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Abstract

Background: E2F/DP proteins have been shown to regulate genes implicated in cell cycle control and DNA repair.
However, to date, research into the potential role of the Moso bamboo E2F/DP family has been limited.

Results: Here, we identified 23 E2F/DPs in the Moso bamboo genome, including nine E2F genes, six DP genes,
eight DEL genes and one gene with a partial E2F domain. An estimation of the divergence time of the paralogous
gene pairs suggested that the E2F/DP family expansion primarily occurred through a whole-genome duplication
event. A regulatory element and coexpression network analysis indicated that £2F/DP regulated the expression of
cell cycle-related genes. A yeast two-hybrid assay and expression analysis based on transcriptome data and in situ

drought and salt treatment and diurnal cycles.

hybridization indicated that the PheE2F-PheDP complex played important roles in winter Moso bamboo shoot
growth. The gRT-PCR results showed that the PheE2F/DPs exhibited diverse expression patterns in response to

Conclusion: Our findings provide novel insights into the Moso bamboo E2F/DP family and partial experimental
evidence for further functional verification of the PheE2F/DPs.

Keywords: E2F/DPs, Moso bamboo, Expression, Cell cycle, Bamboo shoot

Background
Moso bamboo (Phyllostachys edulis) generates nearly 5
billion US dollars annually in economic value. It is the
most important non-timber product used for commer-
cial purposes in East Asia due to its fast growth rate [1,
2]. During Moso bamboo shoot growth, the height in-
crease was created by simultaneous cell division and cell
elongation. Cell division played critical roles during the
winter and early growth periods, while cell elongation
was predominant during the late growth period.

The E2F/DP transcription factors in higher plants
are categorized into E2F, DP, and DEL (DP-E2F-like)
groups based on their conserved domains [3]. The
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E2F group gene contains four functional domains in-
cluding an RBR-binding domain, a ‘marked box’ do-
main, a DNA-binding domain, and a leucine zipper
dimerization domain, while the members of the DP
group lack the RBR-binding domain, a ‘marked box’
domain compared with E2F. The DEL group genes
are considered to be atypical E2F/DPs and act in
monomeric form, and the DEL genes only contain a
duplicated DNA-binding domain [4].

The E2F/DP family has eight members in Arabidopsis.
During cell proliferation, the canonical AtE2Fs report-
edly play an antagonistic role, because E2Fc is a negative
regulator, whereas E2Fa and E2Fb are positive regulators
[5—=7]. E2Fa and E2Fb interact with DPa to activate the
cell cycle and cell proliferation-associated gene expres-
sion through the organization of their leucine zipper
dimerization domains [8].
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The E2F member might perform distinct roles in con-
trolling the cell fate determination [3]. In mammals, the
E2F signaling pathway is essential for cell growth and
cell proliferation [9]. Studies on E2F in Arabidopsis have
indicated that plants also have all the core regulators in
the E2F signaling pathway, such as cyclin-dependent
kinase inhibitors (CKIs), retinoblastoma (RBs), cyclins,
and cyclin-dependent kinases (CDKs). In plants, E2F/DP
binds to the E2FAT (TTTCCCGCC) motif in its target
genes, playing a role in promoting transcription [10].

Previous studies identified 12 PhE2F/DP transcription
factors from the first version of the Moso bamboo gen-
ome database [11]. However, because of limits in the
draft genome sequence, a considerable number of
PhE2F/DPs were still missing annotations. In addition,
the expression changes and potential roles of the
PheE2F/DP genes during bamboo shoot growth and in
response to stress stimuli and diurnal cycles were still
absent. In this study, a total of 23 E2F/DPs were identi-
fied based on the new version of the Moso bamboo gen-
ome annotation project, which provided chromosome-
level de novo genome assembly. The phylogenetic rela-
tionships, gene structures, and conserved motifs of 23
PheE2F/DP genes were analyzed. The promoter analysis
indicated that various cis-acting elements, including light
response and hormone signaling as well as many tran-
scription factor binding sites, were present in the pro-
moter region of the PheE2F genes. We surveyed
potential gene promoters containing E2F/DP binding
sites within the Moso bamboo genome and identified
580 E2F/DP target genes. Based on bioinformatic predic-
tions, we further studied the expression dynamics of the
PheE2F genes during bamboo shoot growth and in re-
sponse to stress stimuli and diurnal cycles. A yeast two-
hybrid assay and an expression analysis were conducted
to investigate the potential roles of PheE2F/DPs involved
in Moso bamboo shoot growth. Our study provided new
insights and some valuable information for the further
functional verification of E2F/DPs in Moso bamboo.

Results

Identification and classification of the PheE2F/DP gene
family

A total of 24 potential PheE2F/DP genes were identified
in the Moso bamboo genome, including a PH02Ge-
ne25981.t1 with an incomplete E2F domain. To find
whether the incomplete E2F domain in PHO02Ge-
ne25981.t1 was caused by incorrect gene structure anno-
tation in the bamboo genome or PH02Gene25981.t1 was
merely just a pseudogene, we used three different
methods to provide bioinformatic and experimental evi-
dence. First, we used the CD-Search program from the
NCBI to identified conserved domains involved in the
whole PHO02Gene25981.t1 sequence, including exons,
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introns, 5'-UTRs and 3'-UTRs, but no complete E2F_
DD or DP domains were identified in the PHO02Ge-
ne25981.t1 sequence. Second, we searched the expres-
sion information and potential splicing variants of
PHO02Gene25981.t1 in many previously published and
unpublished transcriptome sequencing data, including
single molecule sequencing data [2, 12]; however, no
valuable information was identified. Lastly, we designed
different primer pairs for PH02Gene25981.t1 CDS and
the exon that contained the partial E2F domain. Differ-
ent RNA samples were isolated from different tissues,
including the leaves, culms, rhizome, bamboo shoots,
seeds, roots, flowers, and seedlings under various abiotic
stresses, which were used as clone templates, but we did
not obtain the CDS sequence of PH02Gene25981.t1
from any of the tissues. Thus, we speculated that
PHO02Gene25981.t1 is just a pseudogene.

