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Abstract The Betula genus contains pentacyclic triter-
penoid betulin known for its environmental adaptation and
medicinal properties. However, the mechanisms underlying
betulin biosynthesis responding to climate change remain
unclear. In this study, the role of epigenetic modification
(DNA methylation) in betulin biosynthesis was exam-
ined and how climatic factors influence it. Whole-genome
bisulfite sequencing was performed for greenhouse-grown
Chinese white birch (Betula platyphylla Sukaczev) treated
with DNA methylation inhibitor zebularine (ZEB) and a
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natural birch population in Northeast China. ZEB treat-
ment significantly affected the CHH methylation level of
transposable elements and betulin content in a hormesis
dose-dependent manner. The methylation and expression of
bHLHY, a key transcriptional factor controlling betulin bio-
synthesis, were also consistently affected by ZEB treatment
as a hormetic dose-response. In the natural population, there
was a positive correlation between promoter methylation of
bHLH9 and summer precipitation, while winter temperature
was negatively correlated. Thus climate-dependent meth-
ylation of PHLH9 regulates the expression of downstream
genes involved in betulin biosynthesis. This study high-
lights the role of environmental signals to induce epigenetic
changes that result in betulin production, possibly helping to
develop resilient plants to combat ongoing climate change
and enhance secondary metabolite production.
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Introduction

Climate change is a complex subject that involves changes in
various climatic factors such as rises in atmospheric green-
house gases, increases in the Earth’s temperature, changes
in precipitation patterns, and increases in the frequency
of extreme weather events. High temperatures cause geo-
graphic range shifts of forest tree species, resulting in migra-
tion towards cooler northern or higher altitudes, which may
not be suitable for their growth and reproduction (Aitken
et al. 2008). Several examples of geographic range shifts
of tree species have been documented, either in latitude
(Lavergne et al. 2010) or in elevation (Lenoir et al. 2008).
Severe drought episodes have also led to the local extinction
of numerous tree species (Allen et al. 2010). These trends
are predicted to become more pronounced in the future cli-
mate (Thuiller et al. 2005; Morin et al. 2008), which would
most possibly change the composition of plant communities
(Bertrand et al. 2011) and affect species adaptation to altered
biotic and abiotic factors (Suttle et al. 2007).

Epigenetic modifications are independent of DNA
sequence variation and can facilitate rapid species adaptation
by giving rise to alternative epigenomes. Various epigenetic
processes, including DNA methylation, histone modifica-
tion and RNA-mediated processes, influence gene expres-
sion at the transcription level. Thus, epigenetic modifications
increase genetic plasticity and provide an additional layer of
gene regulation to a changing environment (Grativol et al.
2012; Schulz et al. 2014). In addition, epigenetics shape
plant phenotypes that contribute to adaptation under natural
selection (He et al. 2018).

DNA methylation is a conserved epigenetic mark, which
involves the addition of a methyl group to the fifth position
of a cytosine nucleotide catalysed by DNA methyltrans-
ferases (Cervera et al. 2002; Zhang et al. 2018). In plants,
DNA methylation occurs in three different contexts, CG,
CHG, and CHH sites where H=A, C, T “not G”, especially
in repeat sequences and transposable elements (Schulz et al.
2014). De novo DNA methylation in different sequence
contexts is executed by DNA methyltransferase DRM?2
(Domains Rearranged Methyltransferase 2), which is guided
to target loci by RNA-directed DNA methylation pathways
(RdDM) that include two plant-specific RNA polymerases
(Pol IV and Pol V) and small interfering RNAs (siRNAs)
(He et al. 2011; Matzke and Mosher 2014). Distinct path-
ways regulate the maintenance of methylation patterns in
different sequence contexts. METHYLTRANFERASE-1
(MET1) maintains the CG methylation and CHROMO-
METHYLASE-3 (CMT3) maintains the CHG methyla-
tion. The primary H3K9 methyltransferase KRYPTONITE
(KYP/SUVH4), SUVHS, and SUVH6 are SET domain pro-
teins required for CMT3 activity (Ebbs and Bender 2006;
Stroud et al. 2014; Ning et al. 2020). The changes in DNA
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methylation may affect gene expression which contributes
to trait variation as epialleles and are stably inherited over
generations (Heard and Martienssen 2014; Yong-Villalobos
et al. 2015; He et al. 2018). Therefore, the role of epige-
netic mechanisms in the microevolution of plants to natural
environments is emerging, including in long-lived organisms
such as forest trees (Bréautigam et al. 2013). The first step
towards studying the ecological importance of epigenetic
variation is to investigate DNA methylation patterns in natu-
ral populations (Bossdorf et al. 2008; Richards et al. 2010;
Herrera et al. 2012; Hirsch et al. 2013; Busconi et al. 2015).

