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Abstract

Background DNA methylation contributes to the epigenetic regulation of nuclear gene expression, and is associated
with plant growth, development, and stress responses. Compelling evidence has emerged that long non-coding RNA
(IncRNA) regulates DNA methylation. Previous genetic and physiological evidence indicates that INncRNA-CRIRT plays a
positive role in the responses of cassava plants to cold stress. However, it is unclear whether global DNA methylation
changes with CRIRT-promoted cold tolerance.

Results In this study, a comprehensive comparative analysis of DNA methylation and transcriptome profiles was
performed to reveal the gene expression and epigenetic dynamics after CRIRT overexpression. Compared with the
wild-type plants, CRIR1-overexpressing plants present gained DNA methylation in over 37,000 genomic regions

and lost DNA methylation in about 16,000 genomic regions, indicating a global decrease in DNA methylation after
CRIRT overexpression. Declining DNA methylation is not correlated with decreased/increased expression of the DNA
methylase/demethylase genes, but is associated with increased transcripts of a few transcription factors, chlorophyll
metabolism and photosynthesis-related genes, which could contribute to the CRIRT-promoted cold tolerance.

Conclusions In summary, a first set of transcriptome and epigenome data was integrated in this study to reveal
the gene expression and epigenetic dynamics after CRIRT overexpression, with the identification of several TFs,
chlorophyll metabolism and photosynthesis-related genes that may be involved in CRIRT-promoted cold tolerance.
Therefore, our study has provided valuable data for the systematic study of molecular insights for plant cold stress
response.
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Introduction

DNA methylation at the C5 position of cytosine (5-meth-
ylcytosine, 5mC) is conserved in plants and mammals,
and contributes to the epigenetic regulation of nuclear
gene expression and the modulation of chromatin struc-
ture [1, 2]. It has been observed that DNA methylation
is associated with many biological processes, including
embryonic development, fruit ripening, and environ-
mental stress response. Disrupted DNA methylation can
lead to developmental abnormalities among mammals
and plants [1]. In plants, 5mC can appear not only in the
symmetric CG and CHG sequence contexts but also in
the asymmetric CHH sequence contexts (in which H
represents A, T, or C). Two distinct pathways, namely,
the de novo methylation pathway and the maintenance
methylation pathway, are involved in establishing and
maintaining the marks of DNA methylation [1]. In Arabi-
dopsis, the symmetric CG-site methylation is maintained
by the METHYLTRANSFERASE 1 (MET1) during DNA
replication, which recognizes hemi-methylated CG dinu-
cleotides and induces unmodified cytosine methylation
following DNA replication [3, 4]. CHROMOMETHYL-
ASE 2 and 3 (CMT2 and CMT3) play a leading role in
catalyzing CHG methylation [5, 6]. CHH methylation is
performed by CMT?2 or domain-rearranged methyltrans-
ferase (DRM1 and DRM2) depending on the genomic
region. DRM2 maintains CHH methylation through a
plant-specific mechanism, RNA-directed DNA meth-
ylation (RADM) pathway, in which 24 nt small interfer-
ing RNAs (siRNAs) are required [2, 6, 7]. Specific DNA
methylation states are dynamically regulated by DNA
methylation and demethylation reactions. Active DNA
demethylation requires 5’-methylcytosine DNA glycosyl-
ase/lyase enzymes, including REPRESSOR OF SILENC-
ING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2
(DML2), and DML3, which can erase DNA methylation
through a base excision repair pathway [8, 9].

