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DNA methylation is important for the regulation of gene expression
and the silencing of transposons in plants. Here we present genome-
wide methylation patterns at single-base pair resolution for cassava
(Manihot esculenta, cultivar TME 7), a crop with a substantial impact in
the agriculture of subtropical and tropical regions. On average, DNA
methylation levels were higher in all three DNA sequence contexts
(CG, CHG, and CHH, where H equals A, T, or C) than those of the most
well-studied model plant Arabidopsis thaliana. As in other plants, DNA
methylation was found both on transposons and in the transcribed
regions (bodies) of many genes. Consistent with these patterns, at
least one cassava gene copy of all of the known components of Ara-
bidopsis DNA methylation pathways was identified. Methylation of
LTR transposons (GYPSY and COPIA) was found to be unusually high
compared with other types of transposons, suggesting that the control
of the activity of these two types of transposons may be especially
important. Analysis of duplicated gene pairs resulting from whole-
genome duplication showed that gene body DNA methylation and
gene expression levels have coevolved over short evolutionary time
scales, reinforcing the positive relationship between gene body meth-
ylation and high levels of gene expression. Duplicated genes with the
most divergent gene body methylation and expression patterns were
found to have distinct biological functions and may have been under
natural or human selection for cassava traits.
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NA methylation plays an important role in the regulation of

the expression of genes and the maintenance of transposable
element (TE) silencing. In contrast to animals, in which methylation
is often restricted to the CG context, plants exhibit robust methyl-
ation in every possible context CG, CHG (H is A, T, or C), and
CHH. Previous research has identified different pathways re-
sponsible for the maintenance and establishment of DNA methyl-
ation patterns. In Arabidopsis thaliana, METHYLTRANSFERASE1
(MET1), a homolog of mammalian Dnmt1, mainly maintains
methylation at the CG context, whereas CHROMOMETHYLASE3
(CMT3) mainly maintains CHG methylation. DOMAINS REAR-
RANGED METHYLTRANSFERASE2 (DRM2) and CHRO-
MOMETHYLASE2 (CMT2) maintain CHH methylation in the
chromosome arms and pericentromeric regions, respectively (1-3).
On the other hand, establishment of DNA methylation is performed
by DRM2 through a complex pathway termed RNA-directed DNA
methylation (RADM) (4).

To date, the majority of our knowledge about DNA methylation
is derived from the model plant Arabidopsis. These studies have
allowed the identification of different components involved in
different methylation pathways, the genome-wide identification of
methylation patterns, and the study of effects of DNA methylation
on gene expression. The knowledge acquired from Arabidopsis can
now be used as the basis for investigations of methylation in ag-
ronomically important plants. However, thus far very few crop
species have been subjected to detailed DNA methylation studies
(5). Cassava (Manihot esculenta) is cultivated for its starch-rich
tuberous roots and is one of the world’s most important staple
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crops, especially in tropical America, Africa, and Asia (6). Cassava
is a source of carbohydrates for nearly a billion people, but it is
especially important for a large portion of Africa, where it serves as
a subsistence crop because of its ability to tolerate drought and grow
on poor soils, conditions unsuitable for rice and maize (6, 7). The
genome sequence of cassava has been described recently with an
estimated genome size of roughly 760 million base pairs (7). We
have used bisulfite sequencing (BS-seq) to examine DNA methyl-
ation in cassava at single-base pair resolution. Broadly, the pattern
of DNA methylation of both protein-coding genes and TEs is
similar to other plants, although DNA methylation levels in cassava
are higher than those in Arabidopsis. LTR retrotransposons, such as
GYPSY and COPIA, tend to be more heavily methylated than other
TEs. Interestingly, differentially expressed gene pairs derived from
the last genome duplication tend to show differential gene body
methylation, with the highly expressed paralogs displaying signifi-
cantly higher gene body methylation. We also find that the most
differentially gene body-methylated paralogs have distinct biological
functions compared with genes that have maintained similar gene
body methylation patterns.

Results and Discussion

Genes Involved in Different DNA Methylation Pathways Are Conserved
in Cassava. Detailed genetic studies in Arabidopsis have defined the
key components involved in DNA methylation pathways controlled
by the MET1, CMT3, CMT2, and DRM2 methyltransferases (3, 4).
As a preliminary assessment of the functioning of these pathways in
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Plant traits exhibit variation as a result of genetic and epigenetic
change. Genetic variation is used for breeding and crop improve-
ment. Epigenetic variation, especially differences in DNA methyl-
ation, also contributes to phenotype. For example, epigenetic alleles
of plant genes exist in nature, which are identical in DNA sequence,
but show heritable differences in DNA methylation and gene ex-
pression. Here we present whole-genome DNA methylation pat-
terns of the agronomically important crop cassava (Manihot
esculenta), which can serve as the basis for the study of epigenetic
variation in this organism. We found that recently duplicated genes
have evolved different DNA methylation and expression patterns
that likely contribute to important agronomic traits.
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cassava, we searched the cassava genome for homologs of each of
the Arabidopsis genes. We found that the cassava genome contains
at least one copy of every key factor involved in DNA methylation
control (Table 1), suggesting that all canonical DNA methylation
pathways are functional and conserved in cassava.

DNA Methylation Patterns in Cassava. To study genome-wide DNA
methylation patterns in cassava at single-base resolution, we used
whole-genome BS-seq. BS-seq libraries were constructed from ge-
nomic DNA extracted from leaves of the TME 7 cultivar of cassava
and subjected to deep Illumina sequencing. To assess variability,
three biological replicates were generated. Reads generated from
each library were mapped independently to the most recent version
(6.1) of the cassava genome. Mapping was performed using
BSMAP (7, 8), such that 68.6%, 69.7%, and 69.6% of total reads
could be uniquely mapped for each replicate library (SI Appendix,
Table S1). To test the reproducibility of our results, we calculated
Pearson correlation coefficients between these three replicates,
and found the correlations to be ~0.87-0.89 (SI Appendix, Table
S2), indicating a high reproducibility within our libraries. The total

Table 1. DNA methylation related genes in cassava

coverage of the cassava genome for these libraries was 63-fold (S
Appendix, Table S1). Approximately 82% of the cytosines were
covered by at least four reads (SI Appendix, Fig. S1) and more than
70% of genome was covered by at least 30 reads (S Appendix, Fig.
S2). DNA methylation browser tracks are available at phytozome.
jei.doe.gov/jbrowse/index.html?data=genomes%2FMesculenta_er.