Environmental stresses such as drought, salinity, cold,
pathogens, and heavy metals are known to alter DNA meth-
ylation patterns in plants (Wada et al. 2004; Verhoeven
et al. 2010; Liu et al. 2018). In maize, cold stress caused
genome-wide demethylation of stress-responsive genes
(Steward et al. 2002). Likewise, drought resulted in the
decrease of DNA methylation of stress-responsive genes in
rice, most of which reverted to their original state at recov-
ery (Wang et al. 2011). To combat environmental stress,
plants have developed an extensive chemical arsenal com-
prising a diverse array of temporally and spatially specific
secondary metabolites. Plant secondary metabolites (PSM)
are generated to protect against biotic and abiotic stresses
(Bennett and Wallsgrove 1994; Bray et al. 2000; Hirt and
Shinozaki 2003). DNA methylation has an important role
in the production of secondary metabolites; for example,
the accumulation of paclitaxel (the anticancer drug taxol) in
the cultured cells of a hybrid of English and Japanese yew
(Taxus X media) is linked to DNA methylation modulation
(Lietal. 2013).

White birch (Betula platyphylla suk) is a common species
growing in temperate and boreal forests. The wood is of high
quality and bark extracts protect the species from environ-
mental stress, and are also valued as anticancer and cos-
metic agents. Birch bark is also a reliable source of betulin,
(a pentacyclic triterpenoid), known for its defence against
ultraviolet radiation and for its medicinal properties, includ-
ing anti-inflammatory, antiviral and anticonvulsant func-
tions (Zhao et al. 2007). Betulin content varies significantly
(10% to 40%) in the bark of birch species (B. platyphylla),
and depends on species, age, and climate (Zhao et al. 2007,
Holonec et al. 2012). For example, betulin content ranged
from 11.3 to 20.2% in birch species of northeastern China
(Zhao et al. 2007), and 14.5% to 16.5% from species in the
Western Carpathian Mountains in Romania (Holonec et al.
2012). The transcription factor bHLH9 (basic helix-loop-
helix9), together with gene encoding enzymes such as FPS
(farnesyl pyrophosphate synthase), SS (squalene synthase),
SE (squalene epoxidase), and LUS (lupeol synthase), play a
crucial role in betulin biosynthesis (Yin et al. 2017; Alonso-
Serra et al. 2019). Betulin content is also influenced by
drought and temperature (Yin et al. 2015, 2017; Zhang et al.
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2016; Guo et al. 2017). However, the relationship between
climatic factors, gene regulatory components, and betulin
content has not been studied in birch at a broad geographi-
cal scale.

In this study, seeds of Chinese white birch (B. platy-
phylla) were treated with different concentrations of zebu-
larine (a DNA methylation inhibitor), a nucleoside analogue
of cytidine that inhibits DNA methyltransferase by cova-
lent modifications (Zhou et al. 2002). The hormesis effects
of zebularine on the dynamics of DNA methylation, gene
expression, and betulin accumulation of birch seedlings have
been confirmed. In addition, the DNA methylation level of
the bHLH9 promoter and the betulin contents of natural
birch populations from different locations were significantly
associated with climatic factors. Overall, experimental evi-
dence is provided to support the hypothesis that climatic fac-
tors alter the DNA methylation status of the promoter region
of the bHLHO transcription factor, which in turn regulates
the expression of betulin biosynthetic genes that affect natu-
ral betulin production.

Materials and methods

The leaves of naturally growing 20-30 year-old birch
were collected at various locations (Table S1). The sam-
ple were denoted as H1 and H2, their geographic location
was the Northeast Forestry University Harbin, Heilongjiang
(126.62 °E, 45.72 °N). The second sample, European white
birch (Betula pendula Roth., Finland), was denoted as J1,
J2, and J3, and the collection location was the Jiangshan-
jiao region of Heilongjiang (128.97 °E, 43.85 °N). The third
sample denoted as B1 of European white birch (Sweden)
was collected at the Binxi Forest Farm Binxian region of
Heilongjiang (127.19 °E, 45.65 °N).

Betula platyphylla seeds from 20 to 30 year-old trees
were provided by the State Key Laboratory of Tree Genet-
ics and Breeding (TGB) of the Northeast Forestry University
in 2014. In the greenhouse, the seeds were planted in pots
and germination frequency counted after 15 days. In 2016,
the two-year-old seedlings were transplanted into cultivated
land at the Northeast Forestry University’s Institute of Floral
Bioengineering for two years (Fig. S1). Morphological data
were collected, specifically, height, stem diameter, and num-
ber of branches. After data collection, leaves were frozen in
liquid nitrogen and stored at — 80 °C.

Zebularine (ZEB) treatments

Betula platyphylla seeds (approximately 21,000) were
immersed for 16 h in a 50 mL Erlenmeyer flask containing
distilled water and then gently shaken overnight at 22 °C.
The seeds were sterilized in a solution of 75% alcohol, 2%

sodium hypochlorite, and 0.01 M phosphate-buffered saline
(PBS). After sterilization, the seeds were stored at 22 °C
overnight, then soaked in 20 mL of different concentra-
tions of zebularine buffers such as 0.0 pM (ZEBO), 50 pM
(ZEB50), 100 pM (ZEB100), 200 uM (ZEB200), 300 uM
(ZEB300), 400 pM (ZEB400), and shaken overnight. Fol-
lowing rinsing with distilled water 3—4 times, the seeds were
mixed with sterilized medium of peat moss, garden soil, and
river sand (V/V=5:2:1).