Most plants with sessile structures cannot avoid exter-
nal stresses from the natural environment during their
entire life cycles. Freezing and chilling conditions or
extremely low temperatures are key factors affecting
plant productivity and quality, directly inhibiting enzyme
activities and damaging cell membranes and eventu-
ally leading to cell death. Under these circumstances,
plants have evolved various systems at the molecular,
cellular, and physiological levels to deal with cold stress
[10]. Many molecular changes under cold stress, includ-
ing transcriptional and metabolic changes that increase
or decrease levels of specific RNAs, proteins, phytohor-
mones, and metabolites, have been observed. Down-
regulated genes include photosynthesis-related genes
and growth regulators [11]. However, up-regulated genes
encoding protein kinases, transcription factors and
enzymes, which are involved in signal transduction and
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metabolites synthesis in cold stress responses and fur-
ther regulation of gene expressions [10]. For example,
APETALA?2/ethylene-responsive factor (AP2/ERF) tran-
scription factors, such as Dehydration-response element-
binding proteins (DREBs), that bind to DRE element and
act as master regulators in cold-inducible gene expres-
sion [12]. In addition to the DREB signaling pathway,
other pathways, such as Heat-shock transcription factor
Al (HSFA1) can interacts with NONEXPRESSER OF PR
GENES 1 (NPR1), which is a key component of the SA
signaling pathway, to promote cold acclimation by acti-
vating the expressions of target genes under cold stress
[13].

Cassava (Manihot esculenta Crantz) is recognized as
one of the essential crops with starchy roots as a major
source of carbohydrates for more than 800 million people
worldwide. This crop has been widely cultivated in the
tropics of South America, Africa, and Asia with its high
yield potential and growth capacity in poor soils [14-16].
So far, root starch of cassava has not only been used in
human food, but also in the pharmaceutical, paper, tex-
tile, and biofuel industries [16, 17]. Since 2000, there have
been strong demands for cassava in each year, however,
its potential yields are limited by susceptibility to abiotic
and biotic stresses [16]. In particular, cold stress lead to
severe yield losses [18]. Previous studies have shown the
influences of cold stress on the normal development of
cassava plants [19]. To illustrate, cold stress can increase
proline, malondialdehyde (MDA), soluble sugars, and
ROS levels, and negatively constrain chlorophyll con-
tents [20, 21]. Recent studies show that a number of cas-
sava protein-coding and non-coding RNAs involved in
multiple processes play an important role in the adapta-
tion of plants to cold stress. For example, MeCBF1 over-
expression confers tolerance to cold stress in transgenic
Arabidopsis and cassava plants [22, 23]. RNAi-driven
repression of MeMYB2 results in low-temperature tol-
erance of transgenic cassava plants [24]. Previously, we
identified a cold-induced long non-coding RNA, CRIRI,
which can enhance the cold tolerance of transgenic cas-
sava plants. Transcriptome analysis demonstrated that
CRIR1 regulates a range of cold stress-related genes in
a CBF-independent pathway [25]. However, how CRIRI
affects the expression of these genes remains unknown.
Whether the genome-wide DNA methylation dynamics
are involved in CRIRI-induced gene expression alteration
has not been characterized.

In this study, a whole-genome bisulfite sequencing
analysis was performed on wild-type (WT) plants and
CRIRI-overexpressing (OE) plants, with an interesting
alteration of DNA methylation revealed. Further analy-
sis suggests that CRIRI does not mediate DNA hypo-/
hypermethylation at a subset of genes by regulating
the expression of methylase or demethylase genes. By
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Table 1 Summary of whole-genome bisulfite sequencing data
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Sample Clean reads Mapped Ratio(%) Number of methylated cytosines Conversion rates(%)
mCG mCHG mCHH
WT 165,372,532 75.67 7,355,933 9,845,219 7,390,649 99.27
#1 201,303,078 75.38 7,068,016 9,473,184 7,529,117 99.28
#5 207,692,626 73.98 7,153,737 9,661,019 7,726,702 99.30
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Fig. 1 Genome-wide DNA methylation profiles of wild-type and CRIRT-overexpressing cassava plants. (A) Circle plots of DNA methylation levels in CG,
CHG, CHH contexts across 18 chromosomes of WT and CRIRT-overexpressing #1 and #5 lines. Red color indicates a high methylation level, and blue color
indicates a low methylation level. (B) Average methylation levels of CRIRT-overexpressing (OE) #1, #5 and WT in all three contexts. (C) Average levels of
mC, mCG, mCHG, and mCHH methylation in all genes of OE #1, OE #5 and WT, including 2 kb upstream of transcription start site (TSS) and 2 kb down-

stream of transcription termination site (TTS)

comparing the transcriptomes and DNA methylomes, we
found that decreased gene body methylation in CRIRI-
overexpressing plants is associated with hyperactivation
of these genes, which may also responsible for cold toler-
ance of the transgenic plants. This study has provided a
new insight and a molecular foundation for understand-
ing the underlying mechanisms of CRIRI-induced cold
resistance in plants.

