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Moso bamboo (Phyllostachys edulis), typically a monopodial scattering bamboo, is famous for its rapid growth.
The rhizome-root system of Moso bamboo plays a crucial role in its clonal growth and spatial distribution.
However, few studies have focused on rhizome-root systems. Here we collected LBs, RTs, and RGFNSs, the most
important parts of the rhizome-root system, to study the molecular basis of the rapid growth of Moso bamboo due

to epigenetic changes, such as DNA modifications and small RNAs. The angle of the shoot apical meristem of LB
gradually decreased with increasing distance from the mother plant, and the methylation levels of LB were much
higher than those of RT and RGFNS. 24 nt small RNAs and mCHH exhibited similar distribution patterns in
transposable elements, suggesting a potential association between these components. The miRNA abundance of
LB gradually increased with increasing distance from the mother plant, and a negative correlation was observed
between gene expression levels and mCG and mCHG levels in the gene body. This study paves the way for further
exploring the effects of epigenetic factors on the physiology of Moso bamboo.

1. Introduction

Moso bamboo (Phyllostachys edulis) is an important fast-growing
non-timber forest product worldwide. The early development and pro-
liferation of this plant depend on an intricate underground rhizome-root
system, which runs radially from the mother plant [1]. Bamboo estab-
lishes this network of underground rhizomes to absorb, store, and
transport water and nutrients. The plants are also connected by their
above- and below-ground parts, including shoots, culms, rhizomes, and
buds. Benefiting from this powerful rhizome-root system, spring shoots
can reach 20 m in height within 45-60 days, with a peak growth rate of
~1 m per day [2]. Bamboo rhizomes are typically classified into three
major types based on their growth patterns: amphipodial, monopodial,
and sympodial [3,4]. Moso bamboo is a scattered bamboo with mono-
podial rhizomes that grow horizontally at a staggering rate.

The underground rhizome-root system in bamboo generates the
shoot system, which holds significant value. Multiple studies have
recently been conducted to investigate the cell biology and molecular
regulatory mechanism of the growth and development of bamboo
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shoots. For example, internode 18 of Moso bamboo shoots has been
recognized as a representative internode for rapid growth [5].
Morphological studies of bamboo internodes have revealed three
distinct zones: the division zone, elongation zone, and elongation
completion zone [1]. Notably, different phytohormones are present at
different levels in the cell division and cell elongation zones [6]. Defects
in brassinosteroid (BR) signaling were associated with dwarf internodes
in a slow-growing bamboo variant [7]. Furthermore, the accumulation
of abscisic acid (ABA) and salicylic acid has been observed in the sen-
escing sheath, which is associated with internode growth [8]. Gibber-
ellic acid (GA) is a key factor determining internode elongation in
monocots [9]. We previously demonstrated that the exogenous appli-
cation of GA3 elongated internodes in Moso bamboo seedlings [10]. GA4
treatment increased cell number and cell length in Moso bamboo, and
ABA and mechanical pressure may stimulate the rapid thickening of the
secondary cell wall via the transcription factor MYB83L [5]. High-
throughput small RNA sequencing and degradome sequencing of both
wild-type Moso bamboo and a thick-walled variant revealed that miR-
NA-transcription factor-phytohormones regulatory networks are key
players in tissue differentiation in bamboo shoots [11].
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Abbreviations
LB Lateral bud
RT Rhizome tip
RGFNS  Roots growing from new shoots
SAM Shoot apical meristem
DMRs Differentially methylated regions
FC Fold change

RPM Reads per million mapped reads

DEGs Differentially expressed genes

GO Gene Ontology

WGBS  Whole-genome bisulfite sequencing
TSS Transcription start site

TTS Transcription termination site

TEs Transposable elements

The growth and development of the underground system of Moso
bamboo is regulated by phytohormones [4] and a variety of factors [12].
Environmental factors, such as nitrogen content [13], moisture condi-
tions [14], and light exposure [15], regulate lateral bud development.
Among phytohormones, high concentrations of GAs, zeatin, and indole
acetic acid (IAA) are major players in the rhizome bud. A high con-
centration of IAA is associated with rhizome bud outgrowth, and the
formation of the bamboo shoot from the rhizome bud is driven by a high
concentration of zeatin [4]. Transcriptome analysis showed that multi-
ple pathways, such as meristem development, sugar metabolism, and
phytohormone signaling pathways, are involved in the development of
rhizome lateral buds [16]. Despite the importance of understanding the
molecular mechanism of the rhizome-root system, little systematic
research, especially epigenetic research, has been performed in this
system. Epigenetic modifications, such as DNA methylation and non-
coding RNA regulation, can affect the expression of genes with signifi-
cant impacts on developmental processes [17,18]. DNA methylation
contributes to the development of Moso bamboo from the vegetative to
floral growth stage [19]. Small RNAs directly modulate gene expression
in plants primarily via the siRNA-directed DNA methylation pathway
[20,21]. However, little is known about the roles of DNA methylation
and small RNAs in regulating the development of the underground
rhizome-root system. Therefore, there is a need to investigate how
methylation affects the physiology of the underground rhizome-root
system in bamboo.