DNA extraction and bisulfite libraries

Young leaves of 4-year-old Chinese white birch seedlings
and the naturally growing birch samples were used to extract
DNA using the SP Plant DNA Kit (OMEGA Bio-Tek, Nor-
cross, GA, USA). The bisulfite kit ZYMO EZD DNA meth-
ylation-Gold™ (Sigma) was used on the extracted DNA
after desalting. The DNA was recovered from a sizing gel
to select for fragment size, and PCR amplification was per-
formed to construct the MethylC-seq library, and finally,
an Illumina Hiseq2000 sequencer was used for PE150
sequencing.

Data analysis of birch DNA methylation

The raw data from the Illumina Hiseq was analysed using
SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle
(https://github.com/najoshi/sickle) software, following
standard rules to filter the raw data and to obtain “clean
reads”, where the N base content was < 10%, the base quality
at the 3’ end > 20, and the length of reads > 70. The clean
reads were mapped to the European birch genome (GoGe
comparative genomics platform, https://genomevolution.org/
CoGe/Genomelnfo.pl?gid=35079) through Bitmap (https://
github.com/genome-vendor/bsmap). The Fisher exact test
and sliding window algorithm were used to analyse the
genome-wide, differentially methylated regions (DMRs).
The minimum coverage of mapping reads for each cytosine
was 4, according to Zhang et al. (2016). The fold change
of DMR methylation level must be greater than 2, and the
regions with a distance between the intervals should be less
than 200 bp. Reads were merged to obtain the final DMRs.
The goatools (https://github.com/tanghaibao/GOatools)
software was used to get gene ontology enrichment at 9 lev-
els for genes with DMR in the promoters. The Bonferroni
method calculated the false discovery rate (FDR) to correct
the P-value for multiple tests and therefore, an FDR < 0.05
is considered statistically significant.

Determination of betulin content by UPLC

Ultra-high-performance liquid chromatography (UPLC) and
a C18 column (1.7 pm, 2.1 mm X 50 mm, Waters) at a flow
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rate of 0.3 mL/min was used to measure betulin (Yin et al.
2012). A mobile phase composed of 0.05% phosphoric acid
as solvent A and acetonitrile as solvent B was pumped into
the column equilibrated with 30% solvent B, and then eluted
by a 30% to 60% solvent B linear gradient for 30 min. A
90% solvent B linear gradient was run for 1 min, and then
by a 90% solvent B gradient for isocratic development with
a 90% to 30% solvent B linear gradient. The eluents were
scanned at 203 nm.

RNA extraction and real-time quantitative PCR

After seed treatment with different concentrations of ZEB,
the bark cambium of a 4-year-old Chinese white birch and
a control seedling were collected and ground separately
into a frozen powder using liquid nitrogen. Total RNA was
extracted using the RNA extraction kit from Eastep® Super
(Promega, Beijing). PCR primers were designed (Yin et al.
2015) for the specific betulin biosynthesis-related genes
based on the European white birch genome using Geneious
(http://www.geneious.com) (Table S2). After RNA extrac-
tion, cDNA was synthesised, and a reverse transcription
reaction carried out. The total reaction mixture was 10 pL
containing 1 pL Primer Script RT enzyme, 1 pL RT Primer
Mix, 4 pL 5 X Primer Script buffer and 4 pL. RNase-free
ddH,0. The reaction conditions were 15 min at 37 °C, 5 s at
85 °C, and finally 10 min at 0 °C. The tenfold diluted DNA
product was used for fluorescence quantification. A tubulin
gene was used as a control, and PCR analysis was performed
using Applied Biosystems ABI7500 real-time PCR and the
SYBR Premix Ex Taq™II. Each PCR was performed in a
15 pL reaction containing 6.3 pL 10 X diluted cDNA tem-
plate, 7.5 pL SYBR Green Supermix, 0.6 pL forward primer,
and a 0.6 pL reverse primer. The transcript abundance of
each gene was calculated using the 2-(— AACt) CT method
(Skern et al. 2005). All gqRT-PCR experiments were per-
formed as three independent technical replicates.

McrBC-gPCR

DNA was extracted from the bark cambium of 4-year-
old Chinese white birch plants treated with different ZEB
concentrations and controls. McrBC digestion was carried
out in 20 pL containing 2 pL. 10X NE buffer, 1 pL 2 mg/
mL BSA, 2 pL 10 mM GTP, 1 pL McrBC enzyme, 10 ng
DNA to make the final 20 pL using ddH,O. The reaction
was incubated at 37 °C for 16 h. A sample (tenfold diluted)
of the digested DNA was used as a template for real-time
quantitative PCR using the same machines and procedure
as described in the QRT-PCR section. The primer design for
McrBC-qPCR followed the same procedures as described
above (Table S3).
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Statistical and meteorological data analysis

R language (https://www.r-project.org) was used for statisti-
cal analysis and chart drawing; the Wilcoxon-test was used to
look for significant differences in white birch groups. The R
package raster was used to extract the biol-biol9 climatic
data from WorldClim (http://www.worldclim.org) based on
known latitude and longitude (Table S4). The R package
Maptools was used to draw the maps of the field-grown birch
trees located in northeastern China.