Results

DNA methylome features of CRIR1-overexpressing plants
To investigate whether the genome-wide DNA meth-
ylation dynamics are involved in CRIRI-induced gene
expression alteration, a whole-genome bisulfite sequenc-
ing was performed on the shoot buds and young leaves
collected from transgenic plants and WT plants. For
each sample, at least 200 M paired-end reads (read
length=150 bp) were generated. Approximately 75% of
clean reads were mapped to the reference genome using
BSMAP, covering more than 98% of the genome. Impor-
tantly, the results show that bisulfite conversion rates
are over 99.2% in all samples (Table 1). All of sequenced

methylomes present an average coverage of around 30
folds per DNA strand, indicating that those methylome
data obtained were reliable and accurate. Approximately
92% of cytosines were covered by at least five reads and
more than 80% of genome was covered by at least 30
reads.

Global DNA methylation profiles of chromosomes
1 to 18 are shown in Fig. 1A. Average DNA methyla-
tion levels of each sample were calculated. It shows that
the average genome-wide methylation levels of CG,
CHG, and CHH are 66.7%, 49.5%, and 4.2%, respec-
tively (Fig. 1B). Among them, the CG context presents
the highest methylation level, which is consistent with
the methylation proportion previously discussed [26,
27]. The DNA methylation levels of transgenic lines
and WT are close to each other. Moreover, in order to
explore the relationship between DNA methylation and
gene expression, a comparison of the methylation levels
in the gene body and flanking region was conducted. As
shown in Fig. 1C, similar to other plant species [28, 29],
these plant samples present sharply-dropping methyla-
tion levels around the transcription start site (TSS) and
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the transcription termination site (TTS) in those three
sequence contexts. Significantly, CG context exhib-
its the highest methylation levels across the gene body

(2024) 24:631

(Fig. 1C).

and flanking regions, while CHG and CHH contexts

exhibit higher methylation levels in the flanking regions
than those in the gene body (Fig. 1C). Further analysis
shows that there is no significance difference of methyl-
ation level in gene body, while CHH methylation levels

A

transgenic plants
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at promoter and 2 kb flanking sequences of genes were
reduced in CRIRI-overexpressing plants relative to WT
Identified differentially methylated regions (DMRs) in

To explore the dynamics of DNA methylation at specific
locations in detail, we analyzed the differentially meth-

ylated regions (DMRs) among WT and transgenic plant
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Fig. 2 Identification of DMRs, DMR-related genes (DMGs) and their corresponding signaling pathways. (A) Relative numbers of hyper- and hypo-DMRs
in the CG, CHG, and CHH contexts of OE lines relative to WT. (B) Numbers of DMGS between each pair of comparisons. (C) KEGG analysis of hypo-DMGs

in CRIRT transgenic lines under. (D) Top 20 enriched KEGG pathways
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lines. A total of 53,831 and 53,890 CRIRI-responsive
DMRs (p<0.05) were identified in OE #1 and OE #5
lines, respectively. All DMRs were classified into three
contexts, with CHG and CHH contexts containing the
majority of DMRs (Fig. 2A, Table S2). Further examina-
tion of methylation levels in three contexts revealed that
hypermethylation mainly appears in CHG and CHH
contexts, while hypomethylation appears in all contexts.
In comparison to WT plants, transgenic plant lines
presented much higher numbers of hypomethylated
DMRs (hypo-DMRs) (Fig. 2A). Further analysis of hypo-
DMR distribution among genes, TEs, and their flanking
sequences, showed that hypo-DMRs are preferentially
located in the gene body regions in CG and CHG con-
texts, but are particularly enriched in flanking regions of
genes in the CHH context (Fig. S1).

