 2013). Many angiosperms have
undergone rounds of genome duplication during long-term evolution
(Jiao et al., 2011). Polyploid plants may occur physiological and mor-
phological changes, leading to broader ecological niches than their
diploid relatives (Hegarty & Hiscock, 2008; Paterson, Freeling, Tang, &
Wang, 2010; Stebbins, 1971; Storme & Geelen, 2013). It has been
found that polyploid plants usually have better adaptability and can
endure extreme environmental conditions (Fawcett, Maere, & de Peer,
2009; Soltis & Soltis, 2000; Treier et al., 2009). Studies have revealed
that polyploidization strengthens plant tolerance to cold, salt, water
and drought stress (Allario et al., 2013; Deng et al., 2012; Maherali,
Walden, & Husband, 2009; Wang, Wang, Liu, & Meng, 2013).

The genomes of polyploid plants contain a larger amount of dupli-
cated genes, while the fates of these genes are concluded as: (a) neo-
functionalization; (b) sub-functionalization; (c) non-functionalization
and (d) selection for an increased gene product (Soltis & Soltis, 2012).
Meanwhile, the expression of duplicated gene could be altered very
rapidly in response to polyploidization (Osborn et al., 2003), leading to
epigenetically induced gene silencing (Adams & Wendel, 2005a). Gene
silencing, a common phenomenon in polyploid plants, may occur organ-
specifically (Adams, Percifield, & Wendel, 2004). Some duplicated genes
in cotton (Gossypium hirsutum) polyploids were reciprocally expressed
with one copy being silenced in some organs while the other copies
being silenced in other organs, indicating fast sub-functionalization
(Adams, Cronn, Percifield, & Wendel, 2003). The occurrence of dupli-
cated gene silencing can be stochastic or repeatable, but epigenetic
modifications, such as DNA methylation and histone modification, are
supposed to be one of the mechanisms (Adams & Wendel, 2005b).
However, thus far few empirical evidences support the hypothesis that
epigenetic modifications are responsible for silencing of duplicated
genes.

DNA methylation in the promoter or the transcribed gene body
plays an important role in regulation of gene expression (Jaenisch &
Bird, 2003; Pecinka, Abdelsamad, & Vu, 2013; Phillips, 2008; Razin &
Cedar, 1991). Previous studies have demonstrated that DNA methyla-
tion in the promoter and the coding region of ICE1 gene down-
regulated the expressions of genes in the CBF pathway in plants under
freezing stress (Xie et al., 2015; Xie et al., 2019). Higher methylation
level in the promoter, in the transcribed gene body, or in both pro-
moter and transcribed gene body of ICE1 gene has led to more sensi-
tivity to cold stress in Oryza sativa, Ageratina adenophora and
Arabidopsis thaliana, respectively (Xie et al., 2015; Xie et al., 2019; Xie
et al.,, 2020). Moreover, genes in the downstream of the CBF pathway
were determined that methylation levels of CBF and COR genes were
not significantly correlated with cold tolerance in those plants (Xie
et al., 2015; Xie et al., 2019; Xie et al., 2020).

Solidago canadensis is a perennial weed originating from the tem-
perate regions of North America (Werner, Bradbury, & Gross, 1980).
S. canadensis shows strong invasiveness, spreading globally to Europe,

Asia and even Oceania (Lu et al., 2007; Weber, 2017). This weed was
first introduced to China in the 1930s as an ornamental plant, then
escaped to the wild and has become one of the most notorious inva-
sive weeds in China (Guo, Jiang, Fang, & Chen, 2009). S. canadensis is
a complex species with different ploidies, mainly including diploid
(2n = 2x = 18), tetraploid (2n = 4x = 36) and hexaploid (2n = 6x = 54)
(Werner et al., 1980). Normally, new S. canadensis seedlings are germi-
nated from seeds or sprouted from rhizomes in both autumn and early
spring. Therefore, the seedlings may face freezing stress during winter
and early spring (Weber, 2000; Werner et al., 1980). Our previous sur-
vey found that diploid S. canadensis cytotypes distributed in high lati-
tudes no matter in native or invasive regions, whereas the polyploids
mainly spread in relatively low latitudes. Whether this distribution pat-
tern is related to freezing tolerance differentiation and its underlying
mechanisms are not clear. Therefore, the aims of this study were to:
(a) characterize the freezing tolerance pattern of different S. canadensis
populations; (b) confirm the relationship between the freezing tolerance
and cytotypes; and (c) reveal the molecular mechanisms to this
differentiation.

2 | MATERIALS AND METHODS

21 | Plant materials

In total, 35 S. canadensis populations were collected from native
(Canada and USA) and invasive regions (China, Germany and Russia).
The cytotypes of these populations were previously confirmed to be
diploid, tetraploid and hexaploid in the native region (named as NA2X,
NA4X and NA6X, respectively) and in the invasive region (named as
IN2X, IN4X and IN6X, respectively) (Tables S5 & Sé in Data S1). All
plants of different S. canadensis populations were grown in glasshouse
located in the Pailou Experimental Base of Nanjing Agricultural
University. The seeds were germinated in 5 cm diameter plastic cups
containing potting mix. The seedlings were then transplanted into
13 cm diameter pots with four seedlings per pot. The seedlings were
grown in the glasshouse with temperature of 20-25°C. Experiments

were conducted when the plants were at the four-pair-leaf stage.

2.2 | Determination of freezing tolerance

Freezing tolerance was determined as described in Xie et al. (2019)
with minor modifications. The fourth and fifth mature leaves of plants
(three individual plants per population) were taken and washed by
deionized water. All clean leaves were treated for 1 hr at varying tem-
peratures of -2, —4, -6, —8, —10 and — 12°C, respectively, using a
cooling bath (PolyScience, Division of Preston Industries, Inc., Niles,
IL, USA). The treated leaves were then thawed at 4°C for 0.5 hr,
followed by adding 8 ml deionized water. Freezing-injured electrical
conductivity (FEC) was measured after vacuum pumping for 3 hr. All
treated samples were boiled for 15 min and the boiling electrical con-

ductivity (BEC) was measured after recovering to room temperature.
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Relative electrical conductivity = (FEC / BEC) x 100%. The tempera-
ture causing 50% ruptured cells (LTso) was estimated by the non-
linear sigmoidal-logistic model using Origin8.0 (OriginLab Corporation,
Northampton, MA 01060, USA). Electrolyte leakage is a symptom of
cold-induced membrane damage in the study, thus the LTsq value was
used as an indicator of freezing tolerance.