Results
Birch biomass growth and ZEB treatments

To analyse the effects of DNA methylation on birch growth,
the cytosine methylation inhibitor ZEB was used at differ-
ent concentrations to treat the B. platyphylla seeds before
sowing (Fig. 1a). The germination rate varied with different
concentrations of ZEB; germination of 12.7% occurred at
the highest concentration (400 pM) compared to the controls
at 37.7% (Fig. 1b). Approximately 65.8% reduction in ger-
mination occurred at 400 pM of ZEB, indicating the effects
ZEB treatments (Table S5). To further investigate whether
the ZEB- treated plants have morphological deformities,
plant height, stem diameter, number of branches on the first
side, and number on the second side was measured from
one to 4-year-old seedlings (Figs. S1, S2). Compared to the
controls, the different concentrations of ZEB- treated plants
showed no significant differences in morphological traits
(Fig. 1c—f). Therefore, the highest concentration of ZEB
significantly inhibited seed germination but had no effect
on birch plant biomass (Table S6).

Hormesis effect of ZEB treatment on CHH methylation
of transposable elements underlying betulin
biosynthesis

To assess the impact of different ZEB concentrations on
birch genome methylation status, WGBS deeply sequenced
one sample from each treatment. The genomic landscape for
cytosine in each context of DNA methylation was plotted
(Fig. 2a), and there was a clear correlation between methyl-
ated cytosine density and DNA methylation level (Fig. 2b).
The four samples were used for bisulfite sequencing, such
as ZEBO (0 pM), ZEB50 (50 pM), ZEB200 (200 pM), and
ZEB400 (400 pM) from 4-year-old birch seedlings to isolate
DNA for the construction of bisulfite-treated DNA librar-
ies. In total, 154,117,670— 181,942,768 raw reads were
generated for each of the samples (Tables S7, S8). After
eliminating adapter contaminates and low-quality reads, the
number of reads aligned to the birch genome accounted for
approximately 60% and was further reserved for analysis of
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Fig. 1 Germination rate and morphological traits of birch treated
with different concentrations of ZEB; a and b germination after treat-
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cytosine methylation at single-base resolution with 30-fold
genomic coverage (Table S9). The genome’s high coverage
also brings at least four reads close to 60% of the cytosine
in the genome, thereby providing high-quality methylation
levels and methylated sites (Fig. S3).

Over 99% CT conversion was observed for all samples
by calculating the bisulfite mapping rate of unmethylated
chloroplast and mitochondria genome, indicating a highly
reliable methylation calling result (Table S9). Eventually,
approximately 48%, 36%, and 16% of cytosine were methyl-
ated in CG, CHG, and CHH context (Fig. S4), (Table S10),
respectively. This is quite different from the results from
poplar (Liang et al. 2014), possibly due to differences in
transposons contents. All DNA methylation was abundant
in the heterochromatin region of the chromosome but rela-
tively lower in the euchromatin region (Fig. 2a, Fig. S5),
which mainly represses the jumping of the transposon to
maintain the stability of the genome (Zhang et al. 2006).
The distribution pattern of genomic features revealed that
the repetitive sequence, such as TEs, was spread uniformly
across the entire birch genome relative to Arabidopsis thali-
ana (Zeng et al. 2015). In Arabidopsis, the transposon ratio
is less than 15% and is mainly enriched in the centromere’s
heterochromatic regions. In contrast, in the birch genome,
the transposon content was very high, up to 50%, with a
similar distribution of transposon as in the tomato genome
(Salojérvi et al. 2017; Corem et al. 2018), suggesting that
species with high transposon content are prone to higher
epialleles.
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To study how ZEB alters the degree of DNA methylation
across chromosomes, the genomic features of all contexts of
DNA methylation were examined, and it was found that TEs
are the main target of methylation without context specific-
ity. The CHH methylation level of birch treated with ZEB
varied significantly compared to the controls, and there were
no such observations in CG CHG (Fig. 2c). Maintenance
of CG methylation throughout the genome is greater than
in mCHG and mCHH (Zhang et al. 2006) and consistently
affected the entire genome. Conversely, the depletion of
CHG and CHH methylation was mostly affected in the chro-
mosome pericentric regions. Patterns of DNA methylation
throughout the gene regions were analysed, 1 kb upstream
and downstream flanking sequence, and the rate of DNA
methylation rapidly increased when departing from the tran-
scription starting sites and termination sites in all the con-
texts. This CG methylation also showed a higher level in the
gene body; in contrast, CHG and CHH methylation levels
were fewer in the body region than in the flanking regions.

DNA methylation levels in the mCHH context of TEs
showed a hormesis effect in the ZEB- treated plant, in
which the CHH methylation level was decreased in ZEB50
treatment but increased in ZEB200 treatment and ZEB400
treatment compared to ZEBO treatment(Fig. 2c). To con-
firm this, the methylation variation of the whole genome
was further analysed in the genes and TEs through DMRs
(differentially methylated regions). This is consistent with
the trend of DNA methylation level on TE, i.e., low concen-
trations of ZEB (Z50) induced more hypo-DMRs (66.0%)
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Fig. 2 DNA methylation
landscape and patterns in gene
and TE in birch treated with
different ZEB concentrations. a
landscape of DNA methylation
in the birch genome treated with
different concentrations of ZEB.
TEs and genes are indicated by
orange and purple in the first
two circles; methylation levels
of the birch sample (ZEBO,
ZEB50, ZEB200, ZEB400)