Here, we collected three typical parts of the rhizome-root system of
Moso bamboo for morphological observation, including lateral buds
(LB), rhizome tips (RT), and roots growing from new shoot (RGFNS). We
further divided LB into three distinct types including proximal LB,
middle LB, distal LB. The angle of the shoot apical meristem (SAM) of LB
decreased with increasing distance from the mother plant. The levels of
mCG, mCHG, and mCHH methylation of the protein-encoding genes and
transposons were much higher in LB than in RT and RGFNS based on
high-throughput whole-genome bisulfite sequencing. We also analyzed
small RNAs, finding a similar distribution pattern of small RNAs and
mCHH in transposable elements (TEs). MiRNA abundance in LB was
positively correlated with the distance from the mother plant. We also
observed a negative correlation between gene expression levels and the
levels of mCG and mCHG methylation in the gene body. Studying the
molecular mechanism and regulatory network of DNA methylation and
small RNAs underlying the development of Moso bamboo provides a
theoretical basis for the efficient cultivation of bamboo shoots and
timber forests.
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2. Materials and methods
2.1. Plant materials

Fresh rhizome-root tissues of Moso bamboo, including RGFNS, RT,
and LB, were collected from Nanping City (26°29'-27°02'N,
118°01'-119°34'E) in Fujian province, China in 2019. Fresh tissues were
snap frozen with liquid nitrogen and stored at —80 °C for analysis.

2.2. Morphology analysis

The morphology of Moso bamboo tissues was observed with a Canon
EOS 70D (Canon, Tokyo, Japan) digital device and by scanning electron
microscopy (Hitachi, TM3030). The angles of the SAMs in LB were
determined using Angle Tool in ImageJ (1.53c) [22]. The correlation of
SAM angle with LB position was analyzed and visualized with R (https:
//WWWw.r-project.org).

2.3. Preparing paraffin sections and light microscopy

Fresh tissue samples were fixed in FAA buffer (10 % formalin: 50 %
ethanol = 1: 5, v/v) and placed in a vacuum chamber (ThermoFisher,
5300-0507) for 15 min. The samples were embedded in paraffin (Leica,
Cat no. 39601095) using a Leica embedding station (Leica, EG1150H).
Paraffin-embedded issues were cut into 8 pm-thick section, plated on
adhesion microscope slides (CITOTEST, #Cat no. 188105), and stained
with safranin (Solarbio, #Cat no. S8020) and fast green (Solarbio, #Cat
no. F8130). Images were taken with a Leica DFC 550 camera under a
stereomicroscope (Leica, M205FA).

2.4. Extraction and quality control of genomic DNA and total RNA

Samples were homogenized in a grinding jar set (QIAGEN, #Cat no.
69985) on a High-throughput TissueLyser (QIAGEN, #Cat no. 85300) at
a frequency of 30 times/s for 2 min. Genomic DNA (gDNA) was prepared
using a Plant Genomic DNA Extraction kit (TTANGEN, #Cat no. DP305),
and the quality was assessed by electrophoresis in 2 % agarose gels.
Total RNA was extracted from the samples using a RNAprep Pure Plant
Plus kit (TIANGEN, #Cat no. DP441), and RNA quality was checked by
electrophoresis in 2 % agarose gels. A NanoDrop 2000c spectropho-
tometer (ThermoFisher, #Cat no. 11840461) was used to determine
RNA concentration. Prior to sequencing library construction, the quality
of the samples was assayed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, G2939BA), and the samples were quantified using a Qubit
dsDNA HS assay kit (ThermoFisher, #Cat no. Q32851) or a Qubit RNA
HS assay kit (ThermoFisher, #Cat no. Q32852). The mRNA was purified
using Oligo d(T)2s Dynabeads (ThermoFisher, #Cat no. 61002); all
procedures were performed following the manufacturers’ instructions.