2.3 | Changes of physiological parameters in
different populations under freezing treatment

According to the results of freezing tolerance, several typical
S. canadensis populations were selected to determine the physiological
parameters. In total, 19 populations, including NA2X (CAQ9, CA11,
CA14), NA4X (US34, US52, US60), NA6X (US06, US10, US30), IN2X
(EUO1, EUO2, EUO3, RUSO1), IN4X (CN15, CN30, CN44) and IN6X
(CN22, CN47, CN61), were selected to perform the assay. At the
four-pair-leaf stage, seedlings from the mentioned populations were
moved to the incubator (LRH250-G, LT-36VL, Percival Scientific Inc.,
Perry 1A, USA) with temperature of —5°C, 12/12 hr photoperiod
(300 pmol m~2 s and 60% relative humidity. The third and fourth
mature leaves from each plant (three individual plants per population)
were harvested at 2 and 4 hr after the treatment, respectively. The leaf
samples were washed, blotted-dried, frozen in liquid nitrogen and
stored at —80°C until use. The untreated plants from those populations
were used as control.

The contents of H,0, and proline of plants from different
S. canadensis populations were measured using Hydrogen Peroxide
assay Kit and Proline Assay Kit, respectively (both kits were from
Nanjing Jiangcheng Bio-Engineering Institute Co., Ltd., Nanjing,
China). The contents of MDA and the activities of CAT, POD and
SOD were examined using the separate assay kit from Comin

Biotechnology Co., Ltd., Suzhou, China.

24 | Cloning of full-length ICE1 gene, partial-
length CBF3 and COR414 gene

Total RNA was extracted using the new leaf of S. canadensis plant
from population CA11 (NA2X) using TRizol Total RNA Extraction Kit
(TIANGEN Biotech, Beijing, China). Reverse transcription was con-
ducted using MMLYV reverse transcriptase (Takara Biomedical Tech-
nology Co., Ltd., Beijing, China). Degenerate primers (ICE1-CF/CR,
CBF3-CF/CR, COR414-CF/CR and gACTIN-F/R, Table S1 in Data S1)
for the conserved regions of ICE1, CBF3, COR414 and actin genes in
S. canadensis were designed according to the homologous gene
sequences of A. thaliana, Lactuca sativa and Chrysanthemum dichrum
(data from NCBI). The PCR reaction was conducted in a 25 pl volume
consisting of 1 pl cDNA, 0.5 mM of each primer, 2.5 ul 10x Ex Taq
Buffer, 2 ul MgCl; (25 nM), 2 pl dNTP Mix (2.5 nM) and 0.2 ul Ex Taq
(5 U pl™Y) with the following steps: 94°C 5 min, 35 cycles of 94°C
30s, Tm (Table S1 in Data S1) 30 s and 72°C 1 min, followed by an
extension of 10 min at 72°C. The PCR product was purified from

agarose gel using Gel/PCR Extraction Kit (BIOMIGA INC., San Diego,
CA, USA). The purified fragment was cloned to the pMD 19-T vector
(Takara Biomedical Technology Co., Ltd., Beijing, China) and trans-
formed to Escherichia coli. White colonies were selected for sequenc-
ing. Sequencing was conducted by Shanghai Sangon Biotech and the
results were analyzed using DNAMAN (version 7.0, Lynnon Corp,
Quebec, Canada). The partial-length CBF3, COR414 and actin gene
were named as ScCBF3, ScCOR414 and Scactin, respectively.

The 3'- and 5-end of ICE1 gene in S. canadensis were cloned
using BD SMART RACE cDNA Amplification Kit (Takara Bio USA, Inc.,
Mountain View, CA, USA). The conserved region, 3’- and 5-end of
ICE1 gene were assembled. The assembled sequence was BLASTed in
the NCBI (Standard databases). The primers for full-length ICE1 gene
were designed (ICE1-FL-F/R, Table S1 in Data S1) and the PCR condi-
tion was the same as mentioned above except for the annealing tem-
perature (Tm, Table S1 in Data S1). The full-length cDNA was
amplified and sequenced. The final confirmed sequence of ICE1 gene
was named as ScICE1.

2.5 | DNA extraction and flank sequencing
DNA was extracted using the method described by Xie et al. (2015).
The full-length primers (ICE1-DNAFL-F/R, Table S1 in Data S1) of the
ScICE1 gene were designed for the gene amplification. The PCR was
performed in the same condition as described in Section 2.4.

The flank sequence of ScICE1 (the promoter region) was obtained
by the thermal asymmetric interlaced PCR (TAIL-PCR)(Liu & Whittier,
1995). Four specific primers (ICE1-1, 2, 3 and 4) were designed based
on the sequence of ScICE1, and four anchor primers (ADP1, ADP2,
ADP3 and ADP4) were selected from Liu and Whittier (1995)
(Table S3 in Data S1). The TAIL-PCR was performed as described in
Table S2 in Data S1. The PCR product was purified and sequenced as
described in Section 2.4.