are shown by mCG, mCHG,
and mCHH circles. Maximum
methylation levels are 0.96
(mCG), 0.80 (mCHG), and
0.16 (mCHH); b methylcyto-
sine distribution of two DNA
strands and the density of gene
and TE throughout chromo-
some 1 in each context. Lines in
each upper part show cytosine
methylation levels in birch
treated with different ZEB con-
centrations; black boxes indicate
the centromere positions; ¢
Each context of DNA methyla-
tion levels throughout the TE
and Gene regions with a 1 kb
flanking sequence. The lines in
different colours represent birch
samples with different concen-
trations of ZEB treatment
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compared with the controls (ZEBO), and high concentration
of ZEB will produce more hyper-DMRs (66.3%), which is
most evident in the CHH context. As described previously,
ZEB treatments caused significant changes in the methyla-
tion levels of TEs. Therefore, the number of DMRs on the
TE:s is higher than on the genes (Fig. 3a, b, Figs. S6 and S7).

Furthermore, the DMRs in the TEs showed no substantial
variations in the number of DMRs in the context of mCG/
mCHG, while the number of CHH-DMRs in the different
ZEB treatments was considerably fivefold higher relative to
mCG and mCHG (Fig. 3b), suggesting that CHH methyla-
tion, rather than CG and CHG methylation, is involved in
biological functions of birch after ZEB treatments. To exam-
ine this, the mCHH-DMRs related genes, located within
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may be involved in betulin biosynthesis.
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Betulin content with hormesis caused by ZEB
treatments

To verify the effects of ZEB on the content of betulin, ultra-
high performance liquid chromatography measured betulin
content in the 4-year-old bark of B. platyphylla. The low
concentration of 50 pM ZEB significantly increased the
amount of betulin in the bark relative to controls; for other
concentrations of ZEB from 100 to 300 uM, the content of
betulin was similar to controls. There was no substantial
difference between treated plants and the controls (p > 0.05,
t-test). The concentration of ZEB 400 pM- treated plants
reduced betulin content significantly compared to controls
(Fig. 3d). The low concentration of ZEB50 significantly
enhanced the betulin content (+32%), while a higher con-
centration of ZEB400 substantially decreased the content
of betulin (—31.6%). Thus, consistent with the hormesis
pattern of CHH methylation regarding ZEB treatments, hor-
metic dose—response curves were also found for the betulin
content under different ZEB treatments (Fig. S8), implying
that DNA methylation regulates betulin biosynthesis as a
hormesis pattern subjected to ZEB treatment.
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Hormesis effects of ZEB treatment on DNA methylation
and expression of bHLH9 transcription factor

McrBC-qPCR and qRT-PCR tests were carried to detect
DNA methylation modification in the promoter regions of
betulin biosynthetic transcription factor gene bHLH9, as
well as the downstream enzymes, including FPS, SS, SE,
LUS and their expression level among ZEBO, ZEB50, and
ZEB400 samples. It was found that the expression patterns
of all the genes were consistent. Moreover, their expression
levels significantly increased with the ZEB50 treatment
compared to controls, while the expression level of these
genes significantly decreased at ZEB400- treated samples
(Fig. 4a), demonstrating the same hormesis pattern with
betulin contents, in which ZEB50 was the highest level and
ZEB400 the lowest (Fig. 3d). While the DNA methylation
was inconsistent, in which only DNA methylation of bHLH9
showed the reverse of its expression (Fig. 4b). In ZEB50
concentrations, DNA methylation was significantly lower in
the promoter region of bHLH9 than in the control. In con-
trast, with ZEB400 treatment, DNA methylation was signifi-
cantly higher compared to controls, which ultimately affects
gene expression (Fig. 4b). As a result, DNA methylation
confirmed a reverse hormesis pattern compared to expres-
sion level (Fig. 4a) and betulin contents (Fig. 3d). Therefore,

BpSS

BpSE

kkk

BpLUS
kkk

*%
*% *
80+ t
*okok
*% I
m JEEL

Bzeso [ zEBSO

100+

[ ]zEB400

Fig. 4 Expression and methylation analysis of betulin biosynthesis genes; a qRT-PCR used to measure gene expression, and b McrBC-qPCR
used to measure the methylation level of putative gene promoters’ regions, * p <0.05, ** p<0.01, and ***p <0.001 indicate level of significance
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the expression pattern and DNA methylation changes of
bHLH?Y are positively and negatively consistent with the pat-
tern of betulin content under ZEB treatments, respectively;
they all showed a trend of hormesis effects (Fig. 3d, Fig. 4a,
b). Thus, variations in the expression of betulin biosynthetic
genes with different ZEB concentrations, and hence betulin
contents, are due to changes in the DNA methylation level at
the promoter region of the PHLHY transcription factor gene,
but not to downstream enzymes.

DNA methylation of bHLHY associated with climatic
factors regarding betulin biosynthesis

The abundance of secondary metabolites such as betulin is
often affected by climatic factors and geographic distribu-
tion, as reported by Yin et al. (2016), Guo et al. (2017), and
Bont et al. (2020). To investigate DNA methylation involved
in the regulation of betulin in natural field adaptation to cli-
matic factors and geographic distribution, six samples were
collected from naturally growing birch distributed in three
locations, Harbin, Jiangshanjiao and Binxi (Fig. S9). The
H1 and H2 samples from Harbin had the highest levels of
betulin, with H1 somewhat lower than H2. Betulin levels of
samples from Jiangshanjiao (J1,J2 and J3) and Binxi (B1)
were similar and significantly lower than the Haribin sam-
ples. The DNA methylation level, located in a TIR (termi-
nal inverted repeat) transposon of bHLH9 promoter regions
of Harbin was the lowest, while Jiangshanjiao and Binxi
samples showed similar DNA methylation levels in all three
contexts of DNA methylation, CG, CHG and CHH (Fig. 5b).
This implies that DNA methylation is involved in betulin
biosynthesis in nature.