Furthermore, genes with functional overlap of at least
1 bp with DMRs were selected and defined as DMR-
related genes (DMGs) in this study (Fig. 2B). A total of
2,348 and 4,255 hyper-DMGs and hypo-DMGs were
identified in both OE #1 and OE #5 lines, respectively.
KEGG analysis revealed that hypo-DMGs in CRIRI
transgenic lines are involved in metabolic processes, such
as carbohydrate, lipid metabolism pathway, genetic infor-
mation processing pathway, such as protein translation,
folding, sorting and degradation pathway, environmental

A
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information processing, and cellular processes are also
enriched, indicating a global response of metabolites,
protein, and gene expression changes in transgenic plants
(Fig. 2C). Those top 20 enriched pathways including
glycerolipid metabolism, linoleic acid metabolism, and
mRNA surveillance pathways, are shown in Fig. 2D.

CRIR1 does not mediate DNA methylation by regulating
the expression of methylase or demethylase genes

DNA methylation is dynamically affected by activities
of DNA methyltransferase and DNA demethylase [30].
A large number of hypo-DMRs which could result from
enhanced DNA demethylase activities or decreased
DNA methyltransferase activities, were identified in
CRIR1-overexpressing plants. To investigate these pos-
sible reasons, we examined the expression levels of DNA
methyltransferase and demethylase genes in transgenic
plants. Eight genes of methyltransferase orthologs in cas-
sava genome, including MeMET1/2, MeDRM1/2/3, and
MeCMT1/2/3, were identified in this study. Among these
eight genes, none has significantly increased or decreased
transcript levels in transgenic plants, neither in RNA-
seq nor in qRT-PCR data (Fig. 3A-B). In addition, six
cassava DNA demethylases, including MeDMEI1/2/3
and MeDML1/2/3, were identified. Among these
demethylases, MeDMLI1 is barely expressed (fragments

B
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Fig.3 Expression of DNA methylation/demethylation related genes in WT and transgenic plants. (A) List of DNA methylation (green), and demethylation
(pink) related genes and their corresponding FPKM values in RNA-seq data. (B) Expression levels of DNA methylation genes, including MeMET1, MeDRM1
and MeCMT3, examined with gRT-PCR. (C) Expression levels of DNA demethylation genes, including MeDME2, MeDME3 and MeDML2, examined with qRT-

PCR. Data are provided as means+ SD of three biological replicates
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per kilobase of transcript per million mapped reads,
FPKM<1) in shoots and young leaves of cassava, while
the others are neither induced nor repressed by CRIRI
(Fig. 3A, C). These results indicate that CRIRI does not
mediate DNA methylation by regulating the expression
of methylase or demethylase genes.

CRIR1-hyperactivated genes are correlated with their
decreased DNA methylation

In order to investigate whether altered DNA methyla-
tion levels of CRIRI-overexpressing plants are related to
changes in gene expression, an integrated analysis was
performed on the transcriptome and epigenome data. In
our previous study, RNA-sequencing was performed on
WT and two OE lines cultivated under normal (N) and
cold stress (C) conditions. A total of 385 and 697 CRIRI-
induced DEGs were identified in OE plants grown under
normal and cold conditions, respectively [25]. In this
study, we mainly focused on analyzing the association
between hypo-DMGs and CRIRI-induced DEGs. Venn
diagram shows that hypo-DMGs and DEGs under dif-
ferent conditions highly overlap with each other, and
a total of 44 hypo-DMGs are consistently hyperacti-
vated by CRIRI under both normal and cold conditions
(Fig. 4A). Among them, twelve genes encoding transcrip-
tion factors, chaperone proteins, kinases, or RNA-bind-
ing proteins were selected for further analysis. As shown
in Fig. 4B and C, CRIRI-overexpressing plants present
decreased DNA methylation levels of MeHB7, MeERF2S5,
MeATJ20, MeSRL2, MeCP29B, MeSAPK10, MeABIL2
and MeEDL3, which are negatively correlated with gene
transcription levels (Fig. S2). This indicates that hypo-
methylation is an important factor of the transcrip-
tion regulation of these genes in CRIRI-overexpressing
plants. Among those genes simultaneously up-regulated,
MeSAPK10 encodes a Ser/Thr SnRK2 type kinase, and its
homolog OsSAPKI0 in rice could directly interact with
and phosphorylate OsABFI1, OsbZIP20 and OsWRKY87,
and enhance their DNA-binding capacities with the
promoters of downstream genes, thereby elevating the
transcription of downstream genes and improving chill-
ing, drought and salinity tolerance [31-33]. Belonging
to an F-box protein family, EDL3 functions as a posi-
tive regulator in ABA-dependent signaling cascades that
control anthocyanin accumulation under drought stress
[34]. Over the past decade, significant progress has been
made in the investigation of the role of ERF TF family in
improving cold tolerance of plants [35]. Their expression
levels in young leaves of OE and WT plants were con-
firmed by qRT-PCR (Fig. S2). CRIRI overexpressing in
cassava leads to enhanced cold tolerance, facilitating the
involvement of these genes in cold stress responses.