Global DNA methylation profiles of chromosome 1 to chromo-
some 5 are shown in Fig. 14 .The remaining 13 chromosomes are
shown in SI Appendix, Fig. S3. As expected, we found TE pop-
ulations to be especially dense in what are likely pericentromeric
regions and to be heavily methylated, whereas chromosome arms
were gene-rich and showed lower methylation levels. The average
percentages of methylation of CG, CHG, and CHH contexts were
58.7%, 39.5%, and 3.5%, respectively, much higher than those in
Arabidopsis (24%, 6.7%, and 1.7% for CG, CHG, and CHH, re-
spectively) (Fig. 1B) (9). By comparing two other crop species with
reported deep methylation data, we found that methylation levels
in cassava were higher than those in rice, but lower than those
reported for soybean (Fig. 1B) (10, 11). Interestingly, in contrast
to other plant species analyzed, in which CG methylation is the

Cassava (Manihot esculenta)

Gene function Name (Arabidopsis) Amino acid length Copy 1 Copy 2
MET1 VIM1, -2, -3, -4, -5, -6 645 Manes.14G168600 Manes.08G101100
METI1, -2a, -2b, -3 1,534 Manes.13G155300 Manes.13G119400
CMT3 SUVH4 624 Manes.06G009100
CMT2 1,295 Manes.09G037800
CMT3 839 Manes.03G089100
Pol IV recruit CLSY1/CLSY2 1,256 Manes.10G00780
SHH1/SHH2 258 Manes.04G 133600
Pol IV NRPD1 1,453 Manes.02G028200
Pol IV+V NRPD2/NRPE2 1,172 Manes.16G129400 Manes.03G009000
Pol IV+V NRPD4/NRPE4 205 Manes.09G085000
Pol V NRPE1 1,976 Manes.04G 159600
Pol V NRPE5 222 Manes.09G007600
Pol V NRPE9B 114 Manes.15G005400
Pol V recruit DRD1 888 Manes.04G086500
DMS3 420 Manes.10G072000 Manes.17G027400
RDM1 163 Manes.15G031200
SUVH2/9 650 Manes.03G082600 Manes.15G046600
RdDM RDR2 1,133 Manes.14G068000
DCL1 1,910 Manes.05G015200
DCL2 1,388 Manes.12G003000 Manes.12G002800
DCL3 1,580 Manes.03G056500
DCL4 1,702 Manes.14G140300
HEN1 942 Manes.06G068000
AGO4 924 Manes.02G209900 Manes.18G121900
KTF1 1,493 Manes.07G094600
IDN2 647 Manes.07G117100
IDL1/2 634 Manes.04G 103800
SUVR2 740 Manes.12G036100
DMS4 346 Manes.12G056300
UBP26 1,067 Manes.18G079200
DRM2 626 Manes.17G113600
DRM3 710 Manes.03G210200
LDL1 844 Manes.11G098200
LDL2 746 Manes.03G115600
IMJ14 954 Manes.16G062600
HDA6 471 Manes.14G061800
Others RDR6 1,196 Manes.16G 121400
MOM1 2,001 Manes.03G122500
MORC6 663 Manes.11G096200
DDM1 764 Manes.01G134600 Manes.02G092800

Amino acid length is for the longest protein.
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Fig. 1. Genome-wide DNA methylation profiles in cassava. (A) Circle plots of
gene density, TE density, and methylation level of CG, CHG, CHH across five
chromosomes of cassava. DNA methylation level is represented as a heatmap.
Red color indicates low methylation level and low gene/TE density. Blue color
indicates high methylation level and high gene/TE density. (B) Average
methylation level of cassava in all three contexts. Data from Arabidopsis,
soybean, and rice is also shown. (C) Relative proportion of mCs in all three
sequence contexts. (D) The genome-wide distribution of methylation levels.
Methylation levels were calculated by #C/(#C+#T) of individual cytosine, and
each cytosine used in this analysis was covered by at least four reads. Meth-
ylation levels were divided into 5% bins, such that 100 indicates methylation
level from 95% to 100%.

most abundant, cassava showed a very high proportion of CHH
methylation relative to the other types (Fig. 1C). In Arabidopsis,
CG sites show a bimodal distribution where sites tend to be either
unmethylated or methylated at very high levels, approaching
100%, whereas CHG and CHH sites are rarely methylated at very
high levels (9). This trend likely represents the different mecha-
nisms by which these methylation types are maintained, where CG
methylation is copied faithfully during the DNA replication pro-
cess, whereas CHG and CHH methylation are perpetually
targeted by histone methylation and noncoding RNAs (4).
Interestingly, we found that cassava shows bimodal distribution
patterns for both CG and CHG methylation, suggesting that CHG
methylation is more robustly maintained in cassava than in Ara-
bidopsis (Fig. 1D). For methylation of TEs, we observed that al-
though there were a significant proportion of very short TEs with
low levels of CG and CHG methylation, long TEs were almost
always methylated at high levels (SI Appendix, Fig. S4). In sum-
mary, although there are general similarities between the meth-
ylation patterns of different plant species, cassava shows unique
patterns, including a very high content of CHH methylation
throughout the genome, and CHG methylation sites that are
maintained at a very high level.

Methylation Patterns in Genic and TE Regions. Methylation patterns
in protein-coding genes and TEs in cassava were characterized.
CG methylation patterns in protein-coding genes are generally
similar to those in Arabidopsis, rice, and soybean (9-13). Metaplot
analysis of protein-coding genes showed that gene body methyl-
ation is almost exclusively in the CG context, and CG methylation
levels are very low near transcriptional start sites (TSS) and
transcriptional end sites (TES) (Fig. 24). A small amount of non-
CG methylation within protein coding genes was also found (Fig. 2
B and C). This is likely the result of a small portion of genes or
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pseudogenes possessing repeats or small TEs in their intronic
sequences, because the levels of non-CG methylation were re-
duced when genes with intronic transposable elements are ex-
cluded (SI Appendix, Fig. S5).