To evaluate the association of DNA methylation with bet-
ulin content in natural plants, Spearman correlation signifi-
cance and coefficient of the methylation level of 2 kb regions
upstream of transcription factor gene PHLH9 and the betu-
lin contents were calculated (Fig. 5a, b) as in the previous
analysis (He et al. 2018). As a result, the content of betulin is
negatively associated with DNA methylation levels (Spear-
man Rho= —-0.94, P=0.017, Fig. 5a), demonstrating that
DNA methylation represses betulin biosynthesis in a natural
population, consistent with the ZEB treatments (Fig. 3d, 4a,
b). To exclude genetic variations involved in bHLH9 control-
ling betulin biosynthesis in nature, we searched the SNPs
(single nucleotide polymorphisms) in the bHLH9 genes in
the samples. The phylogenetic study indicated that J1, HI,
and H2 were the same clade, and B1 and J2 were in the same
clade (Fig. S10), demonstrating that there was no correla-
tion of genetic variation with betulin contents across species
in the corresponding bPHLH9 genes. Thus, the epigenetic
alterations are inextricably connected to betulin biosynthesis
in nature.

Previous studies (Yin et al. 2016; Guo et al. 2017) con-
firm that betulin content is affected by climatic conditions
such as temperature and precipitation, implying that DNA
methylation is likely to be involved in the adaptation of birch
through the accumulation of betulin, which acts as a natural
secondary metabolite. To verify the relationship between
climate factors, DNA methylation, and betulin biosynthe-
sis, Spearman correlation analysis of climatic factors from
WorldClim with betulin contents was carried out as well
as DNA methylation levels of betulin biosynthesis genes
as in our previous analysis (He et al. 2018). It was found
that the DNA methylation level of the bHLH9 promoter
is negatively correlated with winter temperatures, such as
bio6 (minimum temperature of coldest month), bio9 (mean
temperature of driest quarter), and biol I (mean temperature
of coldest quarter). When temperatures increase, the DNA
methylation level of the bPHLH9 promoter decreased, but the
decrease in the level of DNA methylation is independent of
sequence methylation contexts. Further, the DNA methyla-
tion level of the bHLH9Y promoter has been found to have a
strong positive correlation with summer precipitation such
as biol2 (annual precipitation), bio16 (precipitation of wet-
test quarter), and biol8 (precipitation of warmest quarter).
Conversely, betulin levels in natural populations are posi-
tively correlated with winter temperatures and negatively
with summer precipitation (Fig. 5c, d; Table S12, S13). This
is consistent with ZEB treatment (Guo et al. 2017). In con-
trast, the other genes involved in betulin biosynthetic path-
ways do not correspond with climates (Fig. 5c¢).

The siRNA (small interfering RNA) analysis of bHLH9
genes indicates the high density of the 24 nt siRNA in the
TIR regions, consistent with the CHH methylation enrich-
ments. But the DNA methylation level variations in the
promoter region of bHLH9 were not correlated with 24 nt
siNRA changes among different samples (Fig. S11). It sug-
gests that the RdADM pathway may de novo establish the
DNA methylation of the region, but the maintenance of the
DNA methylation subject to mitosis or meiosis is somehow
affected by the natural environment (Zhang et al. 2018;
Johannes and Schmitz 2019). Therefore, environmental
factors influence the betulin biosynthesis genes to regulate
betulin content by affecting the level of methylation in the
promoter regions of the bPHLHY transcription factor.

Discussion

It has been highly debated that DNA methylation, as well
as other epigenetic modifications, may be involved in the
adaptation of plant plasticity to environmental factors and/
or climate changes, but solid evidence is lacking (Springer
and Schmitz 2017; Johannes and Schmitz 2019). Previ-
ously, it was confirmed that the global DNA methylation of
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Fig. 5 The correlation between bHLH9 promoter methylation
and polymorphic climate factors. a The determination of betulin in
natural population; x-axis is the natural birch samples (H, J, B), the
y-axis the betulin content; N=9, technique replicates; P-values and
Rho indicate the Spearman correlation of betulin contents with CHH
methylation level of bHLH9 promoter. b The IGB snapshot of CG/
CHG/CHH methylation in the promoter region of the bHLHY gene
in the natural population; TIR, terminal inverted repeat. ¢ Heat-
map showing spearman significance and coefficient between the
DNA methylation level in the promoter region of the betulin biosyn-
thesis genes and climatic factors in the natural birch population. The

Arabidopsis accessions are negatively associated with the
temperatures in Europe, in which the accessions with hypo-
methylome are enriched in regions with higher temperatures
(Kawakatsu et al. 2016). A naturally occurring epiallele con-
trolling leaf senescence negatively associated with tempera-
tures in Arabidopsis was also uncovered (He et al. 2018).
Therefore, leaf senescence is accelerated in higher tempera-
tures mediated by hypo DNA methylation, which shortens