Page 6 of 12

CRIR1-induced genes are related to chlorophyll
metabolism and photosynthesis

We noticed that four genes relating to chlorophyll
metabolism and photosynthesis, including MeATj20,
MeCP29B, MeCOL16 and MeCIA2, are hypomethylated
and upregulated in the CRIRI-overexpressing plants
(Fig. 4B). MeATJ20 encodes a chloroplast-targeted Dna]
proteins. Knockout of ATJ20 in Arabidopsis will result
in destabilized PSII complexes, decreased photosyn-
thetic efficiency and loss control of balancing the redox
reactions in chloroplasts [36]. The RNA-binding protein
MeCP29B functions as a chloroplast ribonucleopro-
tein and plays a key role in the metabolism of chloro-
plast RNA [37]. CP29 protein in Arabidopsis is essential
for cold stress tolerance with its capacity for stabilizing
numerous chloroplast mRNAs [38]. MeCOLI6 is closely
related to petunia PACOLI16, and its overexpression can
lead to increased chlorophyll biosynthesis gene expres-
sion and higher chlorophyll levels in corollas of petunia
[39]. MeCIA2 is a nuclear transcription factor with a
C-terminal CCT motif, which can activate the expres-
sion of chloroplast transcription-, translation-, pro-
tein import-, and photosynthesis-related genes, thereby
increasing the efficiency of protein import and synthe-
sis in chloroplasts [40]. In Arabidopsis, cia2 mutant was
lighter green than wild-type, and showed reduced chloro-
phyll and carotenoid contents [41]. Interestingly, CRIR1-
overexpressing plants are greener than WT plants, and
exhibited higher levels of chlorophyll (Fig. 5A-B). Con-
sidering that the chloroplast size in the cig2 mutant is
slightly smaller than in wild-type of Arabidopsis, we
examined the ultrastructure of mature leaves from WT
and OE #5 via transmission electron microscopy. As
shown in Fig. 5C, CRIRI overexpression line showed no
phenotypic differences in chloroplast area compared with
WT plant, but the chloroplast membranes density of OE
plant was significantly higher than that of the WT plant.
Further qRT-PCR assay showed that these four genes are
hyperactivated in OE lines compared with WT, which
is consistent with the results of transcriptome (Fig. 5D).
Subsequently, a weighted gene co-expression network
analysis (WGCNA) was performed to screen out CRIRI
target genes related to chlorophyll metabolism. Finally,
20 genes were identified co-expression with MeCIA2.
Among these genes, NPF5, PGR3, RAP, MEE14, ERD4,
SPS4, RAP23, and KRP7 are the most important hub
genes involved in chlorophyll metabolism. In addi-
tion, the network diagram shows that PSK6, MYB48,
PEX16 and GT6 are correlated with both chlorophyll
metabolism-related genes, such as MeCOL16, and ABA
signaling-related genes, such as MeEDL3 and MeABIL2
(Fig. 5E). All these data collectively provide a number of
candidate genes with potential roles in the chlorophyll
metabolism and photosynthesis control, and products of
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Fig. 4 DEGs with altered DNA methylation in CRIRT-overexpressing plants. (A) Venn diagram showing overlap among hypo-DMGs and CRIR7-induced
DEGs under normal and cold treatment conditions. (B) Heat map showing DNA methylation levels of CRIRT-induced hypo-DMGs in the CG, CHG, and
CHH contexts of OE #1, OE #5 and WT plants. (C) mCHH methylation levels and expression levels of MeHB7, MeATJ20, MeSRL2 and MeERF25. The regions
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these genes are likely to mediate the CRIRI-induced cold
tolerance in cassava.