For TE regions, high levels of methylation were seen in all three
sequence contexts, consistent with previous studies in other plants
(9-11). Interestingly, methylation of TEs was found to be, on av-
erage, higher than that in Arabidopsis for CG and CHG contexts
(~90% vs. ~70% for CG and ~75% vs. ~40% for CHG) (Fig. 2 D-
F) (9). This finding suggests CG and CHG methylation are more
robustly maintained in cassava, perhaps because of the higher
transposon load in the cassava genome. In addition, different types
of TEs showed distinct levels of methylation. In particular, the
GYPSY and COPIA LTR-type transposons displayed higher meth-
ylation levels compared with all other types of TEs in all three se-
quence contexts (Fig. 2 G-I), suggesting that methylation of LTR
transposons could be especially important for repression of trans-
poson activity. Consistent with this idea, a recent study showed that
genome expansion of Arabis alpina was caused in part by the
expansion of GYPSY retrotransposons, which could be a result
of high transposition activity caused in turn by lower levels of
DNA methylation of GYPSY retro-transposons (14). Repeats
showed lower methylation levels than transposons (70%, 50%,
and 5% methylation levels for CG, CHG, and CHH, respectively),
which is consistent with results of Arabidopsis and other plant
species (9, 10). Together, these data showed that methylation
patterns in both protein-coding genes and TEs are generally con-
sistent with those in other plant species (9, 10, 13, 15), but cassava
shows a particularly high level of maintenance methylation at CG
and CHG sites, especially in GYPSY and COPIA retro-transposons.

Gene Body Methylation Is Associated with Gene Activity. Nongenic
methylation is usually associated with transcriptional repression
at repetitive elements and transposons, and silencing can also be
observed when methylation is present at gene promoters. Con-
versely, gene body methylation generally correlates with tran-
scriptionally active genes (1, 16, 17). To assess the correlation
between DNA methylation and gene expression, RNA levels
were profiled by high-throughput RNA-sequencing (RNA-seq).
In total, ~95 million raw reads were generated by paired-end
100-bp sequencing, with ~81 million reads uniquely mapping to
the reference cassava genome (SI Appendix, Table S3). Correlations
between the three biological replicates were very high (SI Appendix,
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Table S4). Reads were mapped to 23,297 of the 33,033 annotated
protein-coding genes.

Genes were divided into four quartiles based on expression levels,
from the first quartile (the most lowly expressed 25% of genes) to
the fourth quartile (the most highly expressed 25% of genes). A
positive correlation was observed between gene body CG methyl-
ation and gene-expression levels (Fig. 34). Moreover, consistent
with what has been found in other organisms (1, 11, 17), the highest
methylation levels were not detected in the most highly expressed
genes, but instead in those that are moderately highly expressed (the
third quartile). For non-CG methylation, genes with different ex-
pression levels showed comparable low levels of methylation (Fig. 3
B and C). Furthermore, there were also very low levels of non-CG
methylation present across gene bodies and flanking regions of the
genes in all expression groups. A Spearman correlation coefficient
was calculated between DNA methylation and expression levels
across gene bodies and flanking regions in different sequence con-
texts, which confirmed that CG gene body methylation is positively
correlated with expression, whereas CG methylation in flanking
regions is negatively correlated with expression (Fig. 3D).

In summary gene body methylation shows a generally positive
correlation with expression, whereas methylation upstream and
downstream of the transcription unit is generally correlated with
lower gene-expression levels.

DNA Methylation Variation Between Duplicated Genes. Virtually all
angiosperms have undergone polyploidization (or whole-genome
duplication, WGD). After WGD most duplicated genes are lost,
but some may be retained by selective pressure (12). To explore
the relationship between DNA methylation and gene expression
of duplicated genes, an analysis of recently duplicated genes in
the cassava genome was performed.

It was reported that a relatively recent WGD likely occurred in
cassava (7). It is known that synonymous divergence levels (K;) of
duplicated paralogs can be used as a proxy to calculate the age of
duplications (18-20). The K, values of each duplicated gene pair
were calculated, and duplicated genes likely resulting from the
most recent WGD were identified. Fig. 44 shows that there is a
significant peak of K, values at around 0.4. The likely explanation
for why so many similarly aged paralogs are found is that a relatively
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13732 | www.pnas.org/cgi/doi/10.1073/pnas.1519067112

recent WGD occurred at around 10-13.3 million y ago (K from 0.3
to 0.4 based substitution rate 1.5 x 107°) (21) (SI Appendix, Fig. S6),
after the divergence of cassava and poplar. Although this is a rela-
tively recent WGD, it clearly precedes the domestication of cas-
sava that occurred no more than 10,000 y ago (22).

We extracted this set of duplicated paralogs and rank-ordered
gene pairs according to the level of gene body methylation di-
vergence between the pairs. We then plotted RNA expression
levels to generate a heatmap (SI Appendix, Fig. S7). We found
that for CG methylation, the biggest change in gene expression
between the gene pairs was clearly present in the set of genes
with the biggest differences in gene body methylation between
the pairs (SI Appendix, Fig. S7). Conversely, we also classified
duplicate gene pairs into either differentially or nondifferentially
expressed pairs. A differentially expressed pair was defined by at
least a twofold difference in expression levels. CG gene body
methylation was found to be significantly higher for genes in the
high-expression group compared with the low group (P value < 0.01;
Wilcoxon rank sum test), whereas CHG and CHH body methylation
did not show significant differences between these two groups across
the gene body or flanking regions (SI Appendix, Fig. S8). The dif-
ference in CG gene body methylation became even more prominent
when the fold expression change between paralogs was increased to
fourfold (Fig. 4 B-D). We also performed an analysis of DNA
methylation patterns of each gene pair within all three sequence
contexts, rank ordered by expression fold-change. Fig. 4E shows
that the higher the expression fold-change between paralogs, the
greater the difference in CG methylation. However, this was not
the case for non-CG methylation. Taken together, these analyses
indicate that within duplicated genes, there is a strong positive
correlation between the level of CG gene body methylation and
levels of gene expression, suggesting that CG gene body methyl-
ation changes have evolved along with expression level changes on
the time scale of the latest genome duplication in cassava.