To determine the evolutionary relationship of E2F/
DPs in Moso bamboo and other model plants, a max-
imum likelihood tree of E2F/DP proteins from Moso
bamboo, Oryza sativa, Brachypodium and Arabidopsis
was constructed. For the 23 identified PheE2F/DP genes
from Moso bamboo, the proteins could be classified into
three functional groups: E2F, DP, and DEL [3]. Nine of
these proteins were classified into the E2F group, six
into the DP group and eight into the DEL group (Fig. 1a).
In addition, a phylogenetic analysis of the E2F/DPs in
four species indicated that PheE2F/DPs shared more se-
quence similarity with OsE2F/DPs and BAdE2F/DPs than
with  AtE2F/DPs. For example, AT5G14960.1,
AT3G01330.1, and AT3G486160.1 clustered together in
the DEL group, showing a distant relationship to Bra-
chypodium, rice, and Moso bamboo.

Characterization of the PheE2F/DP gene family

A gene structural analysis of the E2E/DP family revealed
that the genes within the same group shared similar in-
tron lengths and numbers (Fig. 1b). The number of in-
trons in the DP and DEL groups ranged from seven to
nine and three to nine, respectively. The average num-
bers of introns in the E2F group were much higher than
those in the other two groups, and the intron quantity
ranged from five to 16.

Eight conserved motifs were identified in the E2F/
DPs using the MEME online program (Fig. 1c and
Additional file 1: Fig. S1). Motifs 1 and 6 represent
the E2F_TD domain, and motifs 2 and 3 represent
the E2F_DD and DP domains, respectively. Motifs 2,
4 and 7 were found exclusively in the E2F group,
whereas motifs 3 and 8 appeared only in the DP
group. Most DEL members shared motifs 1 and 5
with most E2F protein sequences. The motif analysis
indicated that proteins involved in the same group
shared several identical motifs outside the conserved
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Fig. 1 Phylogenetic tree, gene structure and conserved motif compositions of the PheE2F/DP families. a Phylogenetic tree relationship of the
E2F/DP family. The A. thaliana, O. sativa, B. distachyon, and Moso bamboo proteins are marked with yellow, red, purple, and green dots,
respectively. b Gene structures of the £2f/DP genes. Black boxes and black lines represent exons and introns, respectively. Scale bar: 1.0 kb. The
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domain mentioned above, indicating functional con-
servations within the same group.

Gene duplication events play a critical role in the pro-
duction of new functions and in gene expansion. Thus,
we analyzed the potential duplication events of the
PheE2F/DPs. No tandem duplication events were identi-
fied in the Moso bamboo E2F/DPs, but there were 16
genes pairing 12 E2F/DP paralogous pairs in synteny
blocks in the Moso bamboo genome (Fig. 2a). For ex-
ample, a large amount of highly conserved synteny
blocks was observed between chromosomes (chr) 16 and
14, which contained Phe02Gene26414.t1 and Phe02-
Gene39656.t1, respectively (Fig. 2b). Similar phenomena
were observed between chr 15 and 21, which contained
Phe02Gene26414.t1 and Phe02Gene39656.t1, respect-
ively, as well as other chromosome pairs that contained
or did not contain paralogous E2F/DP pairs. Further-
more, we calculated the divergence time of the paralo-
gous pairs (Additional file 1: Table S1). The divergence
for most PheE2F/DP gene pairs (7 of 8) was approxi-
mately 6.5 to 13.5 mya, similar to the Moso bamboo
whole-genome duplication event (7-12 mya) [13], and
much later than those of O. sativa, B. distachyon and A.
thaliana. These results suggested that a whole-genome
duplication event played a critical role in the Moso bam-
boo gene expansion, including E2F/DPs.

Regulatory network of PheE2F/DP in Moso bamboo

The cis-elements, which are located in the promoter re-
gion, are essential to the spatial, temporal, and tissue-
specific control of gene expression under external and
internal environmental stimuli [14]. Thus, we screened

the cis-element at the promoter regions (2000-bp up-
stream) of all the PheE2F/DP genes using the Plant-
CARE database. A large number of cis-elements
including light response sites, hormone response sites,
transcription factor binding sites and meristem-related
motifs were found (Fig. 3). All 23 PheE2F/DP promoters
contained at least one light response motif. MYB binding
motifs were found in all 23 promoters of PheE2F/DP
genes, and most PheE2F/DP promoters harbored MYC
binding elements. Thirteen PheE2F/DP promoters con-
tained P-box or GARE motifs that were responsive to
gibberellin stimulation. The abscisic acid responsiveness
(ABRE) site was abundant in the PheE2F/DP promoters,
and this element was found in 21 promoters. In addition,
the TGACG motif and TCA element, which are respon-
sive to methyl jasmonate (MeJA) and salicylic acid
stimulation, appeared in most of the PheE2F/DP pro-
moter regions. Nineteen promoters contained CAT box,
a meristem expression-related cis-element, indicating the
importance of the PheE2Fs involved in cell division and
proliferation. In addition, no significant difference was
observed between different groups following a compari-
son of cis-acting elements.