Discussion

Cassava is an essential calories source for more than
800 million people worldwide, making it important for
food security and economic development. However, as
a tropical and subtropical crop plant, cassava is highly
sensitive to low temperatures and cannot survive long
under freezing conditions. During the recent vyears,

great advances have been made in the physiological and
molecular investigations of cassava plants against cold
stress [19]. Previously, we identified and characterized a
IncRNA, named CRIR1, which function as a positive reg-
ulator of cassava plant responses to cold stress by induc-
ing a range of stress-responsive genes [25]. However, it
is still not clear that whether epigenetic regulation, like
DNA methylation, is involved in CRIRI-induced gene
expression in response to cold stress. In this study, we
provided a comprehensive characterization of the DNA
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methylation changes in CRIRI-overexpressing plants
and revealed a positive association between DNA meth-
ylation and CRIRI-mediated transcriptional activation
downstream genes.

Synergistic regulatory relationship between CRIRT and
DNA methylation

DNA methylation is a conserved and important epigen-
etic mark involved in many biological processes [30].
During the last decade, it has been verified that IncRNAs
can mediate DNA methylation among both mammals
and plants [42, 43]. For example, IncRNA-DACORI
can recruit DNA methyltransferase and reprogram
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genome-wide DNA methylation in human colon cancer
cells [44]. Similarly, it has been reported that IncRNA
ADAMTS9-AS2 can recruit DNMT1/3, inhibiting the
proliferation and migration of esophageal cancer cells
[45]. Human HI19 IncRNA alters DNA methylation
by binding to and inhibiting S-adenosylhomocysteine
hydrolase (SAHH) [46]. In plants, RNA polymerase IV-
and V-transcribed IncRNAs play a key role in the RNA-
directed DNA methylation silencing pathway [47]. In
Arabidopsis, IncRNA-APOLO can influence the expres-
sion of its neighboring gene PID by affecting chromatin
loop formation and active DNA demethylation [48]. In
this study, single-base resolution maps of DNA meth-
ylation of CRIRI-overexpressing plants were analyzed,
with the finding that total DNA methylation levels of
the CRIRI-overexpressing plants are similar to those
levels of the wild-type plants. Interestingly, transgenic
plant lines present very high numbers of hypomethyl-
ated DMRSs. It is known that DNA demethylation, par-
ticularly in the promoter region, is often associated with
locus-specific gene activation in plant development and
stress responses [49]. This study shows that, among those
9,793 hypomethylated genes in CRIRI-overexpressing
plants, 97 genes are upregulated under normal condi-
tion, 184 are upregulated after cold treatment, indicating
that CRIRI-mediated DNA methylation dynamics and
gene expression alteration are a complicated process with
unknown mechanism. Condsidering that CRIRI does not
alter the expression of methylase or demethylase genes,
one possible mechanism is that CRIRI can directly or
indirectly recruit DNA methyltransferases or demethyl-
ases to regulate the transcription of target genes.