To investigate whether gene pairs with more divergent expres-
sion levels and gene body methylation belong to specific gene
classes, duplicated pairs were divided into three groups based on
the expression fold-change. The first group consisted of duplicated
genes with at least fourfold change of expression between dupli-
cates, the second consisted of duplicated genes with at least a
twofold difference in expression, and the third group were those
duplicated genes with less than a twofold change between dupli-
cates (Fig. 4F). Functional categories were examined among these
three groups by using Gene Ontology (GO) term enrichment
analyses. Intriguingly, within the first group of genes consisting of
paralogous gene pairs in which only one gene copy is pre-
dominantly expressed and heavily body methylated, the most sig-
nificant GO terms were found to consist of functional categories
involved in carbohydrate metabolism. These included hexose
metabolic process, glucose metabolic process, monosaccharide
metabolic process, and others (SI Appendix, Fig. S9 and Table S5).
The second and third group of genes in which the gene pairs
showed more similar gene expression and gene body methylation
showed enrichments in other categories, but were not as enriched
in carbohydrate metabolism (SI Appendix, Tables S6 and S7). It is
intriguing that the most differentially expressed and differentially
gene body-methylated genes are highly enriched for genes involved
in carbohydrate metabolism, given that cassava has been strongly
selected for storage root production as a source of carbohydrates.
One possibility is that these duplicate genes may have been under
greater selection, such that one gene copy evolved preferentially
over the other. To test this idea, K,/K; values were calculated,
which is the ratio of the number of nonsynonymous mutations to
synonymous mutations for each gene pair. Interestingly, group 1
genes that showed the most divergence between expression and
gene body methylation also showed the highest K,/K; ratios com-
pared with the other two groups (SI Appendix, Fig. S10). These
results suggest that these carbohydrate metabolism genes have
been under either natural or human selection.
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Conclusion

To our knowledge, this work provides the first high-resolution ge-
nome-wide DNA methylation maps of the cassava genome. Cassava
is one of the most important food security crops in the world, and
given the important role that DNA methylation plays in the control
of gene expression, these data should serve as an important re-
source for the scientific and agronomic community.

Although the general trends of cassava methylation patterns are
similar to other plant species, cassava was found to have particu-
larly high proportion of CHH methylation throughout the ge-
nome. In addition, very high levels of CHG methylation were
observed, suggesting that cassava likely has a more robust main-
tenance methylation mechanism for CHG sites than Arabidopsis,
which has a lower transposon content. As in other plants, genes
are enriched for CG methylation, whereas TEs are enriched for all
types of methylation. Because cassava is vegetatively propagated
and the cultivar used in this study has not passed through meiosis
for decades, one speculation is that some of the unusual properties
of the methylation pattern could be attributed to many genera-
tions of clonal propagation.

Examination of DNA methylation within the recently dupli-
cated genes generated by the latest WGD shows that the more
highly gene body-methylated gene of the pair also shows the
higher level of gene expression, suggesting that gene methylation
and expression coevolved in cassava over short evolutionary time
scales. Intriguingly, gene pairs with the highest difference in DNA
methylation and expression are highly enriched for carbohydrate
metabolism, and show higher K,/K; values that could possibly have
resulted from human selection for beneficial crop traits. Alter-
natively, because the last WGD (10-13.3 million y ago) occurred
long before human agriculture and cassava domestication
(10,000 y ago), it is also possible that natural selection for
carbohydrate storage and tuber development had a stronger
influence on the observed enrichment for carbohydrate me-
tabolism genes divergence in DNA methylation and expression
than did human selection.

Methods

Library Construction and Sequencing. BS-seq libraries were prepared using the
TruSeq DNA LT kit (Illumina), as described previously (23), except that the EZ
DNA Methylation-Lightning Kit (Qiagen) was used for bisulfite conversion of
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using the Wilcoxon rank sum test. **P < 0.001.
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the DNA. BS-Seq libraries were sequenced on a HiSeq 2000 system (lllumina) to
obtain single-end 100-bp reads per the manufacturer’s instructions.

Total RNA was extracted from the third or fourth fully expanded leaf of
7.5-wk-old TME 7 plants following the cetyltrimethylammonium bromide (CTAB)
protocol (24). Genomic DNA was removed by TURBO DNA-free Kit (Ambion) and
RNA quality and quantity were each assessed, respectively, by Agilent 2100
BioAnalyzer (Agilent Technologies) and NanoDrop 2000c (Thermo Scientific).
One microgram of total RNA per sample was used for library preparation using
the Illumina TruSeq sample preparation kit (v2) with polyA mRNA selection, as
per the manufacturer’s instructions (lllumina). Three libraries were pooled and
sequenced using an lllumina HiSeq 2000 with paired-end reads of 101 bp at the
Genome Technology Access Center of Washington University at St. Louis, MO.

BS-seq Data Analysis. Low-quality lllumina reads were filtered after which the
remaining reads were aligned to cassava reference genome using BSMAP 2.87
(8). Only uniquely mapping reads were used to estimate methylation ratios.
Methylation ratios were calculated as the number of Cs divided by Cs plus
Ts (#CHCH#T).

Reproducibility between replicates of BS-seq was calculated as methyl-
ation levels of total Cs in 2-kb regions. First, the reference genome was di-
vided into 2-kb bins, and methylation levels were calculated as the average
#C/(#C+#T) for all cytosines in each bin. We then we calculated Pearson
correlation coefficients between replicates.

RNA-seq Data Analysis. \We obtained a total of ~95 million paired-end 100-bp
reads from three RNA-seq replicates. Total reads were aligned to the cassava
reference genome using TopHat 2.0.11 using default parameters (25), then
quantified using Cufflinks (26). Expression values were expressed in frag-
ments per kilobase per million mapped reads (FPKM).

To estimate the correlation between replicates, we used the expression
levels of individual genes estimated by FPKM. Genes with values under 0.5
FPKM were discarded and the remaining genes were used to calculate
Pearson correlation coefficients.
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GO Enrichment Analysis. GO enrichment analysis was performed using AgriGO
online tools (bioinfo.cau.edu.cn/agriGO/analysis.php) with false-discovery
rate correction (0.05).

Identification of Duplicated Genes and K; Estimation. Duplicated genes were
identified using MCScanX (27), an algorithm for detection of synteny and
collinearity of genomes or subgenomes. Initially, the cassava proteome was
subjected to search similarity using BLAST. A BLAST -m 8 output file was
then provided as input to MCScanX. Simple linux “awk” command was used
to extract those duplicated genes from collinearity regions from the MCScanX
output file.