@ Springer

x-axis represents the bio variables from the WorldClim v1.4 database.
The left side of the y-axis represents the betulin contents (as shown
in a) and genes in the betulin biosynthesis pathway, and the right
side shows each context of DNA methylation. The box with brown
(p-value <0.01) and blue (p-value<0.05) color represent the high
significance of correlation in the left part of the heatmap. The box
with green (Rho<0) and the pink (Rho>0) color in the right part
represent the correlation coefficient, respectively. d Quantification of
bHLH9 promoter methylation level and climatic data of the natural
birch population

the life cycle of Arabidopsis and gives rise to flowering and
rapid seed production. Since it is safer and more efficient for
Arabidopsis to avoid abiotic stresses by producing seeds,
‘death’ is the best way to survive for annual plants dealing
with severe environments. Perennial plants, with a different
adaptation strategy of annual plants, adapt to be resistant to
seasonal alterations and climate changes. However, it has
been poorly understood how epigenetic modifications are
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involved in the adaptation of trees to environmental factors.
In this study, it was confirmed that betulin biosynthesis is
controlled by DNA methylation of bHLH9 associated with
temperature and precipitation.

To determine the causal effects of DNA methylation
on betulin biosynthesis and expression of key genes, ZEB
treatments, a common inhibitor of methylcytosine, were car-
ried out on birch seed and the phenotypes and methylomes
examined in 4-year-old seedlings. Unexpectedly, there were
no significant differences between control and ZEB treated
samples in terms of growth and biomass. However, the CHH
methylome is affected by the ZEB as a hormesis pattern,
in which ZEB50 decreases the whole genome methylation,
but ZEB200 and ZEB400 increase the whole genome meth-
ylation. The hormesis pattern is consistent with chemical
treatments of the study by Jones and Taylor (1980). In addi-
tion, the CHH-DMRs also support that compared to control;
the hypo-DMR of ZEB50 is higher than the hyper-DMRs,
whereas the patterns are reversed in ZEB200 and ZEB400.
GO enrichment analysis demonstrated that the genes flank-
ing CHH-DMRs are related to betulin biosynthesis. The
betulin contents also consistently show a hormesis pattern
under ZEB treatments. To verify the molecular mecha-
nism, the focus was on the key genes of betulin biosynthe-
sis, including bHLHO transcriptional factors as well as the
downstream enzymes (Yin et al. 2017; Alonso-Serra et al.
2019). It was found that the expression of bHLH9 genes,
rather than the downstream genes, are negatively associated
with DNA methylation of bHLH9 promoters.

Both the expression of and DNA methylation of bDHLH9
exhibited hormesis patterns under the ZEB treatments
(Fig. 4). Although CYP716A12 encodes an enzyme that
directly converts lupeol into betulin in B. platyphylla (Fuku-
shima et al. 2011), there is no clear evidence that bHLH9
influences or regulates CYP716A12 through environmen-
tal factors to regulate betulin content. It is suggested that
the CYP716A12 gene expression will be consistent with
other betulin biosynthetic genes. Therefore, DNA methyla-
tion may indirectly regulate betulin biosynthesis through
bHLHY, an upstream transcription factor that directly regu-
lates downstream genes involved in betulin biosynthesis.
Thus, ZEB does not explicitly influence the methylation of
betulin biosynthetic enzymes but acts indirectly by affect-
ing methylation in the promoter regions of bHLH9 to regu-
late the expression of these genes. The specific effects of
ZEB on DNA methylation of bHLH9 may be related to the
TIR transposons of its promoter, which need to be further
clarified. Betulin is a special metabolite produced from birch
bark, and has a broad range of pharmacological and biologi-
cal properties, preventing the birch from damage to UV light
in nature. The natural birch material was mainly collected
from northeast China which has a continental climate at
high latitudes. The coldest and driest period is in the winter

season; the warmest and wettest periods occur in the sum-
mer. The present study investigated Spearman correlations
between the methylation levels of important gene promoter
regions, which encode enzymes for betulin biosynthesis,
and their relation with climate. There was a significant
negative correlation with winter temperatures from World-
Clim, for example, bio6 (minimum temperature of coldest
month), bio9 (mean temperature of driest quarter), and biol I
(mean temperature of coldest quarter). When temperatures
increased, the methylation level of bHLH9 decreased, but the
decrease in the level of DNA methylation was independent
of sequence contexts. In addition, the methylation level of
bHLH9 has been found to have a strong positive correlation
with summer precipitation such as biol2 (annual precipi-
tation), biol6 (precipitation of wettest quarter), and biol8
(precipitation of warmest quarter), but no correlation with
other climatic factors.