CRIR1-induced genes associated with chloroplast
development and photosynthesis

Chloroplasts are indispensable organelles for photosyn-
thesis in plants, providing the sites of chlorophyll syn-
thesis and accumulation for photosynthetic products.
In order to maintain normal photosynthesis, the devel-
opment and functions of chloroplasts need to be well-
regulated in the growth and stress responses of plants
[50]. Many studies have shown that chilling can induce
structural changes among chloroplasts, thus affecting
their functions and development [50, 51]. Chloroplast
organizations or photosynthesis-related genes were
abundantly enriched in our WGCNA analysis results,
such as MeCP29B, whose homolog AtCP29A can inter-
act with and stabilize multiple chloroplast mRNAs that
are important for limiting the effects of cold stress on
chloroplast development [38]. A#/20, which is a homo-
log of MeATJ20 (a small chloroplast-targeted DnaJ pro-
tein) can not only participate in the stabilization of PSII
supercomplexes but also be involved in ROS-induced
stress responses of Arabidopsis [36]. Notably, increased
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mRNA levels of MeCP29B and MeATJ]20 genes in CRIR1-
overexpressing plants were observed in this study, indi-
cating that MeCP29B and MeATJ20 genes can participate
in CRIRI-mediated cold responses by stabilizing pho-
tosynthesis-related gene products at RNA and protein
levels, respectively. It was also found that, two transcrip-
tion factors among hypomethylated DMGs, MeCIA2 and
MeCOLI16, are essential for the synthesis of chlorophyll
[39, 40]. It is generally believed that chlorophyll plays an
essential role in photosynthesis, directly limiting pho-
tosynthetic rates and crop yields. Our observations of
dark-green phenotypes for the leaves of the CRIRI-over-
expressing plant are mainly due to 25-50% higher level of
chlorophyll relative to WT. We speculated that CRIRI-
mediated cold tolerance may also be closely related to
higher transcript levels of MeCIA2 and MeCOL16, as well
as their corresponding chlorophyll metabolism mainte-
nance. However, the relationship between chlorophyll
accumulation and cold tolerance in cassava is still unclear
and this hypothesis remains to be further verified.

Potential regulatory effects of CRIRT and transcription
factors in cold stress responses

Transcription factors play a central role in regulating
the expression of several stress-related genes, making
them promising candidates in genetic engineering of
crop plants [52]. In cassava, many TF families, includ-
ing MYB, WRKY, HD-ZIP, SPL and ERF/DREB, are
involved in abiotic stress responses, and many TF genes
are associated with enhanced tolerance to cold and/
or drought stresses [19, 23, 24, 53-55]. In this study, we
found that the gene body of MeHB”7 and MeERF25 was
hypomethylated in CRIRI-overexpressing plants than in
WT plants. Increased expression of these two genes cor-
respond to decreased DNA methylation levels. HD-ZIP
(Homeo-Leucine Zipper) genes, a unique class of TFs
in higher plants, are involved in the regulation of plant
development and stress responses [56]. Constitutively
expressed HD-ZIP homologous transcription factors
HaHBI from sunflower in Arabidopsis, confer cold toler-
ance via inducing several transcripts encoding glucanases
and chitinases. Similarly, AtHB13 from Arabidopsis can
also promote the cold tolerance of plants by stabilizing
cell membranes under freezing conditions [57]. AP2/ERF
transcription factors constitute one of the largest gene
superfamilies in plants and are involved in developmental
processes of plants and their responses to multiple envi-
ronmental stimuli [35]. For instance, it has been found
that overexpression of ERF40 genes in radish of trans-
genic Arabidopsis can alleviate oxidative damage of the
plant under cold stress, thus increasing its cold tolerance
[58]. 147 ERF members have been identified in cassava,
and a number of ERF genes are involved in cold stress
response [59]. However, whether MeHB7 and MeERF25
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play a key role in CRIRI-mediated cold responses needs
to be further verified.

Materials and methods

Plant materials and growth conditions

Cassava cultivar CV.60,444 (wild-type, WT) and CRIRI-
overexpressing transgenic lines (#1 and #5) were used
in this study. Uniform stem cuttings were cultivated in
Murashige and Skoog (MS) medium containing 20 g/L
sucrose (Fisher), 2 umol/L CuSO, and 3.0 g/L Gelrite in a
growth room at 26°C under a condition of 16 h light/8 h
dark.