KK Calculator (v1.2) was used to calculate K values of individual gene
pairs (28). Only duplicated pairs with less than 3 K; value were used to plot
the frequency distribution of K and to estimate large-scale gene duplication
of cassava. K bin size was set at 0.05, and R scripts were used to draw the
histogram and density plot.

Duplicated Genes Analysis. From MCScanX, 9,862 duplicated gene pairs were
identified. Of these pairs, 4,169 showed twofold expression changes between
members of a pair [excluding very lowly expressed genes (FPKM < 0.5 across
three replicates)], and 2,333 showed at least a fourfold change in expression
between pairs.

The difference of methylation levels across gene body and flanking regions
between the higher-expression and lower-expression group was analyzed by
the Wilcoxon rank test.
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Figure S1. BS-Seq coverage shown as the proportion of cytosines
that were covered by at least ‘X’ reads. For example about 82%
of cytosines were covered by at least 4 reads.



% of Genome Covered at >X Read Depth

100
ETME7

1314151617 1819202122 2324 252627282930
Read depth

20 1

1234567891

o
=

111

N

Figure S2. Genome coverage by BS-seq. Barplot shows the

percentage of the genome covered by a certain number of reads.
For example around 80% of the genome was covered by at least 5
reads, and ~70% of the genome was covered by at least 30 reads.
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Figure S3. Genome wide methylation profile in cassava. Circle plots of
gene density, TE density and methylation levels of CG, CHG, CHH
methylation across 13 chromosomes of cassava. Color is shown as
Figure 1A.



>

1.0
@)
1.0

@ @ |
SO éo
T © | S © |
2o S
2 < g < |
OO %O
O o | O o |
o o
o or "
O“F T T O T T
0 2 4 6kb 0 2 4 6kb
TE length TE length
B o
T high
@
)
je)
B © =
£o Z
B (]
qE)v_ o
@ S =
T
O o
o
< T T  low
0 2 4 6kb
TE length

Figure S4. Scatter density plot of the correlation between TE size and methylation level in CG (A), CHG
(B), and CHH (C) context. For short TEs, there are two enrichment patterns, one is low methylation and
the other is high methylation in CG and CHG context, but not in CHH context. The global tendency is
that longer TEs tend to have higher methylation.
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Figure S5. DNA methylation patterns across a subset of
protein-coding genes. Metaplot of protein-coding genes
excluding genes possessing intronic transposable elements.
Blue, green, and red lines indicates CG, CHG, and CHH
methylation, respectively.
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Figure S6. The distribution of Ks values of M. esculenta and paralogs
of M. esculenta and P. trichocarpa. Mes = M. esculenta, Ptr = P.
trichocarpa.
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Figure S7. Heatmap of expression levels of each pair of paralogous genes.
Paralogous pairs were ranked from high to low methylation divergence. Red
color indicates high expression level, and blue color indicates low expression
level. Hyper indicates the genes to the left of the back line have higher
methylation level than genes to the right. Hypo indicates the genes to the right
of the black line have lower methylation level than genes to the left.
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Figure S8. DNA methylation difference between paralogs within three sequence
contexts. (A-C) Metaplots showing DNA methylation of paralogous protein-coding
genes with either high or low expression, in which fold expression difference is at
least 2-fold. Methylation level differences in A were tested by using the Wilcoxon
rank sum test. * indicates p<0.05. Blue line indicates highly expressed paralogous
pairs; red line indicates lowly expressed paralogous pairs.
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Figure S9. Methylation and expression profiles of randomly selected
duplicated gene pairs involved in carbohydrate metabolic related processes.
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respectively; gray collapsed bars indicate expression level.
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Figure S10. Ka/Ks values for paralogous gene pairs in cassava across three
gene groups as defined in Figure 4E. The asterisk indicates a significant
increase relative to group 2 (G2) genes (P<0.01, Mann-Whitney U test), and
two asterisks indicate a significant increase relative to group 3 (G3) genes (P
<0.001, Mann-Whitney U test).



Table S1. Summary of sequencing results of BS-seq libraries.

Samples Total reads Mapped reads Mapping ratio Conversion rate # Coverage
TME7-1 27,739,005 19,038,291 68.60% 99.60%

TME7-2 703,081,379 490,559,080 69.70% 99.60% 63X
TME7-3 28,294,068 19,681,200 69.60% 99.60%

# Conversion rate is calculated by calculating apparent methylation levels in chloroplast sequences and then subtracting them from 1.



Table S2. Correlation coefficients between different replicates of BS-seq.

TME7 replicatel replicate2 replicate3
replicatel 1
replicate2 0.89 1

replicate3 0.87 0.90 1




Table S3. Summary of sequencing results of RNA-seq libraries.

Total reads Mapped reads Mapping ratio

TME7-1 36,374,946 31,301,772 86.05%
TME7-2 35,737,736 30,146,010 84.35%
TME7-3 22,945,400 19,667,221 85.71%




Table S4. Correlation coefficients between different replicates of RNA-seq.

TME7 replicatel replicate2 replicate3
replicatel 1
replicate2 0.91 1

replicate3 0.84 0.88 1




Table S5. List of enriched GO terms of group one with at least 4-fold expression change (see text for definition of group one).