A previous study reported that E2F/DP binds to the
E2FAT (TTTCCCGCC) motif of its target genes and
regulates their transcription [10]. Thus, we screened the
binding sites in the promoter regions of 51,074 protein-
coding genes in the Moso bamboo genome using Plant-
CARE. Finally, 580 genes that contained E2F/DP binding
sites in their promoter regions were identified. To ex-
plore the potential function of the genes regulated by
PheE2F/DP, we performed a Gene Ontology (GO)
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enrichment analysis (Fig. 4). In the biological processes
category, the groups with the highest abundance of
genes included the mitotic cell cycle, mitotic cell cycle
process, regulation of DNA metabolic process, regula-
tion of DNA replication, and regulation of the cell cycle.

The transcriptome data generated from 13 different
culm tissue samples were used to investigate the ex-
pression patterns of the PheE2F/DPs. Most E2F/DPs
showed relatively high expression levels in winter
bamboo shoots (S1) and spring bamboo shoots,

especially during the early growth period (S2-S5)
compared with the other growing culms, such as the
rhizome (R) and seedling stems (SS1 and SS2). Of the
18 genes that were expressed in at least one tissue,
11 showed the highest expression level in winter
bamboo shoots (S1) (Fig. 5). PH02Gene34520.t1 and
PH02Gene43370.t2  were  highly  expressed in
50-cm-tall bamboo shoots (S2), while PHO02Ge-

ne46765.t1 exhibited the highest accumulation level in

the outward rhizome (O). PH02Gene05248.t2 and
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PHO02Genel0996.t1 were highly expressed in S4 (300-
cm-tall bamboo shoots) and S5 (600-cm-tall bamboo
shoots), respectively. The expression analysis results
revealed that the PheE2F/DPs played important roles
in the growth of the bamboo shoots, especially during
the winter period.

To understand the regulatory network of PheE2F/DPs
implicated in the different types of culm growth, we per-
formed regulation tests between quantitative changes in
the transcripts from the 13 different culm tissue sam-
ples. Based on the regulatory relationship obtained by
predicting the regulatory elements in the promoter
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Fig. 4 GO enrichment (biological processes) of PheE2F/DP-regulated genes (FDR < 0.05)
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regions and PCC (R>0.90 or R<-0.90) screening, a total
of 58 genes had a strong correlation with at least one
PheE2F/DP gene (Fig. 6). In the coexpression network, the
primary hub gene PH02Gene26414.t1, which had the high-
est connecting times, positively regulated the expression of
PH02Gene35099.t1 (LSDI), PH02Gene44324.t1 (ATXRS3),
PH02Gene09249.t1 (HOP), etc. In addition, PHO02Ge-
ne05248.t2 and PH02Gene01086.t1 had the second and
third-highest connecting times. All three hub genes reached
the highest accumulation level in winter bamboo shoots,
and all of them were regulated by PH02Gene08546.t1
(MYB), PH02Gene20517.t1 (MYB) and PH02Gene25898.t2
(MYB). In addition, all three genes regulated the expression
of cell cycle-associated genes, including PH02Gene32333.t1
(CDKF), PH02Gene29974.t1 (MRBI), PH02Gene36158.t1
(SPR2), and PHO02Gene33706.t1 (MCM?2) as well as DNA
replication-associated genes, including PH02Gene32448.t3
(POLD3) and PH02Gene37503.t2 (POLA2). Furthermore,
many genes involved in RNA processing or environmental
stress response showed high correlations with many E2F/DP
members. The in situ hybridization data showed that the
mRNAs of the hub genes PH02Gene01086.t1 and PH02Ge-
ne26414.t1 were highly expressed in ground tissues of winter
bamboo shoots but showed low expression levels in vascular
bundles (Fig. 7).

In Arabidopsis, E2F can interact with DP to activate the
cell cycle and cell proliferation-associated gene expression
[8]. Thus, the yeast two-hybrid experiment was used to
examine whether an E2F-DP complex also occurs in Moso
bamboo. The three hub genes, PH02Gene34520.t1 (E2F),
PHO2Gene26414.t1 (DP), and PHO02Gene34005.t1 (DP),
which showed the highest accumulation level in winter
bamboo shoots, were selected and further tested. The com-
binations of pGBKT7-PH02Gene26414.t1 + pGADT7-
PHO02Gene34520.t1 and pGBKT7-PH02Gene34005.t1 +
pGADT7-PH02Gene34520.t1 were co-transformed into
yeast strain AH109. The Y2H results showed that the posi-
tive control, negative control, and both test transformants
grew well on SD/-Leu/-Trp medium (Fig. 8). The positive
control and the experimental group turned blue when the
transformants had grown on SD/-Trp/-Leu/-Ade/-His/
X-a-Gal media for 5 days. By contrast, the negative control
could not grow on that nutritional selection media, which
contained X-a-Gal. These experimental results indicated
that PheE2Fs can interact with PheDPs in Moso bamboo.

