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Phyllostachys edulis rhizome during
germination and early shoot stages
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Abstract

Background: The vegetative growth is an important stage for plants when they conduct photosynthesis,
accumulate and collect all resources needed and prepare for reproduction stage. Bamboo is one of the fastest
growing plant species. The rapid growth of Phyllostachys edulis results from the expansion of intercalary meristem at
the basal part of nodes, which are differentiated from the apical meristem of rhizome lateral buds. However, little is
known about the major signaling pathways and players involved during this rapid development stage of bamboo.
To study this question, we adopted the high-throughput sequencing technology and compared the transcriptomes
of Moso bamboo rhizome buds in germination stage and late development stage.

Results: We found that the development of Moso bamboo rhizome lateral buds was coordinated by multiple
pathways, including meristem development, sugar metabolism and phytohormone signaling. Phytohormones have
fundamental impacts on the plant development. We found the evidence of several major hormones participating in
the development of Moso bamboo rhizome lateral bud. Furthermore, we showed direct evidence that Gibberellic
Acids (GA) signaling participated in the Moso bamboo stem elongation.

Conclusion: Significant changes occur in various signaling pathways during the development of rhizome lateral
buds. It is crucial to understand how these changes are translated to Phyllostachys edulis fast growth. These results
expand our knowledge on the Moso bamboo internodes fast growth and provide research basis for further study.
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protein

Background
Plant vegetative growth is a complicate developmental
process which is a combined result of the plants genetic
program and various environmental factors [1]. A
systematic understanding the mechanism of plant
growth offers researchers and farmers the key to increas-
ing crop yields and coping with hazardous agricultural
situations. The Moso Bamboo (Phyllostachys edulis) is
an excellent model to study plant growth [2]. The moso

bamboo has great nutritious and economic value, but it
is particularly of interest to researchers due to the ability
to grow rapidly [2].
Decades of studies have been focused on the general

mechanisms of bamboo fast growth [3–7], observing se-
quential elongation of internodes from the bottom of
the culm to the top. The fast growth of Moso bamboo
results from the expansion of meristem, which differen-
tiates in the rhizome lateral buds [8, 9]. The appearance
of rhizome lateral bud increases the survival rate by pro-
viding extra advantages for obtaining nutrients and light
in the extremes environment [10]. Thus, bamboo
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rhizome lateral bud meristem plays a significant role in
bamboo morphogenesis.
The development of the rhizome lateral bud into the

upright stem relies on the environment, the parent shoot,
and the rhizome apex [11]. Environmental factors such as
nitrogen content and water condition in soil regulate the
growth of lateral buds into shoots [12–15]. The effects of
carbohydrate metabolism on rhizome lateral bud shooting
are the response to light exposure [16]. By using rice
cross-species microarray hybridization, several genes were
found to be closely related to the development of Phyllos-
tachys praecox rhizome lateral bud, including hormone
signaling factor HB1, and CLV1, a signaling peptide in
meristem development [17]. Multiple transcriptional fac-
tors have been implied to play roles during rhizome bud
development [17–20]. Nevertheless, the regulation net-
work of rhizome lateral bud development still remains
unknown.
Plant hormones are major regulators of plant growth

and development, and are extensively studies in model
organisms, such as Arabiodopsis and Oryza. Various
hormones (auxin, Brassinolides and Gibberellic Acids)
signaling pathways genes were regulated in different
trends or stages in grass rhizome later bud development
[21]. In bamboo, the hormone-mediated signaling path-
way was one of the major signal transduction regulation
in fast-growing culms [22]. Effects of various phytohor-
mones on the development of Moso bamboo were re-
cently reported on transcriptome levels [23–25].
Despite the importance of understanding the molecu-

lar mechanism of the rhizome lateral bud development,
most previous studies only focused on the up-grounded
shoot. In bamboo morphogenesis, the long-term asexual
reproduction of rhizome bud controls the rise and fall of
the bamboo forest [8]. Moreover, as the initial develop-
ment stage in the whole bamboo lifecycle, the rhizome
lateral bud development progress has lots of unknown
details.
Bioinformatics has been a useful and prevalent tool for

non-classic model plant researches. However, researches
on Phyllostachys edulis were hinged and lagged behind
due to the lack of technical support in extracting DNA,
RNA or proteins from bamboo. It was only until recently
that Moso bamboo genome draft was sequenced, bring-
ing opportunity to study the molecular regulation of
functional genes in Moso bamboo in a more convenient
and meticulous way without reads assembling [22]. Peng
et al. used the Illumina sequencing platform to sequence
the Moso bamboo shoot and culm after leaf expansion
and looked for key regulating factors which control the
bamboo fast growing characteristics [22]. He et al. im-
plemented RNA-seq with microscopy to analyze the
mRNA and microRNA expressions in the rapid growth
of developing culms in Moso bamboo [26].

Alternative Splicing (AS) events lead to the diversifica-
tion of protein structures and creation of novel functions
to benefit the organism or can be associated with genetic
diseases [27–29]. In plants, AS has significant influence
in plant growth, development and defense, by changing
domain architectures of some important proteins. Loss
of domains by alternative splicing promoted functional
shifts of some auxin response factors [30]. A splicing
variant of JASMONATE ZIM-domain protein (JAZ10.4),
which lacked Jas domain, and could attenuate signal out-
put in the presence of JA [31]. As an organism with vast
intron-containing genes, Phyllostachys edulis is no ex-
ception to AS events. Almost half of the annotated genes
in the recently published reference genome contain AS
variants [32]. Those AS events also varies in different tis-
sues [33], growth stages [34] and respond to changes in
hormones and environment [34, 35]. Single nucleotide
polymorphisms (SNPs) and nucleotide insertion and de-
letions (Indels) are natural occurring genetic variations
that associated with disease, genetic traits and gene
evolution. SNPs were used as markers to study the rela-
tionship between temperate bamboo species [36]. A sys-
tematic review of SNPs and Indels in bamboo related
transcriptome research is of dire need.
In this study, we sequenced the transcriptomes of

underground samples of rhizome lateral buds in germin-
ation stage and early shoot stage. We reported the dis-
covery of novel genes, AS events, SNPs and Indels,
which complemented the current annotations in bam-
boo genome. We compared the transcriptomes of the
two stages and investigated how the dynamics of tran-
scription factors, meristem development, carbohydrate
metabolism and hormone signaling change. We further
verified our transcriptome analysis results by investigat-
ing the role of GA in bamboo fast growth. Together, our
study could shed new light on the regulation mechanism
of Moso bamboo rhizome lateral bud development.

Results
Reads mapping and analysis
The bamboo shoot development can be divided into six
stages: dormancy, germination, development stage I, II
and III, and shoot stage [37, 38] (Fig. 1). To characterize
and generate the expression profiles for rhizome bud de-
velopment, cDNA samples from rhizome lateral bud of
Moso Bamboo in germination stage or early shoot stage
were prepared and sequenced.
High throughout RNA-seq reads were mapped onto

the published Moso bamboo draft genomic sequences
[22] (Table 1). With a pre-treatment to the reads gener-
ated, there were 11,863,411 merged single reads and 3,
885,776 paired-end reads in germination stage sample,
and 20,854,206 merged single reads and 6,910,356
paired-end reads in shoot stage sample. Among them,
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14,769,297 (94.9%) reads in germination stage sample
and 25,909,031 (93.3%) reads in shoot stage sample can
be mapped onto the genome sequences. Only 32.6% of
mapped reads in germination stage sample and 31.9% of
mapped reads in shoot stage sample were mapped onto
the previously annotated genome regions.
We thus used Cufflinks to reannotate novel genes by

integrating information on reads mapping patterns and
previous annotation and obtained a total list of 55,869
genes [39]. Accordingly, 13,939,159 reads (94.4%) in ger-
mination stage sample and 24,674,009 reads (95.2%) in
shoot stage sample were mapped to these genetic re-
gions, indicating that the reannotation covered the vast
majority of reads. In gene saturation line (Fig. 2a), the
increase of newly covered genes reached plateau as more

reads were sequenced, which indicated that our sequen-
cing depth was high enough to cover most genes ex-
pressing in our samples. The average reads covered per
site of gene relative positions showed that although a
part of sequences located to both terminates of genes
were lost, our data had no obvious 5 prime or 3 prime
bias (Fig. 2b and c).

Identification of novel genes in RNA-seq
We identified 22,107 novel genes (25,808 transcripts or
60,454 exons) within inter-genetic regions with an
RPKM cutoff of 1.0 and compared the distributions of
exon and intron length between the novel genes and
previously annotated genes from published bamboo gen-
ome (Fig. 3). Both novel and annotated genes shared a
similar distribution of exon length with two peaks at
about 200 bp and 700 bp, consistent with recent data.
However, there were larger gene density at 700 bp in our
newly identified genes due to a proportion of single long
exon genes (Fig. 3a). The distribution of intron length in
novel genes and annotated genes were also similar, with
a high sharp peak at about 100 bp and a low peak at
about 500 bp (Fig. 3b). Such similarity in both exon and
intron length between novel genes and old genes con-
firmed the validity of our newly identified genes.

Fig. 1 Phyllostachys edulis rhizome bud and shoot in different development stages. Stages of Phyllostachys edulis rhizome bud were characterized
by the bud or shoot length. The samples collected for this study (MSAJ-01 ~MSAJ-05) are germination stage (MSAJ-01), development stage 1
(MSAJ-02), development stage 2 (MSAJ-03), development stage 3 (MSAJ-04) and shoot stage (MSAJ-05)

Table 1 Number of mapped genes from the two rhizome bud
development stages

Genome mapping Germination sample Shoot sample

Total mapped reads 14769297 25909031

Perfect match 10102246 17621789

Unique match 12150461 21133012

Multi-position match 2618836 4776019

Total unmapped reads 979890 1855531
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Fig. 2 (See legend on next page.)
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Novel genes were grouped according to the number of
exons, with 5770 multiple exon genes (MEG) and 16,337
single exon genes. In MEG set, Trinity predicted 5986
non-redundant coding sequences [40], 5149 of which can
be aligned to and annotated by Oryza sativa japonica gen-
omic data with an e-value less than 1e-5. We clustered
3153 newly annotated MEG and 23,213 previously anno-
tated genes in Mapman. In each category, the number of
newly annotated MEG were proportional to the number
of previously annotated genes (~ 10%, Fig. 3c). The major-
ity of newly annotated MEG were involved in basal metab-
olism, protein and RNA synthesis and cell signaling. In
addition, novel genes were identified in categories that
were closely related to meristem development such as cell
wall (26 genes), cell division and organization (77 genes)
and hormone metabolism [41].

In the single exon genes set, 7962 protein sequences
were predicted by Trinity [40] and 1737 non-coding
RNA sequences were found by blast against Rfam [42],
including 1055 rRNA, 58 tRNA, 12 micro-RNA and 37
snoRNA (Table 2). The results above indicated that the
sequences identified in this study captured the abun-
dance of novel genes (both functional proteins and non-
coding RNA) expressed in Moso bamboo rhizome lateral
buds and early shoots. For most plants, only less than ~
37% of the genes are intronless [43, 44]. The MEG set
was considered more reliable. Thus, we continued with
MEG set for further functional analysis.

Identification of alternative splicing (AS) events
We also used our data to identify AS events in bamboo.
A total of 28,217 AS events were identified by

(See figure on previous page.)
Fig. 2 Transcriptome sequence reads analysis. a Sequencing Saturation Analysis. As more reads (x axis) were sequenced, the discovery of genes
with more than 10 reads reached plateau. b and c Average reads coverage in gene relative position in germination stage (b) and in early shoot
stage (c). The x axis represented relative position in gene sequence from start ‘0’ to end ‘1’. The y axis showed the average read coverage for
each gene position. The genes are grouped according to the total reads coverage from 10 to 100%, as is shown on the right

Fig. 3 Summary of the features of novel genes. a and b Distribution of exon lengths (a) and intron lengths (b) for novel genes (brown) and
previously annotated genes (green). c Distributions of genes in each functional category using Mapman. novel genes (green) and annotated
genes (blue)
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Astalavista-3.2 in the two samples [45] (Table 3), a num-
ber similar to previous study on AS events in rhizome
bud tissue using PacBio technology [46]. The intron re-
tention events (IR), alternative 3′ splice sites events (Alt
3′ ss), exon skipping events (ES) and alternative 5′ splice
sites events (Alt 5′ ss) constituted the most frequent AS
events types, which also consistent with previous find-
ings [32, 33]. About 37.2.% and 32.2 of the AS junctions
were previously annotated splicing sites in germination
stage sample and shoot stage sample, respectively, while
38.0 and 40.6% were assigned into unknown splicing
sites in annotated genes. The rest 24.9 and 27.2% junc-
tions were located in novel genes. Together, we identi-
fied a total of 10,588 AS related splicing variants. Nine
thousand two hundred sixty-three variants originated
from ~ 40% of the annotated genes from previously pub-
lished bamboo genome [22], whereas the rest 1325 were
from the novel genes.
AS creates protein isoforms and leads to increased

protein complexity and functional diversity. A large por-
tion of AS events in winter bamboo shoot development
lead to domain lost in hormone associated genes, poten-
tially regulating hormone signaling [34]. Wang et al.
divided alternative splicing events into two classes ac-
cording to their impacts on domain architectures [47],
altering the length of domain (Class I) and retaining/de-
leting the domain (Class II). To investigate if any protein
families ‘prefer’ AS during RNA transcription in Moso
Bamboo, we performed clustering analysis to our data.

Proteins in PKinase and PKinase_Tyr, DEAD and PP2C
families had enriched Class I AS, whereas WD40, TPR_
11, IQ and zf-CCCH domain families were prone to
Class II AS (Fig. 4a).

Identification of single nucleotide polymorphisms (SNPs)
and base insertions and deletions (Indels)
We next examined single-nucleotide polymorphisms
(SNPs), and insertions and deletions (indels) presented
in our data. There were 18,602 homozygous SNPs and
25,979 heterozygous SNPs compared to the draft gen-
ome. 44.2% homozygous SNPs and 67.8% heterozygous
SNPs located at the coding regions of previously anno-
tated genes. We observed more nonsynonymous SNPs
(5019) than synonymous SNPs (3208) in homozygous
SNPs, while the opposite was seen in heterozygous SNPs
(10415 synonymous SNPs and 7206 nonsynonymous
SNPs). The nonsynonymous SNPs were more frequently
seen in proteins with PKinase domains, WD40 domains,
nucleic acid-binding domains and Zinc finger FYVE do-
mains (Fig. 4b).
We have also identified 6544 homozygous indels and

15347 heterozygous indels. Contrary to SNPs, only
5.34% (350) homozygous indels and 11.8% (1811) het-
erozygous indels located at annotated coding regions. It
was also of notice that most of these indels (268 homo-
zygous and 1430 heterozygous) did not cause frame
shifts. After function clustering, we found that indels
were enriched in protein kinases with ARM-like or
RRM-dom domains (Fig. 4c). Premature termination co-
dons (PTCs) often originate from nonsynonymous SNPs
or frameshift. It is thus not surprising that protein fam-
ilies enriched in nonsynonymous SNPs and indels also
possess PTC more frequently (Fig. 4c).

Table 2 The number of noncoding RNA

Plant_SRP rRNA RNase_MRP miRNA tRNA snRNA other

7 1055 2 12 58 37 566

Table 3 AS events in Moso bamboo underground development stage

Annotation NO. of Events AS-code by Astalavista

Intron retention 6677 0, 1^2–

Alternative 3' splicing site 5432 1–, 2–

Exon skipping 4771 0, 1–2^

Alternative 5' splicing site 3934 1^, 2^

Exon skipping1 + exon skipping2 813 0, 1–2^3–4^

Intron retention1 + intron retention2 626 0, 1^2–3^4–

Exon skipping + alternative 3' splicing site 484 1–2^4–, 3–

Alternative 3' splicing site + alternative 5' splicing site 465 1^3–, 2^4–

Mutually exclusive exon 441 1–2^, 3–4^

Exon skipping + alternative 3' splicing site 406 1–2^3–, 4–

Exon skipping + alternative 5' splicing site 395 1^, 2^3–4^

Alternative 5' splicing site + alternative 3' splicing site 391 1^4–, 2^3–

Exon skipping + alternative 5' splicing site 327 1^3–4^, 2^

Alternative 5' splicing site + alternative 3' splicing site 258 1^2–, 3^4–
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Fig. 4 Functional enrichment analysis of AS events and genetic variations discovered during transcriptome analysis. a Distrbution of Class I and
Class II AS event in different domain families. Class I, blue; Class II, green. Red dot, enriched b and c Distribution of nonsynonymous mutation (b)
and coding frameshift indels and premature termination codons (PTCs) (c) in protein domain family
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Genes with two or more nonsynonymous alleles are
highly variant genes. Only less than 10% (1518) genes in
our RNA-seq data were highly variant, suggesting a close
relationship between the sequenced transcriptome and
draft genome. These genes are enriched in processes of
transportation, hormone metabolism, nucleotide metab-
olism, minor carbohydrate metabolism and photosyn-
thesis, especially in ABC transport and multidrug
resistance system and Jasmonate signaling pathway, indi-
cating a faster gene evolution in these categories.

Functional analysis on differentially expressed genes
We next investigated how gene expression was differen-
tiated between germination stage and shoot stage. With
a RPKM cutoff of 1.0 (both RPKM values of genes in the
two samples should be larger than the cutoff), we looked
at how major pathways in plant growth change between
the two stages (Fig. S1).

Transcription factors
Transcription factors regulate gene expression through
binding to cis elements in response to environmental
and developmental changes. It was estimated by Plant
Transcription Factor Database that Moso Bamboo has
about 1768 transcription factors from 54 families. We
found 138 transcription factors in 35 families displaying
expression level changes between germination stage and
early shoot stage. As high as three quarters of the tran-
scription factors were highly expressed in germination
stages including ARF, WRKY, NAC and DOF families,
and the rest quarter transcription factors were highly
expressed in early shoot stage, including NF-YA, HSF
and MIKC type MADS families (Fig. 5a).

Rhizome meristem development
The underground development of the rhizome buds de-
termines the size and yield of mature bamboo. The apical
meristem maintains cell proliferation and differentiation
for stem elongation and the auxiliary meristem differenti-
ates and develops to branches, leaves and sheaths. We
found several negative regulators of auxiliary meristem de-
velopment LAX1, D14 and LOB were highly expressed
during germination stage whereas genes promoting auxil-
iary meristem development (IPA1 and EP2) were upregu-
lated during shoot stages (Fig. 5b). Our data suggested
that auxiliary meristem development was inhibited during
germination and promoted during shooting stage.

Carbohydrate metabolism
The rhizome buds are heterotrophs during the germin-
ation and early shoot stages, consuming the energy from
metabolizing carbohydrates synthesized in above-ground
tissues. We compared the gene expressions of the three
main carbohydrate metabolism pathways in the two

rhizome-bud developmental stages, glycolysis, tricarb-
oxylic acid (TCA) cycle and pentose phosphate pathway
(PPP) (Fig. 6).
Glycolysis is the major pathway for glucose metabol-

ism in rhizome bud cells. The phosphorylation of glu-
cose by hexokinase is the first rate-limiting and
irreversible step, which initiates glycolysis. The resulting
glucose-6-phosphate (G6P) is transformed to fructose-6-
phosphate before going through another phosphoryl-
ation by ATP-dependent phosphofructkinase (PFK). Fi-
nally, a third rate-limiting kinase, pyruvate kinase,
transfers the phosphate group from phosphoenolpyr-
uvate to ADP and produces ATP and pyruvate, a TCA
cycle precursor. We observed all six putative hexokinase
related sequences were greatly expressed at germination
stage and three of them were more than 2 G-fold over
early shoot stage (Fig. 6a). Other two rate-limiting ki-
nases also saw strongly (PFK, XLOC_038519, − 2.23123)
and moderately (pyruvate kinase, XLOC_034008, −
1.395) increased activity during germination stage.
The pyruvate produced from glycolysis can form acetyl-

CoA and go through a series of oxidization in TCA cycle,
the most effective energy-producing pathway. We noted
that a majority of putative genes in all steps of TCA cycle
were upregulated during germination stage (Fig. 6b). A
similar trend was also observed in PPP pathways, as the
gene expression were elevated during germination stage,
including the rate-limiting 6-phosphogluconate hydrogen-
ase (Fig. 6c). Thus, the carbohydrate metabolism appeared
more active during bud germination compared to early
shoot development.

Hormone
Plant hormones play vital roles in the growth of bamboo
shoot. We found putative genes annotated to indole-3-
acettic acid (IAA), Brassinosteroid (BR) and gibberellin
acid (GA) synthesis and signal transduction pathway dis-
played significant expression level changes during Moso
Bamboo rhizome bud underground development.
IAA, the main auxin produced in plants, participates

in cell proliferation, cell cycle regulation, cell elongation
and cell wall development of the apical meristem. Using
Trptophan as a precursor, IAA can be synthesized via
multiple routes (Fig. 7). We found decreased expression
level in putative gene annotated to major IAA synthesis
pathways (CYP79B2 and CYP79B3 in IAOx route, IAM1
in IAM route and TAA1 in IPA route). The decline was
further confirmed using reverse transcription qPCR to
measure the expression of those putative genes through-
out the five underground development stages of Moso
bamboo rhizome bud (Fig. 7). It is of interest that the
relevant gene expressions started to drop even at very
early stages of underground development, prompting the
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question how IAA synthesis is regulated and how IAA
level is maintained in rhizome buds.
BRs are a group of steroidal phytohormones that pro-

mote cell growth and stress responses, participating in
all stages of plant development. Both our transcriptome
analysis data and qPCR quantification showed that the
putative genes involved in BR signaling pathway dis-
played systematic increase in expression in early shoot
stages (Fig. 8). Thus, a strong role of BR in early shoot
development is indicated.
GA stimulates seed germination and meristem devel-

opment, and in later stages, triggers transition to flower-
ing and fruiting. The transcriptional expression of
GA3ox2 and GA20ox3, the key genes responsible for
GA synthesis, were greatly elevated at early shoot stage,
which is consistent with the trend seen in qPCR results

(Fig. 9). The GA signaling activity leads to the decline of
DELLA, a protein that inhibits cell growth and promote
branching. Plants defective in GA synthesis caused accu-
mulation of DELLA and displayed dwarf and branchy
phenotypes. In our study, the DELLA gene expression
decreased from germination to early shoot, suggesting
an active GA signaling pathway during various under-
ground stages of rhizome bud development (Fig. 9).

GA stimulates basal internode elongation in Moso
bamboo
To confirm our findings from transcriptome analysis, we
investigated the effects of GA signaling on fast growth in
Moso bamboo. Moso bamboo seedlings were collected
from Anji Bamboo Garden and grown in laboratory
greenhouse till the establishment of five to seven true

Fig. 5 Activities of transcription factor families and axillary meristem development at germination and early shoot stage. a Distribution of putative
transcription factors upregulated in germination (green) and early shoot (blue) stages. Red dot, the family is enriched in respective stage. b
Differential expression of putative regulators in axillary meristem development. Green, significantly increased expression at germination stage;
brown, significantly increased expression at early shoot stage
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leaves before sprayed with GA, the growth inhibitor
PAC and water, consecutively for 6 months (Fig. 10a).
The GA treatment significantly boosted the bamboo

seedling vertical growth compared to the water treat-
ment control (Fig. 10a, right), consistent with previous
study [35]. The PAC control, on the contrary, displayed
darker leaves, shorter internode stem length and shorter
distance from base to the first true leaf, indicating a
slower stem elongation (Fig. 10a, middle). Neither treat-
ment affected bamboo leaf width (LW), leave length
(LL) and sheath length (SL) (Fig. S2, A and B).
We further dissected and compared the distribution of

internode growth in different treatments (Fig. 10b and

c). The water treated wildtype had increased stem length
for the first three basal internodes and the stem length
sharply decreased as it came closer to the apical side.
Treating GA did not disturb the basal stem growth pat-
tern but resulted in longer and more-elongating basal in-
ternodes. PAC treatment completely abolished the basal
stem growth in all internodes.
DELLA is a critical growth inhibitor during plant de-

velopment. Same as in other monocot, we only detected
one DELLA sequence in Phyllostachys edulis, SLR1 (Fig-
ure S3). In wildtype A. thaliana or DELLA defective mu-
tant rga, the DELLA protein level remains undetectable
as it is often rapidly degraded. However, an antibody

Fig. 6 Changes in putative carbohydrate metabolism pathway gene expressions in two development stage. Key players in EMP (a), TCA (b) and
PPP (c) pathways were investigated for their expression in germination and early shoot stage. The G-fold number presented how the expression
levels in germination compared to early shoot. Green, G-fold < − 2
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against A. thaliana DELLA is able to detect the accumu-
lation of DELLA in ga3, a mutant defective in GA syn-
thesis, in Arabidopsis (Fig. S2C). Consistent with our
previous findings, the accumulation of DELLA was only
observed using the same antibody in PAC treated bam-
boo stem protein extract where the inhibition of growth
was seen (Fig. 10d). Thus, GA and its signaling pathway
is actively involved in Moso bamboo fast growth.

Discussion
To explore the mechanism of Phyllostachys heterocycla
fast growth from a systematic perspective, we analyzed
and compared the transcriptomes of rhizome bud at ger-
mination. We identified novel putative genes, alternative
splicing and SNPs that would complement current bam-
boo genomic database. We evaluated the involvement of
transcriptional factors, meristem development, carbohy-
drate metabolism and phytohormones in rapid bamboo
rhizome bud development.

Strong association and high sequence match between
transcriptome data and draft genome
Our high throughput sequencing data were mapped to
the published bamboo genome with over 93% matching
percentage [22]. Such high mapped-reads ratio is prob-
ably due to the reason that our sequenced tissues were
from the same species, which endowed our reads with
strong application to identify new genes and high reli-
ability to examine protein expression level change. How-
ever, only less than 40% of the reads were mapped to
the annotated regions. The most likely reason was that
the tissues we sequenced were different from those used
for the annotation of genes previously [22]. As a result,
we were able to identify novel putative genes from previ-
ous intergenic regions. An improved reference genome
assembled in chromosome level was recently released
[32]. As the acceleration of sequencing technology and
increasing interest on moso bamboo, a more compre-
hensive understanding of bamboo genome is of

Fig. 7 Changes in expression of putative IAA synthesis pathways genes. a Transcriptome analysis of putative genes related to auxin synthesis.
Green, significantly increased expression at germination stage. b Relative expression of putative genes in (a) at various underground stages of
rhizome bud development. Stage 1 ~ 5 are germination, development stage 1,2 and 3 and early shoot stage, respectively. For CYP79B2 and AMI1,
only the first four stages were assayed due to sample availability. The expressions were measured by qPCR and results were normalized based on
the germination stage (stage 1) data
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inevitable need and will greatly benefit the researchers in
the field.

AS, SNPs and Indels in transcriptome analysis samples
Our AS analysis agreed with previous finding in Arabi-
dopsis that PKinase domain was the most frequently
truncated domain family (Class I AS) and WD40 domain
were the most likely to be completely inserted/deleted
(Class II AS) [47]. The AS class preference of these two
domain families could be universal among dicots and

monocots and might be derived from their ancestors. In-
deed, a recent study showed that AS are more likely to
occur in conserved genes. In addition, we found PP2C,
DEAD and SNF2_N in Class I and TPR_11 domain, ZF-
CCCH domain and IQ domain in Class II were enriched.
Splicing variants in SNF2-N and ZF-CCCH family have
already been reported in Arabidopsis previously [48, 49].
The high abundance of AS events in moso bamboo rhi-
zome bud speaks volumes of its importance. In this
study, we present a preliminary assessment of our RNA-

Fig. 8 Changes in expression of putative BR signaling pathways genes. a Transcriptome analysis of putative genes related to BR synthesis. Red,
significantly increased expression at early shoot stage. b Relative expression of putative genes in (a) at five underground stages of rhizome bud
development. Stage 1,3,4 and 5 are germination, development stage 1 and 3, and early shoot stage, respectively. Top, BR signaling pathway
derived from Kyoto Encyclopedia of Genes and Genomes Database. The expressions were measured by qPCR and results were normalized based
on the germination stage (stage 1) data

Shou et al. BMC Plant Biology          (2020) 20:229 Page 12 of 18



seq data on AS event. How those AS events affect rhi-
zome bud development at various stages is of future
interest with the help of a more detailed reference gen-
ome [32] and deeper sequencing technology [46].
Natural genomic variations like SNPs and Indels are

relatively low in our samples. It is likely due the reason
that our samples were collected in the same province of
China as the samples used for sequencing the draft gen-
ome, which could indicate similar climate, temperature
and other environmental factors. We found proteins par-
ticipating in signal transduction or transcriptional regu-
lation were prone to genomics variations. Those protein
families were particularly important for stress response
or environmental adaption. Future study is needed to
compare the genomic variation in Moso bamboo grown
in different regions and their correlation to environmen-
tal factors.

Expression patterns of putative transcription factor,
meristem development and carbohydrate metabolism
related genes in Moso bamboo rhizome lateral bud
Our transcriptome analysis did not identify all 35 tran-
scription factor families. It is possible that other tran-
scription factor families might specifically express in
some other developmental and reproductive stages or be
removed from results due to low reliability. The number
of TFs highly expressed in germination stage was much
more than those in early shoot stage, revealing that the
transcription is more activated in germinating rhizome
bud. Difference also existed in process functions that
enriched in each developmental stage. The ARF, DOF,
NAC and WOX family members were enriched in ger-
mination stage. These four transcription factor families
were actively involved in the plant development. Auxin
response factors (ARF) were transcription factors that

Fig. 9 Changes in expression of putative GA signaling pathways genes. a Transcriptome analysis of putative genes related to GA signaling. Green,
significantly increased expression at germination stage. Red, significantly increased expression at early shoot stage. B Relative expression of
putative genes in (a) at five underground stages of rhizome bud development. Stage 1 ~ 5 are germination, development stage 1,2 and 3 and
early shoot stage, respectively. Top, GA signaling pathway derived from Kyoto Encyclopedia of Genes and Genomes Database. The expressions
were measured by qPCR and results were normalized based on the germination stage (stage 1) data
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regulated the expression of auxin response genes [41].
The NAC and WOX transcription factors could partici-
pate the regulation of cell division in the early develop-
ment of primordium [50, 51]. The DOF family
participates in the regulation of seed storage protein syn-
thesis in developing endosperm, seed germination, and
gibberellin response in post-germinating aleuronic [52]. In
this way, the DOF transcription factor might regulate the
nutrition which was required by germination rhizome lat-
eral bud to transport from the rhizome and was adjacent
over ground culm. On the other hand, the nuclear factor
Y subfamily A (NF-YA) heat shock factor (HSF) and
MIKC type MADS domain family were only enriched in
early shoot stage. Both NF-YA and HSF proteins are im-
portant transcriptional factors responsive to abiotic stress,
which can be crucial to bamboo shoot dormancy or envir-
onmental adaption. The MIKC type MADS domain pro-
teins are essential for plant flowering in floral quartet
model. The enrichment of gene expression in this cat-
egory during early shoot stage may indicate they have
addition functions during bamboo growth.
Other putative transcription factors identified in our re-

sults such as bHLH protein were enriched in both two de-
velopmental stages. The bHLH protein were important
regulatory components in transcriptional networks, con-
trolling a diversity of processes from cell proliferation to
cell lineage establishment, which was closely related the
rhizome lateral bud underground development [53].

Together, our analysis of transcription factors in under-
ground development stage suggested a pool of putative
regulatory elements for future functional analysis.
The development of apical and auxiliary meristem in

rhizome buds is determinant to bamboo shoot above
ground growth. The auxiliary meristem differentiates
into sheath, leaves and branches. Our data showed that
the auxiliary meristem development related genes were
differentially expressed between germination and early
shoot stage. We speculated that the auxiliary meristem
is not established until later underground bud develop-
ment due to apical dominance. The apical meristem de-
velopment may be consistent throughout the rhizome
bud underground stages as we did not observe signifi-
cant changes in expression for genes regulating apical
meristem developments.
Carbohydrate metabolism is the main pathway for rhi-

zome bud growth as photosynthesis is not available during
underground development. Interestingly, a systematic de-
cline in carbohydrate metabolism activities was observed
at early shoot stages. It is possible that more energy and
nutrients are needed during germination stages.

Hormone synthesis and signal transduction regulation in
Moso bamboo rhizome lateral bud
In our study, we looked at the dynamics of three hor-
mone signaling pathways in rhizome lateral bud stage
and early shoot stage.

Fig. 10 GA stimulate the internode growth in Moso bamboo. a Treatment of water (left), PAC (middle) and GA (right) on Moso bamboo
seedlings. b and c Distribution of internode lengths from basal (1) to apical (10) of seedlings. d Accumulation of PheDELLA was only detected in
stem tissues of PAC treated seedlings. Red arrow, DELLA protein visualized in western blot. M, marker; L, leaves; S, stem. Bars, 3 cm
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IAA synthesis and signaling pathway components were
highly conserved across species [24]. We found that the
IAA synthesis pathway was highly active at germination
stages, coinciding with its important roles in meristem
development. Previous research found that the IAA/
ABA ratio in praecox rhizome lateral bud regulated the
rhizome bud germination [54]. It will be interesting to
investigate the activity of abscisic acid pathways during
germination stages. Although IAA synthesis were de-
creased at early shoot stage in our result. It is possible
that the polar auxin transport contribution to the IAA
levels in early shoot stages beside de novo synthesis. Our
analysis did not identify significant changes in auxin sig-
naling pathway. It is likely IAA signaling is consistently
active throughout the rhizome bud underground
development.
Brassinosteroids (BRs) are steroidal hormones that the

regulate plant growth through promoting root cell div-
ision and elongation. Consistent with a recent detailed
analysis in BR related gene in bamboo [23], the expres-
sion of almost all genes in BR signaling pathway were
significantly increased in early shoot stage in our data,
indicating a potential effect of BRs during rhizome bud
development. It is also possible that this elevation is re-
lated to the roles of BRs in vascular tissue growth and
environmental adaption [55]. Future studies are needed
to dissect the effect of BRs during later developmental
stages.
The detection of hormones in rhizome lateral bud re-

vealed that GA concentration was high in Phyllostachys
propinqua shoot [56]. In our results, we found that the
GA signaling is increasingly active at later stages of rhi-
zome bud development. PheDELLA (SLR1), whose
orthologous in Arabidopsis and Oryza negatively regu-
late GA signaling pathway, was down-regulated notably
in early shoot stage. Consistent with a recent report,
GA-treated bamboo seedlings had stimulated internode
elongation without disturbing the growth patterns [35].
This pattern could be maintained by meristem develop-
ment regulation or other presence of other hormones,
which requires further research.
DELLA is a critical growth inhibitor during plant de-

velopment and the GA signaling pathway involves the
degradation of DELLA. We observed the accumulation
of SLR1 in PAC treated bamboo seedling. Nonspecific
interactions were seen on Western blotting can be ex-
plained by the use of Arabidopsis specific antibody
against Phyllostachys edulis. When more tools for Moso
bamboo research becomes available, we will be able to
dissect the effect of GA on bamboo fast growth better.

Conclusion
In this study, we utilized high throughput RNA sequen-
cing to analyze the transcriptomes from Phyllostachys

edulis rhizome lateral buds at two developmental stages.
We compared our data to previous genome projects and
discovered more than 20,000 novel genes We also iden-
tified new AS events, SNPs and Indels, which can serve
as markers for genetic studies and hints for gene evolu-
tions. During the course of this study, an updated refer-
ence genome for Phyllostachys edulis with improved
precision and contiguity was published [32], which will
greatly benefit the moso bamboo research community. It
will be of interest to analyze our RNA-seq results basing
on the new reference genome in the future study, espe-
cially how AS events and SNPs are differentiated during
various stages of lateral rhizome bud development. Ana-
lysis on putative genes that differentially expressed be-
tween the two developmental stages of rhizome lateral
buds shed lights on the roles of transcription factors,
carbohydrate metabolisms and phytohormones in Moso
bamboo shoot development, as well as a rich list of can-
didate genes for further functional study. We verified
the role of GA in stimulating Moso bamboo internode
elongation. Together, our study presented a significant
addition to the current genomics resources and valuable
source for future studies on bamboo fast growth.

Methods
Collection of Moso bamboo rhizome lateral buds
All Phyllostachys edulies rhizome lateral buds were
collected by Yuting Shou in Anji Bamboo Exposition
Garden (119°14′-- 119°53′ E, 30°23′-- 30°53′ N), Zhe-
jiang Province, China during the growing season (Feb.
20th 2010). The sample collection complied with local
regulations and did not require specific permission. For
high throughput sequencing, the samples for germin-
ation stage (MSAJ-01) and early shoot stage (MSAJ-05)
are collected underground according to bud length (Fig.
1). For quantitative PCR (Fig. 8), the samples were col-
lected for all underground developmental stages (MSAJ-
01 germination; MSAJ-02 development stage 1;MSAJ-03
development stage 2; MSAJ-04 development stage 3;
MSAJ-05 early shoot stage). For each developmental
stage, three samples from different rhizomes were col-
lected. Fresh tissue from rhizome lateral buds were col-
lected without sheath hair and immediately frozen in
liquid nitrogen to avoid RNA degradation. All voucher
samples were stored in the laboratory of Dr. Yulong
Ding at Nanjing Forestry University in China.

Construction of cDNA libraries from Moso bamboo lateral
buds
Total RNA were extracted from pooled lateral bud sam-
ples using the EASYSPIN RNA extraction kit (Yuanpin-
ghao Biotech Co.,Ltd) and treated with RNase-free
DNase I for 30 min at 37 °C to remove residual DNA.
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RNA electrophoresis was run for an initial assessment of
sample quality and quantity.
The mRNA was then purified from the total RNA

samples and was used to synthesize cDNA. After end re-
pair, adding dA and adapters, the cDNA products were
further amplified by PCR using adapter primer se-
quences. The cDNA libraries were then quantified and
sent to sequencing using Illumina Genome Analyzer II.

Processing RNA-seq data
The distance between the terminals of two paired-end
reads is designed around 150 bp, which is shorter than
the sum of the lengths of two reads. As a result, a pre-
treatment for these reads should be taken before map-
ping them to the published first draft of bamboo genome
[22]. Each pair of reads were firstly merged together into
a single read if they shared a sequence with a length lon-
ger than 30 bp and an identity higher than 0.9. Each not-
merged read was pruned to preserve the high-quality 50
bp part from its terminal.
In order to map the reads, tophat-v2.0.8b was applied

with the parameter -g 1 to ensure a unique map result
for every read. Cufflinks-v2.1.1 was next used to offer a
hybrid annotation to unigenes based on the information
from both the first version of bamboo genome annota-
tion [22] and our own mapping results. For Figs. 5, 6, 7,
8 and 9, gene ID from newly published reference gen-
ome were obtained [32].

Discovery of novel transcripts
We firstly picked up genes with all their exons not an-
chored in the previously annotated genetic regions (class
code = ‘u’ in GTF-file produced by Cufflinks). To avoid
background noise of sequencing, an expression cutoff
should be decided to repel genes with lower expressions.
We depicted the distribution of expression of both gen-
etic regions and intergenetic regions in germination
stage sample and shoot stage sample (Fig. 2c). The
border area between genetic regions and intergentic re-
gions (shadow area in Fig. 2c) was between − 0.2 ~ 0.2
(log10 RPKM). The values − 0.2, 0 and 0.2 were tested
and only several ones among thousands of genes were
affected. Hence, we set the cutoff as RPKM 1.0.
Trinity-v2013-8-14 was then used to predict ORFs

from each transcript of these genes (two or more tran-
scripts may from one gene) and thus produced a list of
protein sequences, which were used to blast against an-
notated Oryza sativa proteomics with an e-value cutoff
of 1e-5. The transcripts failed to be predicted ORFs were
used to blast against Rfam to see whether there exist
some ncRNA among these genes. The novel genes with
multiple exons were used to make a functional-
enrichment analysis.

Identification of AS events, SNPs and Indels
Astalavista-3.2 was applied to judge alternative splicing
events (AS-events) based on the GTF-file produced by
Cufflinks. The numbers of different types of AS-events
such as intron retention (IR), exon skipping (ES) were
counted by AS-code. To learn the impact on protein do-
main morphogenesis by alternative splicing, we used
PfamScan to identify the domain morphogenesis of each
protein predicted by Trinity-v2013-8-14 from each
isoform.
SNPs between reads from our transcript samples and

the genome sequences these reads mapped onto were
calculated by inGAP-3-0-1. Only contigs with more than
200 mapped reads were chosen. Those indels with a se-
quence length shorter than 10 bp were adopted. A func-
tional enrichment analysis was done for high SNPs
genes.

Transcriptome analysis
We implemented Gfold-v1.0.8 to find out differential ex-
pression genes in comparing our two Moso bamboo
transcript samples. Download the raw data from the
Plant-TFDB [57] and KEGG [58] database. The genes
with absolute value larger than 1.0 were considered as
differential expression genes. Both the lateral bud-up-
regulated genes and the shoot-up-regulated genes were
respectively used to make a functional enrichment
analysis.

Functional annotation and enrichment analysis
We first blasted all the proteins predicted by trinity from
the whole transcripts to the proteins of Oryza sativa
downloaded from RAPDB with an e-value cutoff of 1e-5.
With the RAPDB version of Oryza sativa mapping list
downloaded from Mapman as functional annotation sys-
tem, we then pick up the target protein with the lowest
e-value among every protein from every isoform of one
gene and used the Mapman’s annotation of the target
protein to predict the functional category of this gene.
To make functional enrichment, both genes from con-

trol set and background set were counted in each cat-
egory and the genes assigned in one category were also
counted in its parent category, due to the hierarchical
structure of Mapman’s annotation. Then of each rank, a
fisher exact test was taken on the categories. On the
functional enrichment analysis of differential expressed
genes and differential expressed isoforms, all the genes
found by Cufflinks were taken as the background gene
set, whereas on the analysis of SNPs, only the annotated
genes in the published bamboo genome were used.

Hormone related gene expression by quantitative PCR
Total RNA extracted from each underground stage sam-
ple were reverse transcribed to cDNA. Depending on
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sample availability, selected putative genes expressions
were quantified in at least four underground stages using
gene specific primers in qPCR (Table S1). Moso bamboo
actin was used as internal reference. The PCR program
included: 94 °C for 5 min, 35 cycles of 94 °C for 30 s,
54 °C for 30 s and 72 °C for 1 min, and 72 °C for 10 min.

Bamboo seedling growth test
Before growth test, Moso bamboo seedlings were grown
in pots in greenhouse conditions until 5 ~ 7 true leaves
were established. The seedlings were then separated into
three groups and sprayed with water, GA and PAC for
about 180 days, respectively. After treatment, the growth
of seedlings in each group were recorded and compared.

Western blotting to detect DELLA (SLR1) protein
0.1 g of each sample from the growth test above were
collected in liquid nitrogen and grinded before adding
300 μl protein extraction buffer (50 mM Tris-HCl pH
8.0, 150 mM NaCl, 1% Triton-X 100 and 100 μg/ml
PMSF). The samples were mixed on ice for 30 min and
then boiled at 100 °C for 10 min. The crude extract was
then centrifuged at 12000 rpm for 30min. 10 μl of the
supernatant were mixed with standard SDS loading buf-
fer and loaded onto an SDS-PAGE gel. After electro-
phoresis, the samples were transferred to PVDF
membrane and sequentially blotted with anti-DELLA
antibody (1:3750) (ref) and secondary antibody (1:5000)
in 5% NFDM-TBST solution. The results of western
blotting were revealed by chemifluorescence.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-020-02439-8.

Additional file 1: Fig. S1 Differential gene expression in two
underground development stages of moso bamboo. Fig. S2 Effects of
GA treatment on bamboo seedlings. (A) Illustration of leave and sheath
of seedling under water (left), PAC (middle) and GA (right) treatment. Bar,
3 cm. (B) Comparisons of leave length (LL), leave width (LW), sheath
length (SL) and internode length (IL) during growth test. (C) AtDELLA
detection in Arabidopsis strains through western blotting. Col, wildtype;
ga3, GA synthesis deficient mutant; rga, DELLA mutant. Red arrow,
protein visualized in western blot. Fig. S3 ClustalW alignment of SLR1
sequences in RNA-seq, Peng et al. [22], Zhao et al. [32] and Oryza Savita.
The consensus region was noted by *.

Additional file 2: Table S1. Primer used in quantitative PCR.
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