GO_acc term_type Term queryitem querytotal refitem reftotal pvalue FDR
G0:0044262 P cellular carbohydrate metabolic process 42 891 334 17163 2.10E-07 0.00024
G0:0044281 P small molecule metabolic process 74 891 774 17163 1.00E-06 0.00042
G0:0044265 P cellular macromolecule catabolic process 29 891 204 17163 1.20E-06 0.00042
G0:0005975 P carbohydrate metabolic process 75 891 801 17163 1.80E-06 0.00042
G0:0006066 P alcohol metabolic process 23 891 142 17163 1.50E-06 0.00042
G0:0044248 P cellular catabolic process 33 891 262 17163 3.60E-06 0.00068
G0:0006096 P glycolysis 13 891 58 17163 7.40E-06 0.0012
G0:0006006 P glucose metabolic process 16 891 86 17163 9.00E-06 0.0013
G0:0005996 P monosaccharide metabolic process 18 891 111 17163 1.90E-05 0.0024
G0:0009057 P macromolecule catabolic process 29 891 236 17163 2.10E-05 0.0024
G0:0019320 P hexose catabolic process 14 891 76 17163 3.60E-05 0.0031
G0:0006007 P glucose catabolic process 14 891 76 17163 3.60E-05 0.0031
G0:0046365 P monosaccharide catabolic process 14 891 76 17163 3.60E-05 0.0031
G0:0009056 P catabolic process 35 891 325 17163 5.40E-05 0.0044
G0:0044275 P cellular carbohydrate catabolic process 14 891 83 17163 9.70E-05 0.0069
GO0:0046164 P alcohol catabolic process 14 891 83 17163 9.70E-05 0.0069
G0:0019318 P hexose metabolic process 16 891 107 17163 0.00014 0.0095
G0:0006091 P generation of precursor metabolites and energy 17 891 122 17163 0.00022 0.014
G0:0006778 P porphyrin metabolic process 6 891 19 17163 0.0003 0.018
G0:0044282 P small molecule catabolic process 14 891 99 17163 0.00064 0.031
G0:0051186 P cofactor metabolic process 15 891 110 17163 0.00062 0.031
G0:0005984 P disaccharide metabolic process 8 891 38 17163 0.00065 0.031
G0:0034637 P cellular carbohydrate biosynthetic process 14 891 99 17163 0.00064 0.031
G0:0016137 P glycoside metabolic process 8 891 38 17163 0.00065 0.031
G0:0005992 P trehalose biosynthetic process 6 891 22 17163 0.00072 0.033
G0:0016051 P carbohydrate biosynthetic process 14 891 101 17163 0.00078 0.033
G0:0009311 P oligosaccharide metabolic process 8 891 39 17163 0.00078 0.033
G0:0004332 F fructose-bisphosphate aldolase activity 6 891 11 17163 7.40E-06 0.0056
G0:0016832 F aldehyde-lyase activity 6 891 13 17163 2.50E-05 0.0096
G0:0016830 F carbon-carbon lyase activity 14 891 81 17163 7.40E-05 0.019
G0:0008081 F phosphoric diester hydrolase activity 8 891 31 17163 0.00015 0.028
G0:0016614 F oxidoreductase activity, acting on CH-OH group of donors 20 891 156 17163 0.0002 0.031

Note: P indicates biological process, F indicates molecular function.
Enriched GO terms were selected by Fisher's exact test and FDR <0.05.



Table S6. List of enriched GO terms of group two genes with at least 2-fold expression change (see text for definition of group two).

GO_acc term_type Term queryitem querytotal  refitem reftotal pvalue FDR
G0:0050789 P regulation of biological process 277 2157 1612 19018 2.10E-11 2.20E-08
G0:0050794 P regulation of cellular process 273 2157 1578 19018 1.40E-11 2.20E-08
G0:0031323 P regulation of cellular metabolic process 198 2157 1091 19018 1.10E-10 7.60E-08
G0:0019222 P regulation of metabolic process 200 2157 1115 19018 2.30E-10 1.10€-07
G0:0051252 P regulation of RNA metabolic process 188 2157 1042 19018 4.50E-10 1.10€-07
G0:0006355 P regulation of transcription, DNA-dependent 188 2157 1040 19018 3.90E-10 1.10€E-07
G0:0010556 P regulation of macromolecule biosynthetic process 190 2157 1057 19018 5.00E-10 1.10€-07
G0:0009889 P regulation of biosynthetic process 190 2157 1057 19018 5.00E-10 1.10€E-07
G0:0031326 P regulation of cellular biosynthetic process 190 2157 1057 19018 5.00E-10 1.10€E-07
G0:0045449 P regulation of transcription 188 2157 1042 19018 4.50E-10 1.10E-07
G0:0034645 P cellular macromolecule biosynthetic process 313 2157 1925 19018 6.00E-10 1.20€-07
G0:0009059 P macromolecule biosynthetic process 313 2157 1928 19018 7.10E-10 1.30€E-07
G0:0010468 P regulation of gene expression 192 2157 1079 19018 9.30E-10 1.60E-07
G0:0051171 P regulation of nitrogen compound metabolic process 188 2157 1054 19018 1.10E-09 1.60€E-07
G0:0019219 P regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process 188 2157 1054 19018 1.10E-09 1.60E-07
G0:0080090 P regulation of primary metabolic process 190 2157 1069 19018 1.20E-09 1.60E-07
G0:0065007 P biological regulation 285 2157 1738 19018 1.30E-09 1.60E-07
G0:0060255 P regulation of macromolecule metabolic process 192 2157 1089 19018 1.90E-09 2.30E-07
G0:0006351 P transcription, DNA-dependent 196 2157 1157 19018 2.80E-08 3.20E-06
G0:0006350 P transcription 196 2157 1158 19018 3.00E-08 3.30E-06
G0:0032774 P RNA biosynthetic process 196 2157 1160 19018 3.40E-08 3.50E-06
G0:0010467 P gene expression 298 2157 1932 19018 1.70€-07 1.70E-05
G0:0044260 P cellular macromolecule metabolic process 629 2157 4478 19018 4.30E-07 4.10E-05
G0:0009058 P biosynthetic process 398 2157 2711 19018 5.20E-07 4.70E-05
G0:0044249 P cellular biosynthetic process 377 2157 2553 19018 5.40E-07 4.70E-05
G0:0044267 P cellular protein metabolic process 383 2157 2673 19018 6.60E-06 0.00055
G0:0009987 P cellular process 1008 2157 7632 19018 1.30E-05 0.0011
G0:0044248 P cellular catabolic process 80 2157 436 19018 1.50E-05 0.0011
G0:0044237 P cellular metabolic process 791 2157 5928 19018 2.10E-05 0.0016
G0:0043170 P macromolecule metabolic process 679 2157 5055 19018 2.90E-05 0.0021
G0:0051603 P proteolysis involved in cellular protein catabolic process 27 2157 116 19018 0.00022 0.015
G0:0044257 P cellular protein catabolic process 27 2157 116 19018 0.00022 0.015
G0:0019538 P protein metabolic process 431 2157 3190 19018 0.00028 0.019
G0:0006412 P translation 90 2157 550 19018 0.00032 0.021
G0:0009056 P catabolic process 85 2157 517 19018 0.0004 0.025
G0:0008104 P protein localization 66 2157 386 19018 0.00056 0.033
G0:0030163 P protein catabolic process 29 2157 135 19018 0.00055 0.033
G0:0016070 P RNA metabolic process 204 2157 1433 19018 0.00073 0.042
G0:0046174 P polyol catabolic process 5 2157 8 19018 0.00079 0.044
G0:0003700 F transcription factor activity 125 2157 656 19018 1.10E-08 6.50E-06
G0:0030528 F transcription regulator activity 138 2157 740 19018 8.60E-09 6.50E-06
G0:0005198 F structural molecule activity 93 2157 484 19018 4.50E-07 0.00018
G0:0003735 F structural constituent of ribosome 80 2157 408 19018 1.20E-06 0.00034
G0:0070003 F threonine-type peptidase activity 13 2157 28 19018 3.80E-06 0.00066
G0:0003677 F DNA binding 226 2157 1467 19018 3.90E-06 0.00066
G0:0004298 F threonine-type endopeptidase activity 13 2157 28 19018 3.80E-06 0.00066
G0:0043565 F sequence-specific DNA binding 77 2157 412 19018 1.10E-05 0.0016
G0:0008270 F zinc ion binding 183 2157 1207 19018 6.10E-05 0.0081
G0:0003849 F 3-deoxy-7-phosphoheptulonate synthase activity 5 2157 6 19018 0.0001 0.012
G0:0003676 F nucleic acid binding 337 2157 2437 19018 0.00023 0.025
G0:0003682 F chromatin binding 56 2157 306 19018 0.00026 0.025
G0:0046983 F protein dimerization activity 84 2157 508 19018 0.00035 0.032