2.6 | Relative gene expression level of ScICE1,
ScCBF3 and ScCOR414

Uniform plants from six S. canadensis populations, CA09 (NA2X),
US52 (NA4X), US30 (NA6X), RUSO1 (IN2X), CN44 (IN4X) and CN61
(IN6X), were moved to the incubator with temperature of 4°C at the
four-pair-leaf stage (The six populations were used for the following
experiments, hereafter named as na2x, na4x, naéx, in2x, in4x and
in6x, respectively). The first new leaf of each plant was harvested for
total RNA extraction at O, 1, 2, 4, 8, 12 and 24 hr. Approximately, 2 pg
total RNA (genomic DNA-free) was used for reverse transcription.
Real-time quantitative PCR (qPCR) was conducted in a 20 pl volume
consisting of 1 pl cDNA, 125 nM of each primer and 10 pl SYBR Pre-
mix Ex Taq (2X). The reaction was performed on the Mastercycler ep
realplex Real-time PCR System (Eppendorf, Hamburg, Germany) with
the following steps: 95°C 3 min, 40 cycles of 95°C 15s and 55°C
30 s. A melting curve was performed at ranges of 60-95°C to test the
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specificity of PCR amplification. The actin gene in S. canadensis was
selected to be a reference gene to standardize the relative gene
expression levels (the actin gene was determined to be stably
expressed). Primers are listed in Table S1 in Data S1. Efficiencies of all
primers used in the gPCR were 90-110%. Relative expression levels
of ScICE1, ScCBF3 and ScCOR414 were determined using the 274A¢t
method according to Xie et al. (2015).

2.7 | Confirmation of ScICE1 gene copy number
Seedlings from six S. canadensis populations (na2x, nadx, naéx, in2x,
indx and inéx) were used for this assay. The ScICE1 gene copy number
was determined by Southern Blot, according to Mao, Xie, Chen,
Valverde, and Qiang (2016) with minor modifications. A 10 pg DNA
was digested overnight at 37°C with EcoR |, electrophoresed in aga-
rose gel (0.7%), and then transferred to a positively charged nylon
membrane (HyBond N+, Amersham Bioscience Corp., Piscataway, NJ,
USA) using denaturing buffer. The ScICE1 probe was amplified using
the primers of F: 5-GCTCGAAATACATCCAAAG-3' and R: 5'-CATA-
ACGAACTAGAGGCAAC-3' and labelled with dUTP mix. The hybridi-
zation was conducted at 39°C overnight using 20 ml of the probe,
followed by exposure to GelDocXR (Bio-Rad) at room temperature for
3 hr in the dark condition. Plasmid with target ScICE1 gene fragment
(426 bp) was used as positive control.

2.8 | Determination of DNA methylation sites

The methylation sites of ScICE1 coding and promoter regions were
determined using EZ DNA Methylation-Gold Kit (ZYMO Research,
Irvine, CA, USA) based on the bisulphite sequencing method (Xie
et al., 2015). Plants at the four-pair-leaf stage from the six typical
S. canadensis populations (mentioned in section 2.6) were treated
at 4°C for 1 hr, prior to DNA extraction and ScICE1 gene amplifica-
tion. The PCR was detailed in the Supplementary data (Table S4 in
Data S1). The PCR product was sequenced for the determination

of DNA methylation. The sequence obtained from each sample
was compared with the original gene sequence, and a converted

cytosine indicates an unmethylated site.

2.9 | Statistical analysis

The correlations between different parameters (LTso & latitude,
LTso & mean temperature, LTso & methylation number, ScICE1 gene
expression & methylation number and methylation number & ploidy)
were analysed using SPSS17.0 software (IBM SPSS Statistics 20, Chi-
cago, IL, USA). Significant differences among different S. canadensis
cytotypes in each experiment were analysed by one-way analysis of
variance (ANOVA) (Duncan post-hoc) using SPSS17.0 software.
Figures were obtained using Origin8.0 software. Three biological rep-
licates per population were used in each experiment. In addition, three
individual plants per population with three technical replicates in each
plant were used for gene expression experiments.

3 | RESULTS
3.1 | Freezing tolerance of 35 S. canadensis
populations

The LTsq values of 35 S. canadensis populations were determined by
measuring the relative electrical conductivity (Tables S5 & Sé in Data
S1). The diploid cytotypes showed significantly lower LTsq values than
the polyploids (Figure 1a), and NA2X had the lowest LTso values
among all cytotypes, indicating that S. canadensis has differentiated
freezing tolerance among different cytotypes. Correlation analysis
showed that the LT5o was negatively correlated with the latitudes of
collection points in both native and invasive regions (p < 0.05,
Figure 1b), and positively correlated with mean temperature of the
coldest month in the native region (p < 0.05, Figure 1c), suggesting
that the freezing tolerance was strengthened with the increasing
latitudes.

(a) B (b) =606 = NA e IN (C) -5.54 = NA ° IN
NAr=-0.530 p = 0.035 NAr=0.587 p=0.017
INr=-0.528 p=0.020 INr=0.314 p=0.190
6.0 . . a . 6.0 -6.04
x x x % . L] . [ ..:
< b = ]
no | X x - | . 7.0 3
R P L = _ 70 .
-7.54 -7.5 -7.54
= et ;.
-8.0 8.0 : . : . : y -8.0 . . , . -
NA2X IN2X NA4X IN4X NA6X IN6X 25 30 35 40 45 50 55 -5 -10 -5 0 5 10
Cytotype Latitude ('N) Coldest month's average temperature (°C)
FIGURE 1 Relationship between the LT5q values and cytotype of S. canadensis populations (a), latitudes of collection points (b) and the mean

temperatures of coldest month (c) (the letters in (a) represent significant differences of the LTsq values among different cytotypes, p < 0.05)
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cytotypes with the same treatment, p < 0.05, and * represents significant differences to time point O in the same cytotype

3.2 | Changes of physiological parameters in
selected populations

The contents of H,O,, MDA and Proline and activities of several
enzymes in selected S. canadensis populations were measured after
the freezing treatment. The results showed that the contents of H,O,
and MDA increased significantly in the tested cytotypes from O to
4 hr (Table S7 in Data S1). NA2X and NA4X had less H,O, contents
than other cytotypes at 4 hr, while all cytotypes showed similar MDA
contents after the treatment (Figure 2a). In addition, the activities of
CAT, POD and SOD decreased during the treatment (Figure 2a).
NA2X had the highest POD activity, whereas the polyploids in both
native and invasive regions had the relatively low activities at 4 hr,
except for IN6X (Table S7 in Data S1). Moreover, the SOD activity
was the highest in NA2X at 4 hr, similar to the result of POD activ-
ity experiment (Figure 2a). The proline contents were increased sig-
nificantly in all cytotypes after freezing treatment, and the diploids
(NA2X and IN2X) showed significantly higher proline content than
the polyploids at 4 hr (Figure 2b).