From the association analysis, it was inferred that the
high temperatures from high-density sunlight in winter may
induce low DNA methylation in the promoter region of the
bHLH9Y transcription factor and increase gene expression as
well as betulin biosynthesis, promoting the capacity of birch
resistance to the high density of UV light. Large amounts
of rainfall, leading to low density sunlight in summer, may
increase the DNA methylation of bHLH9 and decrease the
expression of related genes and betulin content, adapting to
the low density of UV light in sunlight (Fig. 5c, d). Previ-
ously, we reported that seasonal and environmental factors
significantly influence betulin accumulation in the stem bark
(Yin et al. 2015). The betulin content was at its peak in the
warmest summer months from July to August in Harbin.
Guo et al. (2017) also documented the site-based data on
triterpenoid concentrations. Betulin levels increased with
increased temperatures and declined with increased relative
humidity. Nevertheless, more climatic factors, especially UV
radiation and sunlight parameters, should be considered in
future in terms of betulin biosynthesis associated with cli-
mate changes and environmental responses.

There is no clear association between betulin biosynthetic
gene expression and environmental factors in the field sam-
ples. However, there is a relationship between the meth-
ylation of the bHLH9 promoter region and environmental
factors. The evidence indicates a relationship between the
epigenetic regulation of DNA methylation and climate. It
has been previously reported (He et al. 2018) that epigenetic
variation facilitates plant adaptation to changing environ-
ments. A DNA methylation variant region (NMR19-4) was
identified whose methylation status was stably inherited and
independent of underlying DNA sequence variations and
may have a role in local climatic adaptation by plants (He
et al. 2018). Furthermore, SNP analysis of selected birch
species in different locations revealed no genetic differences.
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As a result, changes in bHLH9 gene expression are con-
nected to epigenetic regulation (Fig. S11).

It was also confirmed that bHLHO is an important
upstream transcription factor in the regulation of betulin
biosynthesis. The methylation in the promoter region of this
transcription factor is inversely correlated with winter tem-
peratures (Fig. 5c, d). CHROMOMETHYLASE 2 (CMT2)
regulates temperature-dependent DNA methylation, whereas
it is independent of the RNA-directed DNA methylation
(RdDM) pathways involving 24 nt-siRNA. Previous studies
have elaborated on the role of DNA methylation in response
to temperature. Shen et al. (2014) showed that the absence
of DNA methyltransferase in a cm#2 mutant increased heat-
stress resistance, whereas nrpd2 mutants are hypersensitive
to temperature. Such findings indicate a specific role for
CMT2-dependent CHH methylation and the RdADM path-
ways in response to heat. Thus, the DNA methylation regu-
lating the adaptation of forest species to climate changes
needs to be further confirmed using more samples and sites.

Summarily, a model of betulin biosynthesis controlled
by DNA methylation adapting to climate changes has been
proposed (Fig. 6). In temperate and boreal forests with high
sunlight in winter, high temperatures decrease DNA meth-
ylation levels and increase the expression of bHLH9 and the
downstream enzymes, resulting in a high level of betulin
biosynthesis. High levels of betulin promote birch resistance

Q Methylated Cytosine

Q Unmethylated Cytosine

-

BpbHLHY

Vgl

BpbHLHY

Fig. 6 Schematic model of DNA methylation involved in betulin
biosynthesis regulating the bHLH9 gene expression; small blue bal-
loons represent highly methylated cytosines; white ones represent
low methylated cytosines; with increasing winter temperatures or
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to high levels of sunlight in winter. In forests with high sum-
mer precipitation, high humidity accompanied by low levels
of sunlight increase DNA methylation levels of bHLH9 and
decrease the expression of related genes as well as low-level
betulin contents, which is coincident with low density sun-
light. However, whether DNA methylation of b HLH9 shows
seasonal alterations, or is changed in winter, or is heritable,
and how epimutations are associated with the environment
and how environmental factors affect epigenetic modifica-
tions should be clarified. Future research should also deter-
mine the involvement of ecological interactions and natural
selection in epigenetic adaptation to clarify the mechanism
of epigenetics involved in adaptations in natural forests
under climate changes.

Conclusions

Our study revealed that temperature and precipitation influ-
ence DNA methylation, directly affecting the expression
of the gene encoding the bHLHO transcription factor and
indirectly affecting betulin content in birch, providing addi-
tional evidence that DNA methylation in woody plants is a
respond to climate change, new evidence for epigenetic eco-
logical relevance in Betula. Winter temperature and summer
precipitation increase betulin content by decreasing DNA
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decreasing summer precipitation, the methylation level of the pro-
moter region of the bHLH9 gene will decrease, thereby promoting
the expression of bHLH9, achieving the up-regulation of downstream
betulin synthase and increasing betulin content
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methylation. High winter temperature or aridity in summer
decrease DNA methylation in the promoter of the bHLH9
transcription factor gene and increase its expression, which
acts as an upstream upregulation on the expression of the
downstream enzymes of betulin biosynthesis, resulting in
activation of betulin biosynthesis.

Further research is needed to address the following issues:
(1) To what extent is the methylation-induced differential
accumulation of betulin heritable? (2) What mechanism
regulates the methylation of the promoter region of bHLH9
through temperature and precipitation? (3) To what extent
is methylation of the PHLH9 promoter region genetically
independent? and, (4) Which one is the driver of epigenetic
adaptation, ecological interactions, or natural selection?
More samples and climatic factors from wild birch popula-
tions from various geographical areas are required to char-
acterize the population substructure and subsequently create
an ecotype population library. To offer a firm foundation
for forest ecological epigenetics in the future, more omics
sequencing and mixed linear model analysis are needed to
clarify the chemical adaptability of forest Betula to betulin.
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