2.5. Whole-genome bisulfite sequencing and data analysis

Lambda DNA was added to purified gDNA as an internal control to
evaluate the subsequent C-to-T conversion efficiency. DNA was frag-
mented with a Bioruptor device (ThermoFisher, DS5300-0507), end
repaired, ligated with methylated adapters, and DNA fragments 320 bp
to 420 bp long were selected. The DNA was treated with bisulfite using
an EZ DNA Methylation-Gold kit (Zymo Research, Cat No. D5005). The
library was amplified using PCR and qualified by qPCR. The libraries
were sequenced on the Illumina HiSeq X Ten platform in 150 PE mode;
each library generated approximately 60 G (30x) data.

Based on the latest version of the Moso bamboo genome (Chromo-
some level Hi-C version) [23], index files were created using Bismark
software with the bismark _genome_preparation command [24], and
DNA 5mC methylation was recognized with the command: bismark -
methylation _extractor -p —no_overlap —comprehensive —report —bedGraph
—CX _report —scaffolds —cytosine_report. Differentially methylated regions
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(DMRs) were defined as regions < 100 bp with differences in CG, CHG,
and CHH methylation levels > 0.4, 0.2, and 0.1, respectively. DMRs
were detected using the R/Bioconductor package DMRcaller with
default parameters [25].

2.6. Strand-specific RNA-seq, small RNA-seq, and data analysis

Strand-specific RNA-seq libraries were constructed from mRNA
fragments and sequenced using the Illumina HiSeq platform. Reads were
mapped to the Moso bamboo chromosome-level reference genome [23]
using TopHat (v2.0.11) with the parameters —read-mismatches 5 —read-
gap-length 5 —read-edit-dist 5 -p 10 -r 50 -a 8. Assembly was performed
using Cufflinks (v2.1.1) with the following parameters: -F 0.05 -A 0.01 -I
100000 —min-intron-length 30. Differentially expressed genes (DEGs)
were identified using edgeR from the R package with the criteria fold
change (FC) > 2 with FDR < 0.05 [26].

Approximately 1.0 pg total RNA was used to prepare a small RNA
library, which was sequenced on the Illumina HiSeq platform. The
FASTX toolkit was used to trim the adaptor sequences with the com-
mand: fastx_clipper -Q 33 -a CTGTAGGCACCATCAATCA-116-d0-n-v-M
4. Bowtie (v2.2.1) was used to align the reads to the reference genome
with the command: bowtie2 -k 20 —no-unal —no-hd —no-sq. miRNAs were
identified by aligning all small RNA reads to the miRBase 21 mature
miRNA database (https://www.mirbase.org/), without allowing mis-
matches. The small RNA reads were counted and scaled to reads per
million mapped reads (RPM).

3. Results

3.1. Morphological and cytological characteristics of the underground
rhizome-root system in Moso bamboo

We collected bamboo rhizome lateral buds (LB) (Fig. 1A), flagellate
rhizome tips (RT) (Fig. 1B), and roots growing from new shoots (RGFNS)
(Fig. 1C) for analysis. The RT epidermal trichomes tended to range from
sparse to dense from the top to the base (Fig. 1D), and the stomatal
structure was clearly visible. The inner epidermis of LB had a well-
defined outline, the outer epidermis was flat, the epidermal trichomes
were dense, and the stomata were smaller (Fig. 1D). SAM cells under-
went differentiation and developed into all types of tissues such as
sheath leaves, pith tissues, and adventitious roots (Fig. 1E and F).

LB located near the rhizome groove had a compact and flattened
structure (Fig. 1B). The LB was divided into different regions, including
the proximal, middle, and distal region, based on their distance from the
mother plant (Fig. 1A), which we referred to as LB_p, LB_m, and LB_d,
respectively. The angles of divergence in the SAM varied (Fig. 1G): LB_p
had the largest divergence angles, followed by LB_m and LB_d. We also
detected a negative correlation between the SAM angle size and the
distance to the mother plant (Fig. 1H), that is, the greater distance, the
smaller the angle. Using the above materials, we explored the regulation
of DNA methylation, gene expression, and small RNAs in the rhizome-
root system of Moso bamboo.

3.2. Transcriptional analysis of different underground rhizome-root
tissues in Moso bamboo

To quantify gene expression, we performed strand-specific tran-
scriptome sequencing (RNA-seq) using five different tissues from the
underground parts of the plant, including LB_p, LB_m, LB_d, RT, and
RGFNS. According to Spearman correlation analysis, a clear distinction
was detected among tissues, with good repeatability within the same
tissue (Fig. 2A). LB shared greater similarity with RT and were distin-
guishable from RGFNS. Nonlinear dimensionality reduction (ISOmap)
revealed similar trends (Fig. 2B). FPKM measurements indicated that
overall, the gene expression levels were highest in RT, followed by LB
and RGFNS (Fig. 2C). This result is consistent with the finding that RT
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exhibited rapid proliferation. RGFNS are mature and have completed
their morphological development and primarily function in absorbing
water and nutrients.

We calculated the correlation between DEGs among tissues, finding
similar patterns of DEGs in all three regions of the LB (Fig. 2D). The gene
expression profiles of RT, RGFNS, and LB tissues were significantly
distinct, especially between LB and RGFNS, which is consistent with the
results of cytological and morphological analysis (Fig. 1A) and overall
transcriptome analysis (Fig. 2C). The number of DEGs between each pair
of tissues is shown in Fig. 2E, with the highest count observed between
LB and RGFNS (nearly 20,000), followed by that between LB and RT.
The lowest number of DEGs was identified among different regions
(proximal, middle, and distal) of LB, which is consistent with the clusters
obtained by transcriptome analysis (Fig. 2A and B).

Heatmap cluster analysis separated the DEGs into six distinct groups
(Fig. 2F). Highly expressed genes with tissue-specific expression were
observed in the first (I), second (II), fourth (IV), and fifth (V) clusters,
corresponding to RGFNS (I), LB (II, IV), and RT (V), respectively. The
exclusive expression of genes in the LB might be required to maintain its
state. Furthermore, the genes belonging to the third cluster are highly
expressed in both LB and RT, whereas the genes in the sixth cluster are
highly expressed in both RT and RGFNS. Genes in the same cluster might
share similar functions, such as multipotent differentiation capacity in
RT and LB and nutrient absorption in RT and RGFNS.

The top 20 enriched Gene Ontology (GO) terms among the highly
expressed genes in LB, RGFNS, and RT are shown in Fig. S1. Genes
involved in development, such as organ growth and reproductive
structure development, were highly expressed in LB (Fig. S1A). Genes
related to environmental responses, such as the regulation of defense
responses and response to stimulus, were highly abundant in RGFNS
(Fig. S1B). Genes associated with cell proliferation and differentiation
were enriched in RT, such as genes involved in asymmetric cell division
and the cell cycle (Fig. S1C). The distinct enrichment of genes in these
three different tissues might be associated with the specific roles that LB,
RGFNS, and RT play in the physiology of Moso bamboo.

3.3. Analysis of phytohormone-related gene clusters in different
underground rhizome-root tissues of Moso bamboo

Phytohormones regulate lateral bud differentiation in Moso bamboo
[27,28]. To explore whether phytohormones function in the growth and
development of the rhizome-root system in Moso bamboo, we identified
the phytohormones-associated DEGs (Table S1) and generated heatmaps
with hierarchical clustering by Pearson correlation analysis (Fig. S2).
IAA-related DEGs were roughly divided into seven categories (Fig. S2A);
ABA-associated DEGs were classified into six categories (Fig. S2B); BR-
related DEGs were divided into four categories (Fig. S2C); cytokinin
(CTK)-related DEGs were roughly divided into five categories (Fig. S2D);
and GA-related DEGs were divided into three categories (Fig. S2E).
Notably, a larger proportion of IAA-, ABA-, BR- and CTK-related DEGs
were downregulated in RGFNS but upregulated in RT, revealing the
distinct regulation of IAA, ABA, BR, and CTK in RGFNS and RT. These
results suggest that phytohormones play specific roles in regulating the
development of the rhizome-root system of Moso bamboo.

We examined the motifs present in the 2 kb promoter regions of
phytohormones-related genes as an indication of potential regulation by
TCP-type transcription factors (Fig. S3A). We identified 67 expressed
TCP-type transcription factor genes in tissues of the rhizome-root sys-
tem. We then performed Spearman correlation analysis between these
TCP-type transcription factors and 783 phytohormone-related genes,
finding a high degree of correlation (Fig. S3B). These findings point to
the potential regulation of these phytohormone-related genes by TCP-
type transcription factors.
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Fig. 1. The morphological and cytological characteristics of the underground rhizome-root system in Moso bamboo. A. The underground parts of bamboo. The white
arrows indicate the lateral buds, which were divided into three distinct regions based on their distance from the mother plant: the proximal (LB_p), middle (LB_b),
and distal (LB_d) regions. The orange arrow marks the location of the mother plant. B. Magnified view of the RT (indicated by a red curve) and LB (denoted by green
arrows). C. Magnified view of roots growing from a new shoot (RGFNS, enclosed in a yellow box). D. Scanning electron microscopy of RT and LB. E. SAM of the RT
(contained within the white box); F. The intact SAM (enclosed in a white box) after the hulling of LB; G. Paraffin sections of LB; pith angle is marked in red. H. The
correlation between SAM angle and the distance from the mother plant. LB_p: proximal lateral buds, LB_m: middle lateral buds, LB_d: distal lateral buds. RT: The
rhizome tip. LB: lateral buds. RGFNS: Roots growing from new shoots. SAM: shoot apical meristem.
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Fig. 2. Analyzing RNA-seq data from the rhizome-root system of Moso bamboo. A. Spearman correlation analysis. B. ISOmap dimensionality reduction analysis. C.
Comparative analysis of gene expression. D. Heatmap of the correlation of differentially expressed genes (DEGs) across tissues. The values in the heatmap are
represented as z-scores, which were calculated using the following formula: (Number of DEGs - Average number of DEGs)/Standard deviation. E. Heatmap of the
number of DEGs among tissues. F. Cluster analysis of DEGs, which were clustered into six groups.
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3.4. DNA methylation analysis of different underground rhizome-root
tissues of Moso bamboo

DNA methylation is not evenly dispersed in plant genomes but is
predominantly concentrated in repetitive regions, such as TEs, which
can contribute to genome evolution [29,30]. Active TEs have the po-
tential to affect the stability of the genome [31]. To evaluate the dis-
tribution of DNA methylation in TEs, we conducted whole-genome
bisulfite sequencing (WGBS) of mCG, mCHG, and mCHH in these re-
gions. Overall, we detected hypermethylated TE regions among tissues
(Fig. 3A). High levels of mCG and mCHG methylation were detected in
the TE regions among tissues, whereas they were stratified in the
flanking regions (within +1 kb) of transcription start sites (TSSs) and
transcription termination site (TTSs). The mCHH levels in the flanking
region showed little change, whereas there was obvious stratification in
the transcribed regions of TEs ranging from 5 % to 30 %. A higher mCHH
level was observed in LB than RGFNS and RT, especially in LB_d
(Fig. 3A). These results suggest that mCHH is associated with the
development of the rhizome-root system of Moso bamboo.
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To explore the distribution of DNA methylation in TEs, we analyzed
the four major types of TEs: DNA, LINE, LTR and SINE TEs. We observed
the same trend of hypermethylation in the transcribed region and
hypomethylation in the +1 kb region of TSSs and TTSs (Fig. S4). The
mCHH levels were significantly stratified by tissues; LB, especially in the
distal side (LB_d), had the highest mCHH levels (Fig. S4). Among the
four types of TEs, DNA and SINE TEs showed the most distinct patterns
in the different underground root tissues of Moso bamboo (Fig. S4).

We previously showed that the mCHH levels in the TE regions of both
leaves and floral organs of Moso bamboo at different physiological ages
are approximately 8 % [32]. In the current study, the levels of mCHH of
TEs were relatively high in underground tissues, especially LB, with
levels as high as 30 % in LB_d (Fig. 3A). To further explore the high
mCHH levels in different underground tissues of Moso bamboo, we
calculated the DNA methylation ratios of all nine CHH contexts (where
H is any base except G) (Fig. S5). The DNA methylation levels varied
among CHH contexts, with relatively high mCAA, mCAT, mCAC, and
mCTA levels, especially in LB_d, with a ratio > 10 % (Fig. S5). The level
of mCCC methylation was relatively low (Fig. S5). The level of mCTA
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methylation was the highest, reaching 35 % in LB_d (Fig. S6), whereas
the level in RT was approximately 11 %. These results suggest that
mCHH regulates the development of root tissues of Moso bamboo via the
hypermethylation of specific contexts.

We then examined the DNA methylation patterns of all annotated
protein-encoding genes. mCG and mCHG showed hypermethylation at
approximately +2 kb of TSSs and TTSs but hypomethylation at TTSs and
TSSs (Fig. 3B). Notably, the profile of mCHH is quite different: the gene
body was hypomethylated, and the regions 42 kb of TSSs and TTSs were
hypermethylated. The mCHH levels were significantly stratified in
different tissues, and LB showed a significantly higher methylation level
than RT and RGFNS (Fig. 3B). The ratio of mCHH of protein-encoding
genes in aboveground tissues was previously shown to range from 2 %
to 6 % [32]. Similarly, in the current study, the mCHH levels of protein-
encoding genes in underground root tissues ranged from 3 % to 30 %,
and the mCHH levels of LB were >8 % (Fig. 3B). We also compared the
types of methylation among tissues. The mCHH levels in the promoter
regions of genes were as high as 30 %, i.e., much higher than that of
mCG (25 %) and mCHG (22 %), suggesting that mCHH could play a
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significant regulatory role in the rhizome-root system of Moso bamboo
(Fig. 3C). Moreover, LB exhibited the most significant variation in
mCHH levels compared to other tissues.

To investigate the high abundance of CHH in LB tissues, we identi-
fied the four major categories of TEs (LTR, LINE, SINE, and DNA) around
protein-encoding genes. We subsequently compared the distribution of
CHH contexts in the four major categories of TEs around protein-
encoding genes vs. protein-encoding genes without TEs in LB tissues
(Fig. 3D). Compared to CHH in protein-encoding genes without TEs,
protein-encoding genes containing the four major categories of TEs
showed a higher proportion of methylation in the CHH context, which
was observed within +2 kb of TSSs and TTSs, particularly in the —2 kb
region of TSSs. The dissimilarity in mCHH levels might be linked to the
diverse angle sizes of SAMs in LB tissues.

In addition, we investigated the ABA-, IAA-, BR- and CTK-related
genes that exhibited CG, CHG, and CHH DMRs simultaneously. We
identified four ABA-related genes (PHO02Genel4516, PHO2Gene24143,
PHO02Gene30539, and PHO02Gene31022), one IAA-related gene
(PH02Genel4676), and one CTK-related gene (PHO02Gene30734) that
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miRNAs across various tissues. E. Correlation analysis of miRNA abundance and the distance from the mother plant in LB. F. Cluster analysis of miRNAs in LB.
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displayed DMRs in all three categories (Fig. S3C-E). These genes
exhibited gradual changes in expression across various tissues of the
rhizome-root system (Fig. S3C-E).

3.5. Small RNA analysis of different underground rhizome-root tissues of
Moso bamboo

Small RNAs, which are tightly linked to DNA methylation, are also
involved in epigenetic regulation [33,34]. Hence, we tallied the overall
count of distinct and clean small RNA reads ranging from 18 to 26 nu-
cleotides; 24 nt small RNA reads were the most abundant (Fig. 4A).
Among the unique small RNA reads, 24 nt sequences were the most
abundant in LB and least abundant in RGFNS, exhibiting a similar trend
of stratification with mCHH.

In view of the close regulatory relationship between small RNAs and
DNA methylation [35], we analyzed the distribution of small RNAs in
both protein-encoding genes (Fig. 4B) and TE regions (Fig. 4C). 24 nt
small RNAs were present at low levels in the gene body (from the TSS to
TTS), with no obvious stratification among different tissues (Fig. 4B). In
the region around +2 kb of TSSs and TTSs, RT and LB had a similar
distribution pattern, whereas RGFNS showed lower levels of these small
RNAs (Fig. 4B). Among TEs, 24 nt small RNAs were mainly distributed in
TE regions (from the TSS to TTS), with stratification in different tissues
(Fig. 4C). A similar distribution pattern in TEs was observed for both 24
nt small RNAs and mCHH (Fig. 3A), suggesting that small RNAs are
associated with mCHH.

As miRNAs are involved in regulating gene expression [36], we
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investigated whether miRNAs take part in the development of the root
system of Moso bamboo. We calculated the expression levels of known
miRNAs from miRBase and determined that the abundance of miRNAs
was highest in RT (Fig. 4D). In LB tissue, there appeared to be a slight
increase in miRNA abundance with increasing distance from the mother
plant (LB_p < LB_.m < LB_d) (Fig. 4E).

To identify the specific miRNAs that function in LB development, we
conducted hierarchical clustering based on z-scores. Approximately 90
% (~27) of the 37 miRNAs exhibited an increase in expression (indi-
cated by a dotted line) as the distance from the mother plant increased
(Fig. 4F). MYB transcription factors, which perform a variety of func-
tions, are targeted by miR159 and miR319; these two miRNAs are
expressed at high levels in LB_d [37,38].

3.6. Association analysis of DNA methylation and gene expression in
underground rhizome-root tissues of Moso bamboo

To investigate the epigenetic regulation of gene expression, we
performed correlation analysis to assess the effect of DNA methylation
on gene expression (Fig. 5 and Fig. S7). We observed a correlation be-
tween gene expression and mCG methylation at protein-encoding gene
body regions. For genes without any detected expression, we observed
high mCG levels in both the gene body and regions +2 kb from the TSS
and TTS. Similar results were obtained for mCHG. Regarding mCHH
methylation, hypermethylation of the promoter region (+2 kb of the
TSS) was positively correlated with high gene expression levels (Fig. 5
and Fig. S7). The level of mCHH methylation was highest in LB, followed

LB_m LB_d
o 1.0 1.0
S
= 0.8 0.8
x 2
10} w4 0.6 0.6
Q 5
£ .q% 0.4 04
a
3 0.2 0.2
=
I e e 0
RACIAN 2V 185 <1
5 1.0 1.0
N
= 0.8 0.8
€z
o w3 0.6 0.6
5 8
£ 2 0.4 0.4
[}
I
3 0.2 0.2
= : .
Tvh = 0 — d 0
2W 185 19,2 JW0 (85 {19 W
o 0.30 0.30 0.30 0.30 | 0.30
5 :
N 0.25 0.25 0.25 0.25 0.25
< :
T B3 0.20 0.20 0.20 0.20 | 0.20
w
6 < 0.15 0.15 0.15 0.15 0.15
=] '
g 0.10 0.10 0.10 0.10 0.10
x
¢ 0.05 0.05 0.05 0.05 | 0.05
2
+ 3 0 0 0 0 0

2 185 (192 w0 (85 (19 .0\

2¥0 15 1S A

2¥0 185 1S JW (85 (1S oW

Fig. 5. Correlation analysis of DNA methylation and gene expression levels in underground rhizome-root tissues of Moso bamboo.
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by RGENS and RT, as also shown in Fig. 3. By contrast, we observed low
mCHH levels in the both gene body and regions 2 kb from the TSS and
TTS for genes without any detected expression (Fig. 5 and Fig. S7).

3.7. Association analysis of DNA methylation and gene expression in
underground rhizome-root tissues of Moso bamboo

To further investigate the relationship between DNA methylation
and gene expression, we focused on specific DEGs. Since specific tran-
scription factors are known to play a crucial role in regulating gene
expression, we analyzed the motifs around the promoter regions of the
DEGs, finding that a significant proportion of DEGs could be regulated
by C2H2-type transcription factors (Fig. 6A). DEGs associated with
C2H2-type transcription factors could be divided into four distinct
groups based on gene expression patterns (Fig. 6B). DEGs belonging to
Group I exhibited relatively high expression levels in LB and RT,
whereas group II, III, and IV DEGs showed elevated expression specif-
ically in RT, LB, and RGFNS, respectively. The tissue-specific expression
patterns of these genes point to their involvement in the development of
Moso bamboo.

C2H2-type transcription factors have a well-characterized binding
motif, ACGACAAA (Fig. 6C), which is a potential motif for mCG and
mCHH methylation. Therefore, we searched for differences in mCHH
methylation in C2H2-type motifs around the promoter regions (+2 kb of
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the TSS) of DEGs. We observed differences in mCHH levels via pairwise
comparisons of various underground rhizome tissues of Moso bamboo.
In particular, a significant reduction in mCHH levels of C2H2-type
motifs was observed in RT and RGFNS compared to LB_p (Fig. 6D).
The differences in mCHH methylation may influence the binding of the
corresponding C2H2 transcription factors, leading to variations in the
expression of target genes across different underground rhizome tissues
of Moso bamboo.

4. Discussion

In this study, we focused on the underground rhizome-root system,
which is essential for the rapid growth of Moso bamboo. Initially, we
examined the morphological and cytological features of the under-
ground tissues. Notably, a negative correlation was observed between
the angle of the SAM and the distance from the mother plant in LB tissue
(Figs. 1H and 7). A previous study of the SAMs of awakening buds
showed that the diameter of the bamboo culm (thickening growth) is
dependent on the size and shape of the SAM. For example, an enlarged
SAM produces a stem characterized by a narrow pith cavity and thick
culm wall [39]. Since Moso bamboo is a scattered species, it is
commonly believed that the distal lateral buds (LB_d), situated further
away from the mother plant, have a higher propensity to differentiate
into RT, whereas the proximal lateral buds (LB_p), located closer to the

-PH02Gene04104
[ PHO2Gene30574
-PH02Gene37196

-PH02Gene01883 | |

-PH02Gene02798

-PH02Gene19119

-PH02Gene22777

|| PH02Gene44878
PH02Gene38704

PH02Gene01518

PH02Gene22093

PH02Gene22188 | ||

-PH02Gene39676
PH02Gene07292
PH02Gene37005

PHO02Gene48728
-PH02Gene39072

PH02Gene04779

B -PH02Gene39810
-PH02Gene46465 | |||

-PH02Gene01591

-PH02Gene35215

-PH02Gene47146

B PH02Gene12070
PH02Gene44863

I -PH02Gene30315
-PH02Gene01449

-PH02Gene06891
- -PH02Gene42243
N
Q.
o
m

-PH02Gene42416
-PH02Gene01663 | |/

rep2 -

7_U| rep1 -
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genes (FC < 0.5). B. Expression profiles of DEGs containing binding motifs of C2H2-transcription factors in underground rhizome-root tissues. C. Characteristics of
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related genes and transcription factor genes). We propose that phytohormone-related and transcription factor genes are regulated by both DNA methylation and small

RNAs, which could be associated with the SAM angles within lateral buds.

mother plant, are more likely to develop into new shoots [16,40]. We
propose that the different angles of the SAM in buds are associated with
the different directions of differentiation.

To gain insight into the mechanisms underlying the rapid growth of
Moso bamboo, we generated whole-genome single-base resolution DNA
methylome maps of the underground rhizome-root system of this plant
(Fig. S8). The hypermethylation of TEs, notably in the mCG and mCHG
contexts, has been observed in both angiosperms and gymnosperms
[41-44]; we observed such a phenomenon in Moso bamboo (Fig. 3A).
The methylation levels (including mCG, mCHG, and mCHH) of protein-
encoding genes were significantly higher in LB than in RGFNS and RT
(Fig. 3A and B). In particular, the distribution of mCHH in underground
root tissues of Moso bamboo was distinctive, occurring both within
protein-encoding genes and TEs. Surprisingly, the mCHH levels in the
promoter and gene body regions of LB_d, including both TEs and
protein-encoding genes, were as high as 30 %. This is significantly
higher than what was previously reported in aboveground tissues of
Moso bamboo, ranging from 2 % to 6 % [32]. Compared to other species,
such as Arabidopsis thaliana seedlings (protein-encoding genes < 3 %,
TEs < 20 %) [45], the SAM of Oryza sativa (protein-encoding genes < 10
%, TE regions < 16 %) [46], the forest tree Norway spruce (Picea abies)
(protein-encoding genes and TEs < 3 %) [47], and Populus trichocarpa
(protein-encoding genes < 5 %) [48], the mCHH levels in LB_d (protein-
encoding genes ~30 % and TEs ~30 %) were also notably elevated. The
greatest contributors to the high mCHH levels in Moso bamboo were
mCAA, mCAT, mCAC, and mCTA methylation.

DRM1 and DRM2, which are plant counterparts of mammalian
DNMTS3, play crucial roles in CHH methylation [49]. Therefore, we
investigated the expression levels of DRM1/2 in various tissues. DRM1/2
were expressed at relatively high levels in RT, followed by LB and
RGFNS. No significant differences in DRM1/2 expression were observed
among LB tissues (Fig. S9), suggesting that the major cause of the
observed differences in DNA methylation might be associated with small
RNAs.

Apart from the higher methylation levels in LB_d, we also discovered
a greater abundance of miRNAs in LB_d (Fig. 4E). Taken together, these
findings suggest that epigenetic regulation plays a crucial role in the
development of Moso bamboo (Fig. 7). Notably, two miRNAs that target
MYB genes, miR159b and miR319, were highly expressed in LB_d. This
observation is in line with the finding that the MYB family is involved in
regulating lateral bud development [50,51].

We then conducted integrated analysis of gene expression and small

10

RNAs to obtain a comprehensive view of the epigenetic regulation of the
rhizome-root system. In Moso bamboo, we observed high mCG and
mCHG methylation levels around protein-encoding genes without any
detected expression (Fig. 5), suggesting that high levels of mCG and
mCHG suppress gene expression, which is consistent with previous
findings [52]. For genes with detected expression, we determined that
DNA methylation in gene body regions promotes gene transcription,
which is consistent with previous findings, such as ROS1 in Arabidopsis
and various genes in tomato [53], as well as species such as cassava [54],
soybean [55], and poplar [56]. Importantly, we observed a significant
increase in mCHH methylation levels in promoter regions in LB with
increasing gene expression, especially near TSSs and TTSs (Fig. 5). These
findings suggest that high levels of mCHH promote gene expression in
LB, indicating that mCHH might regulate the development of the un-
derground rhizome-root system in Moso bamboo by affecting gene
expression.

We propose that genes, including phytohormones-related genes and
transcription factor genes, are regulated by both DNA methylation and
small RNAs. Consequently, these regulatory mechanisms can affect the
development of various underground rhizome-root tissues in Moso
bamboo, as indicated by the variations in the SAM angles within the LB
(Fig. 7). In summary, our study represents the first attempt to elucidate
the regulatory relationship between DNA methylation and the rapid
growth of Moso bamboo from its underground rhizome-root tissues. Our
findings provide a basis for further research on the underlying mecha-
nisms driving the rapid growth of this species.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.125921.
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