3.3 | Relative expression of CBF pathway genes
The full-length of ScICE1 gene was cloned and the sequence was
shown in Supplementary data (Figure S1a, Genbank ID: MN172171).
The sequence of ScICE1 gene is 1,584 bp in length, encoding
527 amino acids and shows a highly conserved HLH domain
(Supplementary data Figure Si1b). The partial-lengths of ScCBF3,
ScCOR414 and Scactin gene were 207 bp, 134 bp, 138 bp in length,
respectively (Supplementary data Figure S2).

Plants from six selected S. canadensis populations were treated
under 4°C for 24 hr, and the relative expression levels of CBF pathway
genes (ScICE1, ScCBF3 and ScCOR414) were examined. The ScICE1
gene expressed differently in the absence of cold treatment, and the

expression levels of ScICE1 gene in all tested populations were
increased to the peak at 1 hr after cold treatment, then declined until
the end of treatment (Figure 3a). The diploids had significantly higher
ScICE1 gene expression levels than the polyploids during the whole
process, while na2x had the highest expression level (Figure 3a). The
ScCBF3 and ScCOR414 genes showed similar expression patterns to
the ScICE1 gene. The expression peaks of ScCBF3 and ScCOR414
gene were at 2 and 4 hr, respectively (Figure 3b,c). The diploids
always showed higher expression levels of ScCBF3 and ScCOR414
gene, except for the ScCBF3 gene expression in na4x and naéx at
2 hr (Figure 3b).

A correlation analysis revealed that the LTso value was strongly
correlated with the expression levels of three CBF pathway genes
(Table 1), suggesting that gene expressions in the CBF pathway are

associated with response to cold stress in S. canadensis.

3.4 | Gene copy number of plants with different
ploidy levels

The results of ScICE1 gene copy number determined by Southern Blot
showed that the diploids had the least copies (two copies) (Figure 4).
The gene copy number was the same within each cytotype with an
exception of inéx, which had four gene copies. The gene copy number
was linear-related with ploidy (r = 0.913, p < 0.05).

3.5 | DNA methylation sites of plants with
different ploidies

The full-length ScICE1 gene at the DNA level was 2,135 bp in length
and contained three introns (Supplementary data Figure S3). The pro-
moter region of ScICE1 gene is an inducible promoter and 1,320 bp in

length. Bioinformatic analysis predicted that the promoter contains a
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FIGURE 3 Relative expression (a)
levels of ScICE1 (a), ScCBF3 (b) and

ScCOR414 (c) gene in six selected

S. canadensis populations with the cold
treatment (4°C for 0-24 hr). Different

letters in different populations at a

time point indicate significant

difference using Duncan post-doc

analysis, p < 0.05
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TATA Box and several CAAT Boxes. In addition, the promoter has a
CpG-island at —800 bp (the adenine in the initiation codon, ATG, was
counted as 1) and contains binding sites for MYB, light-responsive
elements and stress-related cis-elements, such as TC-rich repeats,
MBS, TGACG-motif, and so on (Supplementary data, Figure S4).
Three individual plants from each selected S. canadensis popula-
tion were tested for the methylation sites in coding and promoter
regions of ScICE1 gene. Results showed no methylation sites in the
coding region (Supplementary data Figure S5), and hence the pro-
moter region of ScICE1 gene was focused to detect the methylation
site. The six populations showed varying numbers of methylation sites
from 59 to 76 in the ScICE1 gene promoter (Table 2, and Supplemen-
tary data Figure Sé). Correlation analysis showed that the number of

a a
C
1 2

a
a
b a
b
b
o}
CC c C cc c c d d d
8 12 24

methylation sites in the ScICE1 gene promoter was positively corre-

Time (h)

lated with the LTs5q values (p < 0.01, Figure 5a), and negatively corre-
lated with expression level of the ScICE1 gene (p < 0.05, Figure 5b),
indicating that ScICE1 methylation is likely involved in freezing toler-
ance in S. canadensis. Furthermore, the methylation sites significantly
increased with the ploidy level (p < 0.01, Figure 5c), suggesting that
polyplidization may have an effect on the ScICE1 gene methylation.

4 | DISCUSSION

The study reported for the first time the negative relationship
between freezing tolerance and ploidy in S. canadensis and suggested
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TABLE 1 Correlation between the LTsq value and expression
levels of different genes in CBF pathway

LTso ScICE1 ScCBF3 ScCOR414
LTso 1.00
ScICE1 -0.791° 1.00
ScCBF3 -0.826° 0.576 1.00
ScCOR414 -0.856° 0.951° 0.611° 1.00

“represents significant differences between two indexes as shown in the
table at the level of p < 0.05.
brepresents the significant differences at the level of p < 0.01.

Ml Pool o i clRge e
23130 bp ”
9416 bp 'H -—
6557bp e
.
P

4361 bp b' '

2322 bp . .
2027 bp

FIGURE 4 Southern blot of ScICE1 gene with the EcoR | digestion
in six selected S. canadensis cytotypes (M represents marker, P
represents plasmid with the target ScICE1 gene fragment used as
positive control, 1-6 represent six selected S. canadensis plants with
different populations of na2x, nadx, naéx, in2x, indx and inéx,
respectively)

that methylation in the ScICE1 gene promoter repressed the ScICE1
gene expression, resulting in weaker freezing tolerance in the poly-

ploids than in the diploids.