Whole-genome bisulfite sequencing (WGBS) and
methylation level analysis

Young leaves and shoot buds of 6-week-old CRIRI-over-
expressing plants #1, #5 and WT plants (a total of three
samples) were collected. The total DNA isolation, library
preparation and bisulfite sequencing were performed by
Guangzhou Genedenovo Biotechnology Co., Ltd (Guang-
zhou, China). Briefly, genomic DNAs were fragmented
into 100-300 bp with Sonication (Covaris, Massachu-
setts, USA) and purified with MiniElute PCR Purification
Kit (QIAGEN, MD, USA). Fragmented DNAs were then
end repaired and a single “A” nucleotide was added to the
3" end of each blunt fragment. Then these genomic frag-
ments were ligated with methylated sequencing adapt-
ers. Fragments with adapters were bisulfite converted
using the Methylation-Gold kit (ZYMO, CA, USA),
with unmethylated cytosine converted to uracil through
sodium bisulfite treatment. Finally, these converted DNA
fragments were PCR amplified and sequenced using the
Mlumina HiSeqTM 2500. After removing the reads with
adapters, undetermined reads, and low-quality reads, the
obtained clean reads were mapped to the cassava refer-
ence genome using the default BSMAP software [60].
Then a custom Perl script was used to call methylated
cytosines that were subsequently tested with a correction
algorithm [61]. Methylated cytosine percentages in whole
genome were calculated to determine the methylation
level of each chromosome and different regions of the
genome in each sequence context (CG, CHG and CHH).
In order to assess different methylation patterns in dif-
ferent genomic regions, methylation profiles of flanking
2 kb regions and gene body were plotted based on the
average methylation levels at each window. Bisulfite-seq
data have been submitted to the National Center for Bio-
technology Information (NCBI) with the accession num-
ber PRINA736017.

Differentially methylated region (DMR) analysis

In order to identify differentially methylated regions
(DMRs) between samples, the minimum read coverage to
call a methylation status for a base was set to 4. DMRs
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in each sequence context (CG, CHG and CHH) accord-
ing to the following criteria: (1) For CG, GC number in
each window=>5, absolute value of methylation ratio dif-
ference>0.25, and q<0.05; (2) For CHG, GC number in
each window=>5, absolute value of methylation ratio dif-
ference>0.25, and q<0.05; (3) For CHH, GC number in
each window 215, absolute value of methylation ratio dif-
ference>0.15, and q<0.05; (4) For all C, GC numbers in
each window 220, absolute value of methylation ratio dif-
ference>0.2, and q<0.05.

KEGG enrichment analysis of DMR-related genes

Kyoto encyclopedia of genes and genomes pathway
enrichment analysis (http://www.kegg.jp/kegg/) was per-
formed on DMR-related genes. An analysis result with
p-value<0.05 was considered statistically significant.

Quantitative real-time PCR

After cold stress treatment (4°C, 24 h), young leaves
and shoot buds of 4-week-old CRIRI-overexpressing
plants and WT plants were harvested, and then fro-
zen in liquid nitrogen for RNA extraction. Young leaves
and shoot buds of non-stressed plants were collected
as controls. Total RNAs were extracted using the RNA-
prep Pure Polysaccharide polyphenol Plant Total RNA
Extraction Kit (Tiangen, Beijing, China), and first-strand
complementary DNAs (cDNAs) were synthesized using
the FastKing gDNA Dispelling RT SuperMix (Tiangen,
Beijing, China). A quantitative real-time PCR was then
performed with a Applied Biosystems StepOne™ and
StepOnePlus™ Real-Time PCR Systems using the SYBR®
Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Beijing,
China). MeACTIN was used as a reference gene for nor-
malizing transcript levels. All primers used in qPCR are
listed in Table S1.

Measurement of SPAD value of chlorophyll in cassava

To compare the relative chlorophyll content of CRIRI-
overexpressing plants and WT plants, the SPAD-502 Plus
(Konica Minolta Company, Japan) were used to mea-
sure the chlorophyll content of cassava leaves at 4 weeks.
SPAD values were recorded at three different positions
on the same leaf, and the results are presented as mean
values.
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