Note: P indicates biological process, F indicates molecular function.
Enriched GO terms were selected by Fisher's exact test and FDR <0.05.



Table S7. List of enriched GO terms of group three genes with less than 2-fold expression change (see text for definition of group three).

GO_acc term_type Term queryitem querytotal refitem reftotal pvalue FDR
G0:0044249 P cellular biosynthetic process 701 3940 3214 24170 1.80E-14 6.10E-11
G0:0009058 P biosynthetic process 735 3940 3405 24170 4.20E-14 7.20E-11
G0:0065007 P biological regulation 497 3940 2210 24170 4.10E-13 4.60E-10
G0:0050789 P regulation of biological process 465 3940 2066 24170 1.70E-12 1.40E-09
G0:0050794 P regulation of cellular process 453 3940 2022 24170 6.00E-12 4.00E-09
G0:0051252 P regulation of RNA metabolic process 307 3940 1317 24170 1.20E-10 4.00E-08
G0:0045449 P regulation of transcription 307 3940 1318 24170 1.30E-10 4.00E-08
G0:0019222 P regulation of metabolic process 328 3940 1419 24170 8.40E-11 4.00E-08
G0:0006355 P regulation of transcription, DNA-dependent 307 3940 1314 24170 9.10E-11 4.00E-08
G0:0034645 P cellular macromolecule biosynthetic process 524 3940 2435 24170 1.10E-10 4.00E-08
G0:0010468 P regulation of gene expression 319 3940 1375 24170 9.50E-11 4.00E-08
G0:0009059 P macromolecule biosynthetic process 524 3940 2441 24170 1.50E-10 4.00E-08
G0:0031323 P regulation of cellular metabolic process 320 3940 1385 24170 1.40E-10 4.00E-08
G0:0019219 P regulation of nucleobase, nucleoside, nucleotide and nuclei 309 3940 1336 24170 2.50E-10 5.60E-08
G0:0051171 P regulation of nitrogen compound metabolic process 309 3940 1336 24170 2.50E-10 5.60E-08
G0:0060255 P regulation of macromolecule metabolic process 319 3940 1388 24170 2.80E-10 5.80E-08
G0:0010556 P regulation of macromolecule biosynthetic process 309 3940 1341 24170 3.70E-10 6.70E-08
G0:0009889 P regulation of biosynthetic process 309 3940 1341 24170 3.70E-10 6.70E-08
G0:0031326 P regulation of cellular biosynthetic process 309 3940 1341 24170 3.70E-10 6.70E-08
G0:0080090 P regulation of primary metabolic process 311 3940 1359 24170 7.00E-10 1.20E-07
G0:0033036 P macromolecule localization 150 3940 565 24170 7.80E-10 1.30€E-07
G0:0010467 P gene expression 521 3940 2460 24170 1.10E-09 1.80E-07
G0:0008104 P protein localization 133 3940 489 24170 1.30E-09 1.90E-07
G0:0045184 P establishment of protein localization 127 3940 470 24170 4.40E-09 6.00E-07
G0:0015031 P protein transport 127 3940 470 24170 4.40E-09 6.00E-07
G0:0006351 P transcription, DNA-dependent 330 3940 1487 24170 6.80E-09 8.90E-07
G0:0006350 P transcription 330 3940 1490 24170 8.40E-09 1.10E-06
G0:0032774 P RNA biosynthetic process 330 3940 1491 24170 9.00E-09 1.10E-06
G0:0006470 P protein amino acid dephosphorylation 41 3940 111 24170 1.40E-07 1.60E-05
G0:0044283 P small molecule biosynthetic process 114 3940 436 24170 1.60E-07 1.80E-05
G0:0051641 P cellular localization 128 3940 507 24170 2.50E-07 2.70E-05
G0:0009987 P cellular process 1824 3940 9846 24170 4.50E-07 4.80E-05
G0:0046907 P intracellular transport 111 3940 433 24170 6.50E-07 6.70E-05
G0:0051649 P establishment of localization in cell 122 3940 487 24170 7.00E-07 7.00E-05
G0:0044248 P cellular catabolic process 130 3940 531 24170 1.20E-06 0.00011
G0:0044237 P cellular metabolic process 1419 3940 7616 24170 1.40E-06 0.00014
G0:0006886 P intracellular protein transport 93 3940 367 24170 7.80E-06 0.00071
G0:0006631 P fatty acid metabolic process 39 3940 121 24170 1.30E-05 0.0011
G0:0051179 P localization 429 3940 2154 24170 1.30E-05 0.0011
G0:0016311 P dephosphorylation 47 3940 156 24170 1.40E-05 0.0011
GO0:0051169 P nuclear transport 33 3940 98 24170 2.10E-05 0.0016
G0:0051234 P establishment of localization 423 3940 2134 24170 2.30E-05 0.0016
G0:0009116 P nucleoside metabolic process 30 3940 86 24170 2.20E-05 0.0016
G0:0007264 P small GTPase mediated signal transduction 63 3940 232 24170 2.20E-05 0.0016
G0:0006810 P transport 423 3940 2134 24170 2.30E-05 0.0016
G0:0034613 P cellular protein localization 93 3940 376 24170 2.10E-05 0.0016
G0:0006913 P nucleocytoplasmic transport 33 3940 98 24170 2.10E-05 0.0016
G0:0070727 P cellular macromolecule localization 93 3940 376 24170 2.10E-05 0.0016
G0:0006412 P translation 149 3940 663 24170 3.00E-05 0.002
G0:0006633 P fatty acid biosynthetic process 35 3940 109 24170 3.70E-05 0.0025
G0:0016070 P RNA metabolic process 366 3940 1848 24170 7.40E-05 0.0049
G0:0046394 P carboxylic acid biosynthetic process 73 3940 290 24170 8.30E-05 0.0053
G0:0016053 P organic acid biosynthetic process 73 3940 290 24170 8.30E-05 0.0053
G0:0009056 P catabolic process 138 3940 620 24170 8.70E-05 0.0055
G0:0046500 P S-adenosylmethionine metabolic process 6 3940 7 24170 0.00011 0.0063
G0:0006597 P spermine biosynthetic process 6 3940 7 24170 0.00011 0.0063
G0:0008215 P spermine metabolic process 6 3940 7 24170 0.00011 0.0063
G0:0010498 P proteasomal protein catabolic process 6 3940 7 24170 0.00011 0.0063
G0:0006556 P S-adenosylmethionine biosynthetic process 6 3940 7 24170 0.00011 0.0063
G0:0043161 P proteasomal ubiquitin-dependent protein catabolic process 6 3940 7 24170 0.00011 0.0063
G0:0009119 P ribonucleoside metabolic process 20 3940 52 24170 0.00011 0.0063
G0:0043101 P purine salvage 8 3940 12 24170 0.00013 0.0073
G0:0032787 P monocarboxylic acid metabolic process 50 3940 184 24170 0.00014 0.0076
G0:0042278 P purine nucleoside metabolic process 16 3940 38 24170 0.00015 0.0077
G0:0046128 P purine ribonucleoside metabolic process 16 3940 38 24170 0.00015 0.0077
G0:0046165 P alcohol biosynthetic process 11 3940 21 24170 0.00015 0.0079
G0:0044265 P cellular macromolecule catabolic process 70 3940 284 24170 0.00022 0.011
G0:0044281 P small molecule metabolic process 286 3940 1435 24170 0.00025 0.012



G0:0007242
G0:0031497
G0:0006334
G0:0042398
G0:0034728
G0:0006091
G0:0045333
G0:0043094
G0:0006084
G0:0006333
G0:0006323
G0:0030163
G0:0051187
G0:0065004
G0:0055086
G0:0046039
G0:0046083
G0:0046084
G0:0019319
G0:0071669
G0:0043096
G0:0009664
G0:0006168
G0:0044257
G0:0051603
G0:0006139
G0:0006518
G0:0030528
G0:0004722
G0:0004721
G0:0003700
G0:0005198
G0:0003735
G0:0016791
G0:0070003
G0:0004298
G0:0042578
G0:0003849
G0:0046983
G0:0004014
G0:0004478
G0:0051087
G0:0004611
G0:0016831
G0:0016717
G0:0060590
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intracellular signaling cascade

chromatin assembly

nucleosome assembly

cellular amino acid derivative biosynthetic process
nucleosome organization

generation of precursor metabolites and energy
cellular respiration

cellular metabolic compound salvage

acetyl-CoA metabolic process

chromatin assembly or disassembly

DNA packaging

protein catabolic process

cofactor catabolic process

protein-DNA complex assembly

nucleobase, nucleoside and nucleotide metabolic process
GTP metabolic process

adenine metabolic process

adenine biosynthetic process

hexose biosynthetic process

plant-type cell wall organization or biogenesis
purine base salvage

plant-type cell wall organization

adenine salvage

cellular protein catabolic process

proteolysis involved in cellular protein catabolic process
nucleobase, nucleoside, nucleotide and nucleic acid metabo
peptide metabolic process

transcription regulator activity

protein serine/threonine phosphatase activity
phosphoprotein phosphatase activity
transcription factor activity

structural molecule activity

structural constituent of ribosome

phosphatase activity

threonine-type peptidase activity

threonine-type endopeptidase activity

phosphoric ester hydrolase activity
3-deoxy-7-phosphoheptulonate synthase activity
protein dimerization activity

adenosylmethionine decarboxylase activity
methionine adenosyltransferase activity
chaperone binding

phosphoenolpyruvate carboxykinase activity
carboxy-lyase activity

oxidoreductase activity, acting on paired donors, with oxida
ATPase regulator activity
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29
29
20
29
54
18
10
14
29
29
46
15
29
84
35
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a1
489
12
213
32
45
185
137
116
65
17
17
78
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10

19
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3940
3940
3940
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3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940
3940

251
94
94
56
94

211
49
20
34
96
96

176
39
98

368

127

18
52

52

156
156
2618
29
928
82
135
803

476
233
35
35
297

598

18
10
51
19

24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170
24170

0.00026
0.00035
0.00035
0.00034
0.00035
0.00041
0.00045
0.0005
0.0005
0.00052
0.00052
0.00064
0.00076
0.00075
0.0008
0.00097
0.001
0.001
0.00096
0.001
0.001
0.001
0.001
0.0011
0.0011
0.0012
0.0012
1.80E-07
7.50E-07
1.00E-06
7.80E-07
2.00E-06
5.10E-06
6.60E-06
9.40E-06
9.40E-06
1.00E-05
1.90E-05
5.30E-05
0.00011
0.00011
0.00016
0.00023
0.00026
0.00029
0.00039

0.013
0.016
0.016
0.016
0.016
0.019
0.02
0.022
0.022
0.022
0.022
0.027
0.031
0.031
0.033
0.038
0.038
0.038
0.038
0.038
0.038
0.038
0.038
0.039
0.039
0.042
0.042
0.00036
0.00052
0.00052
0.00052
0.0008
0.0017
0.0019
0.002
0.002
0.002
0.0035
0.0089
0.016
0.016
0.022
0.029
0.03
0.033
0.041

Note: P indicates biological process, F indicates molecular function.
Enriched GO terms were selected by Fisher's exact test and FDR <0.05.