4.1 | Freezing tolerance differentiation in
S. canadensis cytotypes

The results of LTso experiment indicated freezing tolerance of
S. canadensis has already differentiated in the native region, with the
stronger tolerance in the diploids (distributed at higher latitudes). Plant
cold tolerance has a close relationship with distribution (Daly,
Widrlechner, Halbleib, Smith, & Gibson, 2012). An investigation on
freezing tolerance of 71 A. thaliana populations confirmed that
populations in higher latitudes had enhanced freezing tolerance than in
lower latitudes (Zhen & Ungerer, 2008). Moreover, polyploidization
usually enhances cold tolerance in plants. Meta-analysis on the global
biogeography of polyploid plants showed that polyploidy frequency
increased away from the equator (Rice et al., 2019) and the Arctic Circle
has the highest proportion of polyploid plants in the world (Brochmann
et al., 2004). Polyploid plants usually show greater tolerance when dis-
tributing at high latitudes and elevations with cold condition (Soltis,
Marchant, de Peer, & Soltis, 2015). However, polyploidization has
weakened the freezing tolerance in S. canadensis in the present study
(Figure 1a). It is rarely reported that polyploids have weaker cold toler-
ance than diploids. So far, only a few cases had a similar conclusion
with our study (Sugiyama, 1998; Tyler, Borrill, & Chorlton, 1978), which
gave rise to a question: why do diploid S. canadensis populations show

higher freezing tolerance than the polyploids?

TABLE 2 Number of methylation sites and relative information of six selected S. canadensis populations

Accession Latitude (°N) Coldest month's average temperature (°C) LTs50 (°C) Number of methylation sites
na2x 43.9800 -9.0 -7.78 59
na4x 43.6433 -7.5 -7.14 68
naéx 38.3472 0.2 -6.29 73
in2x 43.1202 -12.2 -7.17 64
indx 31.2208 2.5 -6.33 71
inéx 27.7300 0.6 -6.30 76
(a) -6.01 (b) % 304 (C) ﬁ 80+
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FIGURE 5 Correlations between number of methylation sites in the promoter region of ScICE1 gene and the LTs values (a), the relative

ScICE1 gene expression level (b), and the ploidy level of S. canadensis (c)
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4.2 | Molecular basis of the freezing tolerance
differentiation

The differentiation in freezing tolerance between the diploids and
polyploids is significantly related to ScICE1 gene expression level
(Table 1). The higher ScICE1 gene expression level likely up-regulated
the down-stream CBF and COR gene expressions (Figure 3), thus
endowing stronger freezing tolerance in the diploids than in the
polyploids. In addition, increased ScICE1 gene copies were detected in
the polyploids (Figure 4). Gene copy number has a close correlation
with gene expression level (Coate & Doyle, 2015). In Glycine genus,
putatively gene dosage-sensitive networks showed reduced expression
variance across seven species, and coordinated expression response to
recent whole-genome duplication (Coate, Song, Bombarely, & Doyle,
2016). In our study, the increased ScICE1 gene copies are likely corre-
lated with the gene expression in the polyploids, resulting in decreased
ScICE1 expression and weak freezing tolerance.

Previous studies have reviewed reasons for gene expression
divergence in polyploid plants, which mainly includes that (a) most
homoeologous genes are co-expressed, (b) a few genes are lost or
mutated and (c) epigenetic modifications may reprogram gene expres-
sion (Chen, 2007). Polyploidization rearranges the genome and
induces a large quantity of epigenetic modifications, leading to differ-
ent DNA methylation levels compared to their diploid relatives
(Ding & Chen, 2018; Liu, Vega, & Feldman, 1998; Song & Chen, 2015;
Weiss-Schneeweiss, Emadzade, Jang, & Schneeweiss, 2013). DNA
methylation usually regulates gene expressions negatively in plants,
such as A. thaliana, A. adenophora, Nicotiana tabaccum and Zea mays
(Choi & Sano, 2007; Steward, Ito, Yamaguchi, Koizumi, & Sano, 2002;
Xie et al., 2015; Xie et al., 2019). However, in polyploid plants, it has
been hypothesized that DNA methylation plays a role in silencing one
or several copies of duplicated genes (Chen & Tian, 2007; Xu, Zhong,
Wou, Fang, & Wang, 2009). In our study, higher levels of DNA methyla-
tion in the ScICE1 gene promoter were observed in the polyploids
than in the diploids, indicating that ScICE1 gene methylation is possi-
bly involved in the gene expression regulation. Both DNA methylation
and ploidy are vital for shaping gene expression diversity in polyploid
plants. Moreover, transgenerational effects, defining as the influence
of the maternal environment on the phenotype and performance of
progenies, could be also associated with the DNA methylation (Angers,
Castonguay, & Massicotte, 2010; Walter, Harter, Beierkuhnlein, &
Jentsch, 2016), as different S. canadensis cytotypes distribute under dif-

ferent environmental conditions.

4.3 | Trade-off strategy for resource balancing

Polyploid plants can potentially invade new niches due to enhanced
adaptability (Lowry & Lester, 2006; Treier et al., 2009). Therefore,
polyploid plants are usually weedier and more invasive compared to
the diploid relatives (Levin, 1983; Pandit, 2006; Thompson & Lumaret,
1992). Although S. canadensis polyploids have weak freezing toler-
ance, they show faster growth and have trended to expand southward

(Cheng et al., 2020), where the temperature is higher than the original
distributions. The phenomenon that the ability to tolerate environ-
mental stress likely induces a growth cost (Growth-stress survival
trade-off) has been observed in several plants (Bristiel et al., 2018).
However, the opposite results (faster growth vs. weak tolerance) were
observed in S. canadensis polyploids. In order to balance growth and
freezing tolerance, the polyploids probably convert energy provided
for freezing tolerance to energy for growth. This trade-off strategy
between freezing tolerance and growth may endow S. canadensis
becoming a successful invasive weed worldwide.