Expression patterns of PheE2F/DPs under abiotic stress
treatment and diurnal rhythms

The regulatory analysis revealed that most PheE2F/DP
promoters harbored various types of hormones and light



Li et al. BMC Plant Biology (2021) 21:158

Page 7 of 15

PHO2Gene42197.t1 PHOZGe

2408 t
MYB) o

\
\ \

H02Gene38730.2 \ PHOZGene10839 t
PH02Gene06312.t1

PH02Gepe09932.t1
BROS37111  (urinelun N |
B “\lezce 7484 (PRD~_
|

PHb2Gone i

PHO2 708"
2e13935.2 \Gﬁy
oS \unknpwn) ‘fJHo

)
\
7193.12 PHOZé?ne\MOZStZ\ Qecpgprosi

PHO02Geped5043.t1

( o
PHoZGene%m\ -

\ 47

PH02Gepe29793.t1

PH02Geped2465.t1
(NAG
¢
: P eped4871.
( M% L
\

PHOZGe

P
(unk{(}wn) ‘ PH02Ge 631 t1
\ un
\ ‘ \PHOZGene18049 11

PH02Gep
1959.41 (

PHO2Gepe] 9434.t1 45047 12
(un 02Geg 8)

PH02Gepg04042.t1 |

PH02Gepe35297 t1
0388.t1 (¥E)
PH02Gepe39856.t1/
(unichgan)  /
FHOZGe 6622.11
\\ / (¥8)
02Gepdd6765.11
(5,4
E

PHO2Gepe
i

00.t1

HO2( 901411
PHi 0>Ge

~ —0RE) P-HDZGe 7479.2
6868.11 )
B) PHO2Gepe34522.t1
)

Gepe32667.t1 (
PHozmszun
- )

[ B)
40668.t1
( )PHOZQBﬂéﬁ5787(1
own) PHOZGe

5133 11

6608.t1
- 1) PH02Gene01886.t1
eneOSG‘\ 6. |1

b 13) (unknown)
£ PHO2Gene 1403 Hozekx \ Ogl-:Q‘kGeneysw qu |
: MYB e 1\
( '\ (va W b2
nea7383.11 PH02Gepe26882.t1 \ /
B) A /

) f ;‘\
PH02Geg804333.1 K rost Prozcog
¥ prozce PHOZGe 28H02Gen
PH02Gene16662- (M¥B
(MYB) /iH/O; ‘
PHo2Ge ou / 5178.1

(M¥B)
HO; mﬂ#ss.n
Gleper6674/t1 (M¥0) | PH
B)  PH02Gens09524.t1 PHO2Gene10276.t1
8 / (MVB) (RPP13-like)
B/ PHO2GERRTTO0N  poaGene2asoatt
PH02Gepe8682.t1 (C!
PHO2Gej

3264.t1 PHO

a \ n, :‘i p>
i

i _—

brotein)— Gene42607.t1
) i "?wvs)
—GDSE” Pr;sze 14132.t1

— zefgva?eﬂ‘pas’/) own)

Gene31061.t1
Teris)
€04586.t1
1 (MYB)
"Bhrozce

1820.t1
ene304374" )

WLQL 1€09421.t1
)

ne33386 BAP18-

ne34304.t1
Pmr5/Cas1
nesi169.f P
neuossa A (SA112)

(MYB) /
9058.t1

HD/SHD)
PAB’E(@ 3078(1 PHO02Gene18503.t1 PH02GepgD5111.t1
95711 ( )
a PH02Gep@02440.t1

P 0\\a 74‘91 Ry

I
—PH02Gepe07954.t1

PHO2Genb46722.t1

(unknown)

wfiquiqu \\ 772741
T ) PHOZGewSGOB.H
PHO02Gene28437/t1 PHO02Ge, 8184.1 (BURP3)
(QATA © )
\%i 411 004.t1
PH02Ge PHO2Ge) 4555 1 B) PHO2Gene27506.t1
(HOP) ggo sy KHOZGe 6889.t1 O¥E)

d )
PHOZG:‘AOW W
(M¥B) \

PHO02Geg
(M¥B)
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more connections. Yellow, red, purple light green, dark green, light blue and dark blue circles represent the genes with the highest expression
levels in winter bamboo shoots, 0.5-m-tall bamboo shoots, outward rhizomes, 1.5-cm-tall seedling stems, 8-cm-tall seedling stems, lateral bud and

rhizome, respectively

response elements. Hormone response elements, espe-
cially those of stress-related hormones such as abscisic
acid, methyl limonate and salicylic acid, indicate that
these genes might be induced or repressed by abiotic
stress. To understand the expression changes of PheE2F/
DPs under abiotic stress, the Moso bamboo seedlings
were treated with drought (PEG) and salt treatments
(Fig. 9). Under drought stress, the expression levels of

PHO02Gene07950.t1, PHO02Gene07670.t2, PHO2Ge-
ne09693.t3, PH02Genel0996.t1, PHO02Gene26414.t1,
PHO02Gene34005.t1, PHO02Gene01086.t1, PHO02Ge-

ne05248.t2, and PH02Genel8408.t2 were downregulated,
while those of PH02Gene34520.t1, PH02Gene34267.t1,
and PH02Gene42115.t1 were upregulated. The expres-
sion of PHO02Gene03595.t1, PHO02Gene20868.t1, and
PHO02Gene43494.t1 peaked at 12 h, 1 h, and 1 h, respect-
ively.  Under  salt stress, PH02Gene30693.t2,

PH02Gene31148.t1,  PH02Gene34520.t1, = PH02Ge-
ne43370.t2, PH02Gene34267.t1, PH02Gene26414.t1, and
PHO02Gene34267.t1 showed upregulated expression
trends, and the other PheE2F/DPs showed no significant
differences in expression or downregulated expression
trends.

To understand the transcriptional changes in PheE2F/
DPs during diurnal cycles, we investigated the expression
profiles of the bamboo shoots at 4 h intervals over a 24 h
period (Fig. 10). The qRT-PCR analysis indicated that
most PheE2FDPs were regulated by diurnal cycles. The
transcription levels of PH02Gene07950.t1, PHO02Ge-
ne31148.t3, PH02Gene03595.t1, and PH02Gene26414.t1
peaked at 15:00, 09:00, 06:00, and 12:00, respectively.
The transcriptional levels of PH02Gene34520.t1,
PHO02Genel8408.t2 and PH02Gene42115.t1 remained at
their maximum values from 4:00 to 19:00 (daytime).
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Fig. 7 In situ hybridization of PH02Gene01086.t1 and PH02Gene20868.t1 in winter Moso bamboo shoots

Discussion

Features of the Moso bamboo E2F/DP gene family
E2F/DP controls the spatial and temporal expression of
genes that are essential for multiple biological processes
during the cell cycle, and their transcription level deter-
mined the cell proliferation [7]. In a genome-wide
screening, 23 E2F/DP genes harboring conserved do-
mains were identified in Moso bamboo, which was much
higher than the numbers identified in rice (8), Arabidop-
sis (7), Zea mays (19), wheat (18) and Brachypodium
(11) [15-17]. The Moso bamboo genome size (2021 Mb)
is comparable to that of Zea mays (2300 Mb) [18], much
smaller than that of wheat (Triticeae) (17 Gb) [19], and
much larger than that of Brachypodium (300 Mb), Ara-
bidopsis (164 Mb) and Oryza sativa (441 Mb) [20-22].
Rather than the genome size, the much higher number
of PheE2F/DPs in Moso bamboo indicated that the
abundance of PheE2F/DPs may be associated with gen-
ome duplication events. Previous reports suggested that

Moso bamboo was tetraploid in origin, it went through a
long evolutionary progression from tetraploidy to dip-
loidy, and it carried two duplicates, similar to Oryza
sativa gene model sets [13, 23]. A similar phenomenon
was consistently observed in the E2F/DP family. Eight
PheE2F/DP paralogous gene pairs located in synteny
blocks were identified in the Moso bamboo genome. In
addition, most divergence times of the PheE2F/DP par-
alogous pairs in Moso bamboo occurred 7-12 mya, con-
sistent with the recent whole-genome duplication time.
These results suggested that the whole-genome duplica-
tion event was a major driving force of PheE2F/DP fam-
ily expansion.

PheE2F/DP proteins are involved in Moso bamboo shoot
development

Recently, several studies suggested that PheE2F/DP par-
ticipated in many important biological processes in
plants, such as leaf growth [24, 25], root growth [8], the

SD/-Trp/-Leu

SD/-Trp/-Leu/-Ade/
-His/X-o-gal

Positive control
(pGBKT7-53 + pGADT7-T)

pGBKT7-PH02Gene26414.t1 +
pGADT7-PH02Gene34520.t1

pGBKT7-PH02Gene34005.t1 +
pGADT7-PH02Gene34520.t1

Negative control
(pGBKT-lam + pGADT7-T)

transformation with pGBKT7-Lam and pGADT7-T

Fig. 8 The interaction between PheE2Fs and PheDPs. Positive control, co-transformation with pGBKT7-53 and pGADT7-T; negative control, co-
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Fig. 9 Expression patterns of PheE2F/DP genes after being treated for 1, 3, 12, and 24 h under drought stress (blue column) or salinity stress (red
column). The Y-axis indicates the relative expression level. The 1, 3, 6, 12, and 24 labels (x-axis) indicate the treatment time (hours) under the
corresponding abiotic stresses. The gRT-PCR data were normalized using the TIP41 gene. For each time point, seedlings irrigated with tap water
were regarded as a reference. a Relative expressions of E2F group genes under abiotic stresses. b Relative expressions of DP group genes under
abiotic stresses. ¢ Relative expressions of DEL group genes under abiotic stresses

maintenance of genome integrity and viability [26], and
environmental stress response [27]. The expression ana-
lysis showed that more than half of the PheE2F/DPs, in-
cluding five E2Fs and four DPs, showed the highest
expression in winter bamboo shoots (Fig. 5). The screen-
ing of the binding sites at the promoter regions sug-
gested that a large number of genes that participated in
the cell cycle were regulated by the PheE2F/DP family,
such as CDKF, MRBI1, SPR2 and MCM?2 (Fig. 6) [28],
and most of these downstream genes also showed high
expression levels during the winter and the early growth
period. Previous studies suggested that intercalary meri-
stem cells grew and divided continuously and vigorously
during the winter and early growth periods (S1-S5), es-
pecially during the winter, but the intercalary meristem
growth activity decreased during the late period, and the
continuous growth of the bamboo shoot was substituted
by cell elongation [2]. In Arabidopsis, E2Fa and E2Fb
interact with DPa to regulate downstream gene expres-
sion [8]. In this study, we used the Y2H assay to detect
the interaction between E2Fs and DPs, and three hub
genes which showed the highest accumulation levels in

winter bamboo shoots were selected and further exam-
ined. The experiment results showed that the E2F-DP
complex also occurs in Moso bamboo, which provides
favorable evidence that the PheE2F-PheDP complex may
play important roles in winter bamboo shoot growth.
Thus, we concluded that the high abundance of E2F/DP
genes during the winter and early growth period was es-
sential for E2F-DP complex formation and that the E2F-
DP complex vigorously promoted meristem cell growth
by activating the expression of the cell cycle genes.

A coexpression network analysis suggested that
PHO02Gene2641.t1, PH02Gene05248.t2 and PHO2Ge-
ne01086.t1 were regulated by PH02Gene08546.t1 (MYB),
PHO02Gene20517.t1 (MYB) and PHO02Gene25898.t2
(MYB). In addition, several MYB genes, such as PH02Ge-
ne26882.t1 and PH02Gene09101.t1, repressed the expres-
sion of E2F/DP genes (Fig. 6). In tobacco, the MybA1 and
MybA2 mRNAs fluctuated and peaked at the mitotic
period and regulated the expression of the cell cycle genes.
In the transient expression assays, MybA1l and MybA2 ac-
tivated the MSA-containing (M-specific activator) pro-
moters, whereas MybB repressed these promoters [29]. In
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Fig. 10 Diurnal changes in the relative transcript abundance of PheE2F/DP genes analyzed by gRT-PCR. The Y-axis indicates the relative
expression level and the X-axis represents different time points. The white and black bars below the graph represent day and night, respectively.
Bamboo tissues were collected every 3 h over a 48-h period from one-month-old bamboo seedlings. The expression of genes at each time point
was averaged using two days of data. TIP47 was used to normalize the expression data. a Relative expressions of E2F group genes under abiotic
stresses. b Relative expressions of DP group genes under abiotic stresses. ¢ Relative expressions of DEL group genes under abiotic stresses

the current study, all 23 promoters contained MYB bind-
ing sites, and most E2F/DP genes showed positive or
negative correlations with MYBs. Thus, under the control
of the MYBs, the E2F/DP genes played critical roles in
regulating the expression of the cell cycle genes during
Moso bamboo shoot growth and development.

PheE2F/DP proteins are involved in stress and light
responses

Based on the regulatory element analysis, a large number
of light response sites were identified in the PheE2F/DP
promoters. The expression analysis based on qRT-PCR
also confirmed that most PheE2F/DPs were photo-
response genes. The transcriptional levels of PH02Ge-
nel8408.t2 and PH02Gene42115.t1 remained at the
maximum value during the daytime in the Moso bam-
boo shoots, while PH02Gene30693.t2 and PHO02Ge-
ne07670.t2 were highly expressed at night (Fig. 10). In
Arabidopsis, light alters the balance of E2FC and E2FB,
with opposing functions in the regulation of cell prolifer-
ation. Light increases the expression of E2FB protein

levels and further induces the expression of cell cycle
genes [30]. Thus, we speculated that PH02Gene30693.t2
and PH02Gene07670.t2, which showed high accumula-
tion levels at night, might act as negative regulators of
the cell cycle and cell proliferation, and their high abun-
dance at night might repress the expression of cell cycle
genes. During the daytime, light increased the abun-
dance of PH02Genel8408.t2 and PH02Gene42115.t1 and
activated their expression, further accelerating light-
mediated Moso bamboo shoot growth and development.

The identification of regulatory elements in the
PheE2F/DP promoters indicated that most members
harbored abscisic acid, MeJA and salicylic acid regula-
tory elements, indicating that the expression of these
genes might be stimulated by some environmental cues.
The qRT-PCR analysis also provided evidence that sev-
eral PheE2F/DP genes were induced by abiotic stress
(Fig. 9). Coexpression network analysis suggested that
many environmental stress response genes were regu-
lated by E2F/DPs. PH02Gene44788.t1 (AtRGGA), which
showed a high correlation with PH02Gene41928.t1 (E2F/
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DP) and PHO02Gene26414.t1 (E2E/DP), is involved in
stress responsiveness. In Arabidopsis, AtRGGA is in-
duced by salt and osmotic stress, and atrgga mutants ex-
hibit increased sensitivity to abiotic stress [31]. In
addition, PH02Gene25752.t1 (an ABA-responsive gene)
and PHO02Gene37465.t1 (a plant viral response gene)
were also regulated by E2F/DPs in the network [32]. The
high accumulation level of several PheE2F/DPs under
abiotic stress might be essential for plant resistance to
numerous adverse environments.

The regulation of the cell cycle might be subject to
interference by drought and salt stress at the transcrip-
tional level through repression of E2F expression. How-
ever, there is a great deal of new evidence that suggests
that drought and salt stress can stimulate the expression
of cell cycle genes. For the Medicago truncatula E2Fb
gene, an upregulation trend was reported under high salt
concentration treatment [3, 27]. In addition, many stud-
ies have also revealed the relationship between the accu-
mulation level of cell cycle regulators and salt stress.
The expression of Oryza CDKCI, which is involved in
cell proliferation and differentiation, was triggered by
NaCl treatment through the ABA signaling pathway
[33]. In Arabidopsis, CDC2aAt, a cyclin-dependent
kinase-coding gene and two mitotic cyclin genes,
namely, Arath;CycBI;1 and Arath;CycA2;1, were moni-
tored during salt stress [34]. In mammals, many E2F
members act as key factors in the DNA damage-
dependent expression regulation of cell cycle genes [35].
Many PheE2F/DPs showed high accumulation levels
under abiotic stress, which may facilitate bamboo growth
under harsh environments. Collectively, PheE2F/DPs
participated in different biological processes in Moso
bamboo.

Conclusion

In conclusion, a total of 23 PheE2F/DPs were identi-
fied in the Moso bamboo genome, including nine
E2F, six DP, and eight DEL genes. The cis-acting ele-
ments involved in the photoperiodic response, hor-
mone signaling, meristem growth, and many MYB
and MYC2 binding sites were present in the PheE2F/
DP promoters. Recent whole-genome duplication
played important roles in the E2F/DP family expan-
sion. Transcriptome sequencing and in situ
hybridization analysis revealed that E2F/DPs play im-
portant roles in bamboo shoot growth, especially dur-
ing the winter period. Expression profiles derived
from qRT-PCR indicated that E2F/DP expression is
stimulated by various forms of abiotic stress and diur-
nal cycles. These results provide comprehensive in-
sights into the Moso bamboo E2F/DP gene family
and lay a solid foundation for further functional veri-
fication of the PheE2F/DP family.
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Methods

Database searches

The E2F/DP sequences of Arabidopsis thaliana (Arabi-
dopsis), Oryza sativa (rice), and Brachypodium distach-
yon (Brachypodium) were downloaded from The
Arabidopsis Information Resource (TAIR) [36], the rice
genome annotation project [37], and the Brachypodium
distachyon genome database [38], respectively. The pub-
lished AtE2F/DP and OsE2F/DP sequences were then
used as queries in BLASTP searches against the local
bamboo protein database using the default parameters.
The sequences were considered as predicted E2F/DPs if
they had E-values of < - 10. Lastly, the protein families
database (Pfam) was further used to confirm each candi-
date E2F/DP sequence.

Plant materials

Moso bamboo shoots as well as other culm samples
were collected by Long Li in Guangde County
(E119°41'; N30°89°), Anhui Province, from January to
August 2018 (Additional file 1: Fig. S2). The formal
identification of these culm samples were performed by
Li et al. [2]. The bamboo samples were frozen in liquid
nitrogen and stored at — 80 °C prior to RNA extraction.
Permission to collect bamboo shoots and other culm
samples for the experiments was obtained from the for-
estry bureau of Guangde County. Moso bamboo seeds
were collected by Long Li in Dajing County, Guilin
(E110°179'; N25°049°) in Guangxi Zhuang Autonomous
Region from July to September, 2018 (Additional file 1:
Fig. S2). The necessary field work permits were obtained
from the Guilin Forestry Bureau. The formal identifica-
tion of these seeds was performed by Gao et al. [39]. In
addition, the sample collection work did not affect the
ecology and did not involve protected species.

The circadian rhythm expression experiment was con-
ducted in artificial climate chambers with supplemental
light from 4:00 to 19:00. Bamboo tissues were collected
by Long Li every 3h during a 48-h period from one-
month-old bamboo seedlings. Five individuals that
showed similar growth patterns were pooled at each
time point and three biological repeats were conducted
for each sample.

For the abiotic stress treatment, bamboo seedlings
were grown in artificial climate chambers under long-
day conditions (15h of light/9h of dark). A drought
stress test was conducted by irrigating the two-month-
old seedlings with 18% PEG6000 medium. A salt stress
test was conducted by irrigating the two-month-old
seedlings with medium containing 250 mM NaCl. The
leaves were harvested by Long Li at 1, 3, 12 and 24h
after abiotic stress treatment. Seedlings irrigated with
tap water were used as the control (CK). The plant sam-
ples were frozen in liquid nitrogen and stored at — 80 °C
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prior to use. Five individuals that showed similar growth
patterns were pooled at each time point and three bio-
logical repeats were employed for each sample. The vou-
cher specimens were deposited in the herbarium at the
International Center for Bamboo and Rattan, Beijing,
catalog numbers ICBR-B-18101 (bamboo shoot), ICBR-
B-18201 (rhizome), ICBR-B-18301(outward-rhizome),
ICBR-B-18401 (seedling stem), ICBR-B-18501 (seed),
ICBR-B-18601 (seedling leaf).

Gene structure, conserved motif and regulatory element
analysis

The Gene Structure Display Server program (GSDS) was
used to investigate the gene structure of E2F/DP based
on the GFF annotation file with the default parameters
[40]. The conserved motifs in the identified E2F/DP se-
quences were identified using the Multiple EM for Motif
Elicitation program (MEME) [41]. The MEME was run
locally using the following parameters: number of repeti-
tions - any, maximum number of motifs - 8, and the
optimum motif widths were constrained to between 25
and 200 residues.

The transcription start sites (mRNA start sites) were
designated as +1 and obtained by GFF file as down-
loaded from the GigaDB, the new version of the
Moso bamboo genome annotation project [23]. The
regulatory elements in the promoter region of
PheE2F/DPs as well as the other 51,050 Moso bam-
boo genes (from —2000bp to +1bp) were analyzed
using the PlantCARE online program [14, 42]. A GO
annotation of all the Moso bamboo genes was per-
formed using TBtools based on the BLASTX method.
BLASTX results with an e-value cutoff of le”® and a
minimum similarity of 55% were annotated with GO
terms. The promoters of genes that contained E2F/
DP binding sites were further used for Gene Ontology
(GO) enrichment analysis via TBtools [43].

Collinearity analysis

To investigate the synteny of blocks containing E2F/DP
genes, homology data derived from protein-protein com-
parisons made using BLASTN, with an E-value cutoff of
le-6, and the other parameters were the defaults or rec-
ommended ones. The BLASTP result was analyzed using
MCScanX to find the collinear regions between PheE2F/
DP genes as well as other synteny blocks across the whole
genome. The minimum block size was 5 and the other pa-
rameters were the default or recommended ones. The syn-
teny blocks were extracted to draw a collinearity map
within PheE2F/DPs using TBtools software.

Estimation of the divergence time in paralogous pairs
The Ka (nonsynonymous substitution), Ks (synonymous
substitution) and the Ka/Ks ratio between the
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paralogous pairs were calculated using DNA Sequence
Polymorphism software (DnaSP). The formula T = Ks/2\
was used to estimate the divergence time of the duplica-
tion event, with a divergence rate \=6.5x10"° in
monocotyledons and 1.5 x 10” % in dicotyledons [44].

Multiple sequence alignment and phylogenetic tree
construction

The ClustalW program was executed for multiple se-
quence alignments using the full-length E2F/DP amino
acids with the default settings. The parameters used to
run the CLUSTALW program were as follows: Scoring
matrix for amino acid sequences: BLOSUMS62, gap open:
10, gap extension: 0.2, iteration: none. The Maximum
Likelihood tree was built using the IQ-Tree software
with the best fit tree model, and the JTT + R3 was found
to be the best model according to the Bayesian Informa-
tion Criterion. The bootstrap method was applied in
phylogeny test with 1000 replications. After that, the re-
sults were imported to FigTree v1.4.2 software for
processing.

RNA extraction, reverse transcription and qRT-PCR
analysis

The total RNA from each sample was isolated using the
TRIzol reagent (Invitrogen, USA). First-strand cDNA
was synthesized with 2 ug RNA using a PrimeScriptTM
RT Reagent Kit (TaKaRa, Japan) according to the manu-
facturer’s instructions. qRT-PCR experiments were per-
formed using SYBR Green chemistry (Roche,
Mannheim, Germany) on a Light Cycler 480 instrument
(Roche, Rotreuz, Switzerland) according to the manufac-
turer’s directions. The Primer 3 online program was
used for gene-specific primer design (Additional file 1:
Table S2) [45]. Three biological replicates and three
technical replicates were employed in each experiment.
The TIP41 was selected as an internal control [46]. The
final relative expression levels were calculated using the
27*Ct method.

Transcriptome data analysis

The transcriptome data for PheE2F/DPs from the devel-
oping rhizome-root systems and bamboo shoots were
previously generated and processed (PRJNA354950,
PRJNA604634, PRINA706151) [2, 12]. These transcrip-
tome data were generated from different types of grow-
ing culms, including a 1.5-cm-tall seedling stem (SS1),
8-cm-tall seedling stem (SS2), lateral bud (L), rhizome
(R), outward rhizome (O), and bamboo shoots at differ-
ent growth stages (winter bamboo shoots and 50-, 100-,
300-, 600-, 900- and 1200-cm-tall shoots, designated S1-
S7, respectively (Additional file 1: Fig. S2). Following leaf
expansion, the culms were labeled as CK. The four
growing culms (S1, O, SS1 and R) were sampled when
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the culm length reached one-tenth of the final length.
The expression abundance of PheE2F/DPs was measured
as fragments per kilobase of exon model per million
mapped reads (FPKM). The heatmap was generated
using R.

Regulation network of PheE2Fs

The transcription factor-target gene (TF-TG) interac-
tions were predicted based on the regulatory elements in
the promoters of the target genes. The gene expression
correlation was calculated by Pearson correlation coeffi-
cient (PCC) using FPKM through the R program. Only
the transcription factor (TF) and target relationships that
displayed PCC values of = +0.90 or<-0.90 were
retained for coexpression network construction. The
network was ultimately visualized using Cytoscape 3.7.0
software.

In situ hybridization

Bamboo shoot tissues were fixed in 4% paraformalde-
hyde for one day at 4°C and then hybridized as de-
scribed previously [2]. The specific probes of
PH02Gene01086.t1 and PH02Gene26414.t1 were ampli-
fied by PCR using gene-specific primers with T7 and
SP6 RNA polymerase-binding sites. The images were
captured using an Olympus Nikon E600.

Yeast two-hybrid assay

To test whether E2F can interact with DP in Moso
bamboo, the Matchmaker GAL4 two-hybrid system (Clon-
tech, Palo Alto, CA) was applied. Based on the in-fusion
cloning method (Clontech, Palo Alto, CA), the full length
of the PH02Gene26414.t1 and PH02Gene34005.t1 cDNAs
were independently cloned into pGBKT7, and the full
length PH02Gene34520.t1 cDNAs were cloned into
pGADT7 (Additional file 1: Table S3). Next, the combina-
tions of pGBKT7-PH02Gene26414.t1 + pGADT7-PH02Ge-
ne34520.t1 and pGBKT7-PH02Gene34005.t1 + pPGADT7-
PHO02Gene34520.t1 were co-transformed into the AH109
yeast strain. The transformed yeasts were cultured on SD/
-Trp/-Leu for 4days and then transferred to SD/-Trp/
-Leu/-Ade/-His/X-a-Gal plates for 5days. The co-
transformants containing pGBKT7-53 + pGADT7-T and
pGBKT7-Lam + pGADT7-T were selected as the positive
control and negative control, respectively.
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