In summary, we demonstrate for the first time that methylation
of the promoter region may repress overall expression levels of the
multicopy ScICE1 genes, contributing to weaker freezing tolerance in
polyploid S. canadensis compared with the diploids. However, a ques-
tion is still unclear yet. Is the weakened freezing tolerance attributed
to homolog-specific expression and methylation of the ScICE1 gene or
the combined action of all copies in the polyploids? With the develop-
ment of omics, combination of comparative genomics and methyl-
omics is worthwhile to be performed to examine homolog-specific

expression and methylation of ScICE1 gene in the near future.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation
of China (31870526, 3140110504 and 31572066), the National Key
Research and Development Program (2017YFC1200105), the Natural
Science Foundation of Jiangsu Province (SBK2018042511) and
the Foreign Expert Project (G20190010118). The authors thank
Dr. Qin Yu of the University of Western Australia and Dr.
Kandhasamy Sowndhararajan of Kongunadu Arts and Science Col-

lege for proofreading of the article.

CONFLICT OF INTEREST

There is no conflict of interest.

ORCID

Huan Lu 2 https://orcid.org/0000-0002-7984-725X

Hongjie Xie "= https://orcid.org/0000-0003-0350-1970

REFERENCES

Adams, K. L., Cronn, R., Percifield, R., & Wendel, J. F. (2003). Genes dupli-
cated by polyploidy show unequal contributions to the transcriptome
and organ-specific reciprocal silencing. Proceedings of the National
Academy of Science of the United States of America, 100, 4649-4654.

Adams, K. L., Percifield, R., & Wendel, J. F. (2004). Organ-specific silencing
of duplicated genes in a newly synthesized cotton allotetraploid.
Genetics, 168, 2217-2226.

Adams, K. L., & Wendel, J. F. (2005a). Novel patterns of gene expression in
polyploid plants. Trends in Genetics, 21, 539-543.

Adams, K. L., & Wendel, J. F. (2005b). Polyploidy and genome evolution in
plants. Current Opinion in Plant Biology, 8, 135-141.

Allario, T., Brumos, J., Colmenero-Flores, J. M., Iglesias, D. J., Pina, J. A,
Navarro, L., ... Morillon, R. (2013). Tetraploid Rangpur lime rootstock
increases drought tolerance via enhanced constitutive root abscisic
acid production. Plant, Cell and Environment, 36, 856-868.

Allen, D. J., & Ort, D. R. (2001). Impacts of chilling temperatures on photo-
synthesis in warm-climate plants. Trends in Plant Science, 6, 36-42.


https://orcid.org/0000-0002-7984-725X
https://orcid.org/0000-0002-7984-725X
https://orcid.org/0000-0003-0350-1970
https://orcid.org/0000-0003-0350-1970

2 | WILEY_ m

LU ET AL.

Angers, B., Castonguay, E., & Massicotte, R. (2010). Environmentally
induced phenotypes and DNA methylation: How to deal with
unpredictable conditions until the next generation and after. Molecular
Ecology, 19, 1283-1295.

Bristiel, P., Gillespie, L., @strem, L., Balachowski, J., Violle, C., & Volaire, F.
(2018). Experimental evaluation of the robustness of the growth-
stress tolerance trade-off within the perennial grass Dactylis glomerata.
Functional Ecology, 32, 1944-1958.

Brochmann, C., Brysting, A. K, Alsos, I. G., Borgen, L., Grundt, H. H.,
Scheen, A.-C., & Elven, R. (2004). Polyploidy in arctic plants. Biological
Journal of the Linnean Society, 82, 521-536.

Chen, Z. J. (2007). Genetic and epigenetic mechanisms for gene expression
and phenotypic variation in plant polyploids. Annual Review of Plant
Biology, 58, 377-406.

Chen, Z. J., & Tian, L. (2007). Roles of dynamic and reversible histone acet-
ylation in plant development and polyploidy. Biochimica et Biophysica
Acta, 1769, 295-307.

Cheng, J.,, Yang, X., Xue, L., Yao, B., Lu, H., Tian, Z,, ... Qiang, S. (2020).
Polyploidization contributes to evolution of competitive ability: A long
term common garden study on the invasive Solidago canadensis in
China. OIKOS. https://doi.org/10.1111/0ik.07095

Chinnusamy, V., Zhu, J., & Zhu, J.-K. (2007). Cold stress regulation of gene
expression in plants. Trends in Plant Science, 12, 444-451.

Choi, C.-S., & Sano, H. (2007). Abiotic-stress induces demethylation and tran-
scriptional activation of a gene encoding a glycerophosphodiesterase-like
protein in tobacco plants. Molecular Genetics and Genomics, 277,
589-600.

Coate, J. E., & Doyle, J. J. (2015). Variation in transcriptome size: Are we
getting the message? Chromosoma, 124, 27-43.

Coate, J. E., Song, M. J., Bombarely, A., & Doyle, J. J. (2016). Expression-
level support for gene dosage sensitivity in three Glycine subgenus
Glycine polyploids and their diploid progenitors. New Phytologist, 212,
1083-1093.

Cook, D., Fowler, S., Fiehn, O., & Thomashow, M. F. (2004). A prominent
role for the CBF cold response pathway in configuring the low-
temperature metabolome of Arabidopsis. Proceedings of the National Acad-
emy of Science of the United States of America, 101, 15243-15248.

Daly, C., Widrlechner, M. P., Halbleib, M. D., Smith, J. I., & Gibson, W. P.
(2012). Development of a new USDA plant hardiness zone map for
the United States. Journal of Applied Meteorology and Climatology, 51,
242-264.

Deng, B., Du, W., Liu, C., Sun, W., Tian, S., & Dong, H. (2012). Antioxidant
response to drought, cold and nutrient stress in two ploidy levels of
tobacco plants: Low resource requirement confers polytolerance in
polyploids? Plant Growth Regulation, 66, 37-47.

Ding, M., & Chen, Z. J. (2018). Epigenetic perspectives on the evolution
and domestication of polyploid plant and crops. Current Opinion in
Plant Biology, 42, 37-48.

Dong, C. H., Agarwal, M., Zhang, Y., Xie, Q., & Zhu, J. K. (2006). The nega-
tive regulator of plant cold responses, HOS1, is a RING E3 ligase that
mediates the ubiquitination and degradation of ICE1. Proceedings of
the National Academy of Science of the United States of America, 103,
8281-8286.

Fawcett, J. A, Maere, S., & de Peer, Y. V. (2009). Plants with double
genomes might have had a better chance to survive the cretaceous—
tertiary extinction event. Proceedings of the National Academy of Sci-
ence of the United States of America, 106, 5737-5742.

Guo, S. L, Jiang, H. W,, Fang, F., & Chen, G. Q. (2009). Influences of herbi-
cides, uprooting and use as cut flowers on sexual reproduction of Soli-
dago canadensis. Weed Research, 49, 291-299.

Hegarty, M. J., & Hiscock, S. J. (2008). Genomic clues to the evolutionary
success of polyploid plants. Current Biology, 18, 435-444.

Jaenisch, R., & Bird, A. (2003). Epigenetic regulation of gene expression:
How the genome integrates intrinsic and environmental signals. Nature
Genetics, 33, 245-254.

Jiao, Y., Wickett, N. J., Ayyampalayam, S., Chanderbali, A., Landherr, L.,
Ralph, P. E., ... dePamphilis, C. W. (2011). Ancestral polyploidy in seed
plants and angiosperms. Nature, 473, 97-100.

Lawton-Rauh, A. (2003). Evolutionary dynamics of duplicated genes in
plants. Molecular Phylogenetics and Evolution, 29, 396-409.

Levin, D. A. (1983). Polyploidy and novelty in flowering plants. The Ameri-
can Naturalist, 122, 1-25.

Liu, B., Vega, J. M., & Feldman, M. (1998). Rapid genomic changes in newly
synthesized amphiploids of Triticum and Aegilops. Il. Changes in low-
copy coding DNA sequences. Genome, 41, 535-542.

Liu, Y. G., & Whittier, R. F. (1995). Thermal asymmetric interlaced PCR:
Automatable amplification and sequencing of insert end fragments
from P1 and YAC clones for chromosome walking. Genomics, 25,
674-681.

Lowry, E., & Lester, S. E. (2006). The biogeography of plant reproduction:
Potential determinants of species' range sizes. Journal of Biogeography,
33,1975-1982.

Ly, J. Z,, Weng, E. S., Wu, X. W., Weber, E., Zhao, B., & Li, B. (2007). Poten-
tial distribution of Solidago canadensis in China. Acta Phytotaxonomica
Sinica, 45, 670-674.

Maherali, H., Walden, A. E., & Husband, B. C. (2009). Genome duplication
and the evolution of physiological responses to water stress. New
Phytologist, 184, 721-731.

Mao, C., Xie, H., Chen, S., Valverde, B. E., & Qiang, S. (2016). Multiple
mechanism confers natural tolerance of three lilyturf species to glyph-
osate. Planta, 243, 321-335.

Maruyama, K., Sakuma, Y., Kasuga, M., lto, Y., Seki, M., Goda, H., ...
Yamaguchi-Shinozaki, K. (2004). Identification of cold-inducible down-
stream genes of the Arabidopsis DREB1A / CBF3 transcriptional fac-
tor using two microarray systems. Plant Journal, 38, 982-993.

Mittler, R., Vanderauwera, S., Gollery, M., & Breusegem, F. V. (2004). Reac-
tive oxygen gene network of plants. Trends in Plant Science, 9,
490-498.

Miura, K., Jin, J. B., Lee, J,, Yoo, C. Y., Stirm, V., Miura, T., ... Hasegawa, P. M.
(2007). SIZ1-mediated SUMOylation of ICE1 controls CBF3/DREB1A
expression and freezing tolerance in Arabidopsis. Plant Cell, 19,
1403-1414.

Osborn, T. C,, Pires, J. C., Birchler, J. A, Auger, D. L., Chen, Z. J., Lee, H.-S,,
... Martienssen, R. A. (2003). Understanding mechanisms of novel gene
expression in polyploids. Trends in Genetics, 19, 141-147.

Pandit, M. K. (2006). Continuing the search for pattern among rare plants:
Are diploid species more likely to be rare? Evolutionary Ecology
Research, 8, 543-552.

Paterson, A. H., Freeling, M., Tang, H., & Wang, X. (2010). Insights from
the comparison of plant genome sequences. Annual Review of Plant
Biology, 61, 349-372.

Pecinka, A., Abdelsamad, A., & Vu, G. T. H. (2013). Hidden genetic nature
of epigenetic natural variation in plants. Trends in Plant Science, 18,
625-632.

Phillips, T. (2008). The role of methylation in gene expression. Nature Edu-
cation, 1, 116.

Ranney, T. G. (2006). Polyploid: From evolution to new plant development.
Combined Proceedings International Plant Propagators' Society, 56,
137-142.

Razin, A, & Cedar, H. (1991). DNA methylation and gene expression.
Microbiological Reviews, 55, 451-458.

Rice, A., Smarda, P., Novosolov, M., Drori, M., Glick, L., Sabath, N., ...
Mayrose, I. (2019). The global biogeography of polyploid plants. Nature
Ecology & Evolution, 3, 265-273.

Soltis, P. S., Marchant, D. B., de Peer, Y. V., & Soltis, D. E. (2015). Poly-
ploidy and genome evolution in plants. Current Opinion in Genetics &
Development, 35, 119-125.

Soltis, P. S., & Soltis, D. E. (2000). The role of genetic and genomic attri-
butes in the success of polyploids. Proceedings of the National Academy
of Science of the United States of America, 97, 7051-7057.


https://doi.org/10.1111/oik.07095

LU ET AL.

5 WILEY_| 2

Soltis, P. S., & Soltis, D. E. (2012). Polyploidy and genome evolution (Vol.
665). Berlin, Germany: Springer.

Song, Q., & Chen, Z. J. (2015). Epigenetic and developmental regulation in
plant polyploids. Current Opinion in Plant Biology, 24, 101-109.

Stebbins, G. L. (1971). Chromosomal evolution in higher plants. London, UK:
Edward Arnold Ltd.

Steward, N., Ito, M., Yamaguchi, Y., Koizumi, N., & Sano, H. (2002). Periodic
DNA methylation in maize nucleosomes and demethylation by environ-
mental stress. The Journal of Biological Chemistry, 277, 37741-37746.

Storme, N. D., & Geelen, D. (2013). Sexual polyploidization in plants—
cytological mechanisms and molecular regulation. New Phytologist,
198, 670-684.

Sugiyama, S. (1998). Differentiation in competitive ability and cold toler-
ance between diploid and tetraploid cultivars in Lolium perenne.
Euphytica, 103, 55-59.

Thompson, J. D., & Lumaret, R. (1992). The evolutionary dynamics of poly-
ploid plants: Origins, establishment and persistence. Trends in Ecology &
Evolution, 7, 302-307.

Treier, U. A, Broennimann, O., Normand, S., Guisan, A., Schaffner, U., Steinger,
T., & Miiller-Schérer, H. (2009). Shift in cytotype frequency and niche space
in the invasive plant Centaurea maculosa. Ecology, 90, 1366-1377.

Tyler, B., Borrill, M., & Chorlton, K. (1978). Studies in Festuca
X. observations on germination and seedling cold tolerance in diploid
Festuca pratensisand tetraploid F. pratensis var. appennina in relation to
their altitudinal distribution. Journal of Applied Ecology, 15, 219-226.

Vogel, J. T., Zarka, D. G, Buskirk, H. A. V., Fowler, S. G, &
Thomashow, M. F. (2005). Roles of the CBF2 and ZAT12 transcription
factors in configuring the low temperature transcriptome of Ara-
bidopsis. Plant Journal, 41, 195-211.

Walter, J., Harter, D. E. V., Beierkuhnlein, C., & Jentsch, A. (2016). Trans-
generational effects of extreme weather: Perennial plant offspring
show modified germination, growth and stoichiometry. Journal of Ecol-
ogy, 104, 1032-1040.

Wang, V., Jiang, C.-J., & Li, Y.-Y. (2012). CsICE1 and CsCBF1: Two tran-
scription factors involved in cold responses in Camellia sinensis. Plant
Cell Reports, 31, 27-34.

Wang, Z., Wang, M., Liu, L., & Meng, F. (2013). Physiological and proteo-
mic responses of diploid and tetraploid black locust (Robinia pseudo-
acacia L.) subjected to salt stress. International Journal of Molecular
Sciences, 14, 20299-20325.

Weber, E. (2000). Biological flora of central Europe: Solidago altissima L.
Flora, 195, 123-134.

Weber, E. (2017). Invasive plant species of the world: A reference guide to
environmental weeds. Germany: CABI.

Weiss-Schneeweiss, H., Emadzade, K., Jang, T.-S., & Schneeweiss, G. M.
(2013). Evolutionary consequences, constraints and potential of poly-
ploidy in plants. Cytogenetic and Genome Research, 140, 137-150.

Werner, P. A, Bradbury, I. K., & Gross, R. S. (1980). The biology of Cana-
dian weeds. 45. Solidago canadensis L. Canadian Journal of Plant Sci-
ence, 60, 1393-1409.

Xie, H., Han, Y., Li, X, Dai, W., Song, X., Olsen, K. M., & Qiang, S. (2020).
Climate-dependent variation in cold tolerance of weedy rice and rice
mediated by OsICE1 promoter methylation. Molecular Ecology, 29,
121-137.

Xie, H., Sun, Y., Cheng, B., Xue, S., Cheng, D., Liu, L., ... Qiang, S. (2019).
Variation in ICE1 methylation primarily determines phenotypic varia-
tion in freezing tolerance in Arabidopsis thaliana. Plant and Cell Physiol-
ogy, 60, 152-165.

Xie, H., Li, H., Liu, D., Dai, W., He, J,, Lin, S., ... Qiang, S. (2015). ICE1
demethylation drives the range expansion of a plant invader through
cold tolerance divergence. Molecular Ecology, 24, 835-850.

Xu, Y., Zhong, L., Wu, X., Fang, X., & Wang, J. (2009). Rapid alterations of
gene expression and cytosine methylation in newly synthesized Bras-
sica napus allopolyploids. Planta, 229, 471-483.

Zhen, Y., & Ungerer, M. C. (2008). Clinical variation in freezing tolerance
among natural accessions of Arabidopsis thaliana. New Phytologist, 177,
419-427.

Zhu, J., Dong, C.-H. & Zhu, J.-K. (2007). Interplay between cold-
responsive gene regulation, metabolism and RNA processing during
plant cold acclimation. Current Opinion in Plant Biology, 10, 290-295.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Lu H, Xue L, Cheng J, et al.
Polyploidization-driven differentiation of freezing tolerance in
Solidago canadensis. Plant Cell Environ. 2020;43:1394-1403.
https://doi.org/10.1111/pce.13745



https://doi.org/10.1111/pce.13745

	Polyploidization-driven differentiation of freezing tolerance in Solidago canadensis
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Plant materials
	2.2  Determination of freezing tolerance
	2.3  Changes of physiological parameters in different populations under freezing treatment
	2.4  Cloning of full-length ICE1 gene, partial-length CBF3 and COR414 gene
	2.5  DNA extraction and flank sequencing
	2.6  Relative gene expression level of ScICE1, ScCBF3 and ScCOR414
	2.7  Confirmation of ScICE1 gene copy number
	2.8  Determination of DNA methylation sites
	2.9  Statistical analysis

	3  RESULTS
	3.1  Freezing tolerance of 35S. canadensis populations
	3.2  Changes of physiological parameters in selected populations
	3.3  Relative expression of CBF pathway genes
	3.4  Gene copy number of plants with different ploidy levels
	3.5  DNA methylation sites of plants with different ploidies

	4  DISCUSSION
	4.1  Freezing tolerance differentiation in S. canadensis cytotypes
	4.2  Molecular basis of the freezing tolerance differentiation
	4.3  Trade-off strategy for resource balancing

	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES


