Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Genome-Wide Identification and Functional
Characterization of the PheE2F/DP Gene Family in
Moso Bamboo

Long Li

Northwest Agriculture and Forestry University https://orcid.org/0000-0003-2783-8869
Qiangian Shi

Northwest Agriculture and Forestry University
Jian Gao (% gaojianicbr@163.com )

https://orcid.org/0000-0001-8948-2613

Research article

Keywords: E2F/DPs, Moso bamboo, expression, cell cycle, bamboo shoot
Posted Date: August 1st, 2020

DOI: https://doi.org/10.21203/rs.3.rs-45428/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Version of Record: A version of this preprint was published at BMC Plant Biology on March 29th, 2021.
See the published version at https://doi.org/10.1186/s12870-021-02924-8.

Page 1/25


https://doi.org/10.21203/rs.3.rs-45428/v1
https://orcid.org/0000-0003-2783-8869
mailto:gaojianicbr@163.com
https://orcid.org/0000-0001-8948-2613
https://doi.org/10.21203/rs.3.rs-45428/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-021-02924-8

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 E2F/DP family and its functional role in Moso bamboo has been
limited.

Results

Here, we identified 24 E2F/DP genes in the Moso bamboo genome, including nine E2F, six DP, and eight
DEL genes. Simulation of the divergence time of paralogous gene pairs revealed an important role of
whole-genome duplication in the expansion of the E2F/DP family. The regulatory element and
coexpression network analysis indicated that E2F/DP regulated the expression of cell cycle-related genes.
Yeast two hybrid assay and expression analysis based on transcriptome data and in situ hybridization
indicated that PheE2F-PheDP complex play important roles in winter moso bamboo shoot growth.
Expressional analysis based on gqRT-PCR performed diverse expression patterns of PheE2F/DPs in
response to both various abiotic stimuli and diurnal cycles.

Conclusion

These findings provide insights into the E2F/DP family members in Moso bamboo and experimental
evidence for further functional verification of the E2F/DP family.

Background

Moso bamboo (Phyllostachys edulis) is one of the most important nontimber forest products in the
world. Indeed, the bamboo shoot can grow as long as 1 m within 24 h and reaches a final height of 15—
20 min just one to two months in suitable spring conditions. Due to its remarkable growth rate and
unique strength, Moso bamboo generates an equivalent of 5 billion US dollars, including both the timber
and food industries [1, 2]. During Moso bamboo shoot growth, simultaneous cell division and cell
elongation affect internode elongation. Cell division is predominant in the winter growth period and early
growth period, while cell elongation is predominant in the late growth period, leading to height increments
in bamboo shoots.

The E2F/DP transcription factors in higher plants consist of three subgroups: E2F, DP, and DEL (DP-E2F-
like) [3]. Generally, the members of the E2F group contain a DNA-binding domain, an Rb-binding domain,
a ‘marked box’ domain, and a leucine zipper dimerization domain, while the DP group member contains a
leucine zipper dimerization domain and a DNA-binding domain. The DEL group genes, which contain only
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a duplicated DNA-binding domain, were considered to be atypical E2F/DPs and act in monomeric form
[4].

The domain organization controls the interaction of the E2F and DP proteins via their leucine zipper
dimerization domains. The E2F/DP family has eight members in Arabidopsis. It has been reported that
during cell proliferation, the canonical AtE2Fs play an antagonistic role, as E2Fc is a negative regulator,
whereas E2Fa and E2Fb are positive regulators [5, 6, 7]. E2Fa and E2Fb interact with DPa to activate the
cell cycle and cell proliferation-associated gene expression [8].

It has been found that the E2F member might perform distinct roles in the control of cell fate
determination [3]. In mammals, the E2F signaling pathway plays a key role in cell growth and cell
proliferation [9]. Studies on E2F in Arabidopsis have indicated that plants also have orthologs of all the
core regulators in the E2F signaling pathway, including CDK inhibitors (CKIs), retinoblastoma (RB),
cyclins, and cyclin-dependent kinases (CDKs). In plants, E2F binds to the E2FAT (TTTCCCGCC) motif in
its target genes, playing a role in promoting transcription [10].

However, to date, no studies have addressed the E2F gene family and its function in Moso bamboo. Here,
for the first time, the phylogenetic relationships, gene structures, and conserved motifs of 24 PheE2F
genes were analyzed. Promoter analysis indicated that various cis-acting elements involved in the
photoperiodic response, hormone signaling, and meristem growth as well as many MYB and MYC2
binding sites were present in the promoter region of PheE2F genes. We surveyed potential genes
containing E2F binding sites in their putative promoters within the Moso bamboo genome and identified
580 E2F/DP target genes. Based on bioinformatic prediction, we further studied changes in the
expression of the PheE2F genes during Moso bamboo shoot growth and in response to diurnal cycles
and abiotic stress (PEG and NaCl). Yeast two hybrid assay and expression analysis were conducted in
order to investigate the potential roles of PheE2F/DPs involved in moso bamboo shoot growth. Our study
should inform the characterization of PheE2F/DP genes and provide new insights and valuable
information for the further identification of this versatile gene family in Moso bamboo.

Results

Identification and classification of the PheE2F/DP gene family

A total of 24 PheE2F/DP genes that contained complete E2F domains were identified in the Moso
bamboo genome. To determine the evolutionary relationship of these genes in Moso bamboo and other
species, we constructed a NJ phylogenetic tree of E2F/DP proteins from Moso bamboo, rice,
Brachypodium and Arabidopsis. For the 24 identified PheE2F/DP genes of 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. PH02Gene25981.11
contained only partial E2F domains and did not fit in any group (Fig. 1A). In addition, phylogenetic
analysis of E2F/DPs in four species indicated a divergence between monocotyledons and dicotyledons.

PheE2F/DP shared more sequence similarity with OsE2F/DP and BAE2F/DP than with AtE2F/DP. For
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example, AT5G14960.1, AT3G01330.1, and AT3G486160.1 clustered together in the DEL group, showing
a distant relationship with Brachypodium, rice, and Moso bamboo.

Characterization of the PheE2F/DP gene family

Structural analysis of the genes revealed that E2F/DP gene family members within the same group
shared similar gene structures in terms of their intron numbers and intron length (Fig. 1B). The quality of
introns in the DP group and DEL group ranged from seven to nine and three to nine, respectively. The
average numbers of introns in the E2F group were much higher than those in the other two groups, and
the intron quality ranged from five to sixteen.

Eight conserved motifs in the E2F/DP proteins were identified using the MEME tool (Fig. 1C and
Additional files1: Fig. S1). Motifs 1 and 6 represent the E2F_TD domain, and motif 2 and motif 3
represent the E2F_DD domain and DP domain, respectively. Motifs 2, 4 and 7 appeared only in the E2F
group, whereas motifs 3 and 8 were found exclusively in the DP group. Most DEL members shared motifs
1 and 5 with most E2F protein sequences. PH02Gene25981.11, which contained only partial E2F domains,
harbored only motif 3. Motif analysis indicated that most members of the same subgroup shared one or
more identical motifs outside the conserved domain mentioned above, and closely related members were
found to exhibit common motif compositions, suggesting functional similarities within the same
subgroup.

Of the 24 sequences, we identified 10 putative paralogous pairs of PheE2F/DP genes, whereas only three
paralogous pairs were identified in Arabidopsis. The four paralogous pairs were detected in rice and
Brachypodium (Additional files1: Table S1). The mean values of the divergence time for Moso bamboo,
rice, Brachypodium and Arabidopsis were 11.57,39.61, 49.08 and 25.24 mya (million years ago),
respectively. The divergence of most PheE2F/DP gene pairs (8 of 10) occurred approximately 7 to 12
mya, consistent with the time of the Moso bamboo whole-genome duplication event (7-12 mya) [11] and
much later than the times for the three model plants.

Regulatory network of PheE2F in Moso bamboo

Regulatory elements in the promoter region are essential to temporal, spatial, and cell type-specific
control of gene expression [12]. Thus, we searched the 2000-bp upstream promoter regions of all the
PheE2F/DP genes in the PlantCARE database. A large number of cis-acting elements related to light
response sites, hormone response sites, transcription factor binding sites and meristem-related motifs
were found (Fig. 2). All 24 PheE2F/DP promoters contained at least one light response motif. All MYB
binding motifs and most MYC binding elements were found in 24 promoters of PheE2F genes. Thirteen
PheE2F/DP promoters contained P-box or GARE motifs that were responsive to gibberellin stimulation. A
cis-acting element involved in abscisic acid responsiveness (ABRE) was abundant in PheE2F gene
promoters, and this element was found in 21 promoters. In addition, a cis-acting regulatory element
involved in methyl jasmonate (MeJA) responsiveness (TGACG motif) and a cis-acting element involved in
salicylic acid responsiveness (TCA element) appeared in most PheE2F promoter regions. Nineteen
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promoters containing a cis-acting regulatory element were related to meristem expression (CAT box),
indicating the importance of PheE2Fs involved in cell division and proliferation. In addition, no significant
difference was observed between different groups by comparison of cis-acting elements.

A previous study reported that E2F 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 PlantCARE. Finally, 580 genes that contained
E2F/DP binding sites in their promoter regions were identified. To gain further insight into the potential
function of these genes, Gene ontology (GO) enrichment analysis was performed (Fig. 3). Within the
biological category, the groups with the highest abundance of genes included mitotic cell cycle
(G0:0000278), mitotic cell cycle process (G0O:1903047), regulation of DNA metabolic process
(G0:0051052), regulation of DNA replication (G0:0006275), and regulation of cell cycle (G0:0051726).

The transcriptome data generated from 13 different culm tissue samples were used to investigate the
expression patterns of 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. 4). PH02Gene01086.t1, PHO2Gene07670.t2, PH0O2Gene34520.t1 and
PH02Gene43370.t2 were highly expressed in 50-cm-tall bamboo shoots (S2), while PHO2Gene46765.t1
exhibited the highest accumulation level in the outward rhizome (0). PH02Gene05248.t2 and
PH02Gene10996.t1 were highly expressed in S4 (300-cm-tall bamboo shoots) and S5 (600-cm-tall
bamboo shoots), respectively. Expression analysis results revealed that PheE2F/DPs played important
roles in the growth of bamboo shoots, especially in the winter period.

To understand the regulatory network of PheE2F/DPs implicated in the different types of culm growth, we
carried out regulation tests between quantitative changes of transcripts in the 13 different culm tissue
samples. Based on the regulatory relationship obtained by prediction of regulatory elements in promoter
regions and PCC (RI0.90 or RE-0.90) screening, a total of 58 genes had a strong correlation with at least
one PheE2F/DP gene (Fig. 5). In the coexpression network, the main hub gene PH02Gene26414.11 with
the highest connecting times positively regulated the expression of PH02Gene35099.t1 (LSD1),
PHO02Gene44324.t1 (ATXR3), PH02Gene09249.t1 (HOP), etc. In addition, PH02Gene05248.12 and
PHO02Gene01086.11 had the second and third highest connecting times. All three hub genes showed the
highest expression level in winter bamboo shoots, and all of them were regulated by PH02Gene08546.t1
(MYB), PH02Gene20517.t1 (MYB) and PH02Gene25898.12 (MYB). In addition, all three genes regulated
the expression of cell cycle-associated genes, including PH02Gene32333.t1 (CDKF), PHO2Gene29974.t1
(MRBT), PH02Gene36158.t1 (SPR2), and PH02Gene33706.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 correlation with
many E2F/DP members. The in situ hybridization data showed that the mRNAs of the hub genes
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PHO0O2Gene01086.t1 and PHO2Gene26414.t1 were highly expressed in ground tissues of winter bamboo
shoots but showed low expression levels in vascular bundles (Fig. 6).

Previous studies have reported that E2F can interact with DP in Arabidopsis [8]. In order to attest whether
this interaction also occurs in moso bamboo, yeast two-hybrid experiment was adopted to examine the
interaction between E2Fs and DPs. The three hub genes, PH02Gene34520.t1 (E2F), PHO2Gene26414.t1
(DP), PH02Gene34005.t1 (DP) which showed the highest accumulation level in winter bamboo shoot
were selected and were further to be tested. The combination of pGBKT7-PH02Gene26414.t11 + pGADT7-
PH02Gene34520.t11 and pGBKT7-PH02Gene34005.t1 + pGADT7-PH02Gene34520.11 were co-transformed
into yeast strain AH109, respectively. Y2H results showed that both two transformants tested grew well
on SD/-Leu/-Trp medium (Fig. 7). When transferred onto SD/-Trp/-Leu/-Ade/-His/X-a-Gal plates for 5
days, both the positive control and the experimental group turned blue. In contrast, the negative control
displayed no a-galactosidase activity. The results suggested that PheE2Fs can interact with PheDPs in
vitro.

Expression profiles of PheE2F genes under abiotic stress treatment and diurnal rhythms

Regulatory analysis revealed that most PheE2F gene upstream sequences carry a variety of hormones
and light response elements. Hormone response elements, especially those of stress-related hormones
such as abscisic acid, MeJA and salicylic acid, indicate that these genes might be induced or repressed
by abiotic stress. To understand the transcriptional changes in PheE2F genes under abiotic stress, the
seedlings were subjected to drought (PEG) and salt treatments (Fig. 8). Under drought stress, the
expression levels of PHO2Gene07950.t11, PHO2Gene07670.t2, PHO2Gene09693.t3, PHO2Gene10996.11,
PHO02Gene26414.t1, PHO2Gene34005.t1, PHO2Gene01086.t1, PHO2Gene05248.t2, and
PH02Gene18408.t2 were downregulated, while those of PH02Gene34520.t1, PHO2Gene34267.t1, and
PH02Gene42115.t71 were upregulated. The expression of PHO2Gene03595.11, PHO2Gene20868.t1, and
PHO2Gene43494.t1 peaked at 12 h, 1 h, and 1 h, respectively. For the salt treatment, while
PH02Gene30693.t2, PHO2Gene31148.t1, PHO2Gene34520.t1, PHO2Gene43370.t2, and
PHO2Gene34267.t1showed upregulated expression trends, the other PheE2F/DPs showed no significant
differences in expression or downregulated expression trends.

To analyze the expression pattern of PheE2F/DPs during diurnal cycles, we investigated the expression
profiles of the bamboo shoots at 4 h intervals over a 24 h period (Fig. 9). gRT-PCR analysis indicated that
most PheE2FDPs were regulated by diurnal cycles. The transcription levels of PH02Gene07950.11,
PH02Gene09693.13, and PHO2Gene03595.11 peaked at 15:00, 09:00 and 06:00, respectively. The
transcriptional levels of PH0O2Gene34520.t1, PHO2Gene18408.t2 and PH02Gene42115.t7 remained at the
maximum values from 05:00 to 20:00 (daytime).

Discussion

The E2F/DP gene family in Moso bamboo.
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E2F/DP controls the temporal expression of genes that are essential for multiple biological processes
during the cell cycle, and their transcription level is important for cell proliferation [7]. In a genome-wide
screening, 24 E2F/DP genes harboring conserved domains were identified in Moso bamboo, much higher
than the number in Arabidopsis (7), rice (8), Zea mays (19), wheat (18) and Brachypodium (11) [13, 14,
15]. The genome size of Moso bamboo (2,021 Mb) is comparable to that of Z. mays (2,300 Mb) [16],
much smaller than that of wheat (Triticeae) (17 Gb) [17], and much larger than that of Brachypodium
(300 Mb), Arabidopsis (164 Mb), and rice (441 Mb) [18, 19, 20]. Rather than the genome size, the much
higher number of PheE2F/DPs in Moso bamboo indicated that the abundance of E2F/DP genes in Moso
bamboo may be related to genome duplication events. Previous reports suggested that Moso bamboo
was tetraploid in origin, experienced a long progression from tetraploidy to diploidy, and carried two
duplicates, similar to rice gene model sets [11, 21]. A similar phenomenon was consistently observed in
the E2F/DP family. Although Moso bamboo suffered a large-scale gene loss event after whole-genome
duplication, 10 putative paralogous pairs of PheE2F/DP genes remained, far exceeding the quantities in
Arabidopsis, rice, and Brachypodium, which harbor only three, four, and four paralogous pairs,
respectively. In addition, most duplication events of PheE2F/DP paralogous pairs in Moso bamboo
occurred 7-12 mya, which is consistent with the time of the recent whole-genome duplication event and
much later than those of the three model plants. All the results suggest that the recent whole-genome
duplication, which was likely linked to polyploidy events, played an important role in the expansion of
PheE2F/DP.

PheE2F/DP proteins are involved in Moso bamboo shoot development

Recently, extensive studies have been conducted on the roles of PheE2F/DP in regulating important
biological processes of plants, such as leaf development [22, 23], root growth [8], maintenance of genome
integrity and viability [24], and the environmental stress response [25]. Expression analysis showed that
more than half of the PheE2F/DPs, including five E2Fs and four DPs, showed the highest expression in
winter bamboo shoots (Fig. 4). The screening of the binding sites at the promoter regions suggested that
a large number of cell cycle genes were regulated by the PheE2F/DP family, such as CDKF, MRB1, SPR2
and MCM?2 (Fig. 5), and most of these downstream genes also showed high expression levels in winter
and the early growth period [26]. Previous studies suggested that intercalary meristem cells grew and
divided vigorously during the winter growth period (S1) and early growth period (S2-S5), especially in the
former, but in the late growth period, mitosis in the intercalary meristems decreased, and the continuous
growth of the bamboo shoot was substituted with cell elongation [2]. In Arabidopsis, E2Fa and E2Fb
combine with DPa to activate downstream gene expression [8]. In this study, we used yeast two-hybrid
analysis to detect the interaction between E2Fs and DPs, and we selected three hub genes which showed
highest accumulation levels in winter bamboo shoot and to be tested. Our results showed

that PheE2Fs can interact with PheDPs (Fig. 7), which provides further favourable evidence that PheE2F-
PheDP complex may plays important roles in winter moso bamboo shoot growth. Thus, we concluded
that the high abundance of E2F/DP genes in the winter growth period and early growth period was
essential for E2F-DP complex formation and that the E2F-DP complex promoted meristem cell growth

vigorously by activating the expression of cell cycle genes.
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Coexpression network analysis suggested that PH02Gene2641.t1, PHO2Gene05248.12 and
PH02Gene01086.t1 were regulated by PH02Gene08546.t1 (MYB), PH02Gene20517.t1 (MYB) and
PH02Gene25898.t2 (MYB). In addition, several MYB genes, such as PH02Gene26882.t1 and
PHO02Gene09101.t1, repressed the expression of E2F/DP genes (Fig. 5). In tobacco, MybA1 and MybA2
mRNAs fluctuated and peaked at mitotic period, and regulated the expression of cell cycle genes. In
transient expression assays, MybA1 and MybA2 activated the MSA-containing (M-specific activator)
promoters, whereas MybB repressed these promoters [27]. In the current study, all 24 promoters contained
MYB binding sites, and most E2F/DP genes showed positive or negative correlations with MYBs. Thus,
under the control of MYBs, the E2F/DP genes played important roles in regulating the expression of cell
cycle genes during Moso bamboo shoot growth and development.

PheE2F/DP proteins are involved in stress response and light response

Based on the regulatory element analysis, a large number pression analysis based on qRT-CPR also
confirmed that most PheE2F/DPs were photoresponse genes. The transcriptional levels of
PH02Gene18408.t2 and PHO2Gene42115.t1 remained at the maximum value during the daytime in Moso
bamboo shoots, while PH02Gene30693.t2 and PHO2Gene07670.t2 were highly expressed at night (Fig.
9). In Arabidopsis, light alters the balance of E2FC and E2FB, with opposing functions in the regulation of
cell proliferation. Light increases the expression of E2FB protein levels and further induces the expression
of cell cycle genes [28]. Thus, we speculated that PH02Gene30693.t2 and PH02Gene07670.t2, which
showed high accumulation levels at night, might act as negative regulators of the cell cycle and cell
proliferation, and their high abundance at night might repress the expression of cell cycle genes. In the
daytime, light increased the abundance of PHO2Gene18408.t2 and PHO2Gene42115.t1 and activated the
expression of cell cycle genes, further accelerating light-mediated Moso bamboo shoot growth and
development.

The identification of regulatory elements in the promoter regions of PheE2F/DPs indicated that most
members harbored abscisic acid, MeJA and salicylic acid regulatory elements, indicating that the
expression of these genes was regulated by some environmental cues. gRT-PCR analysis also provided
evidence that several PheE2F/DP genes were induced under drought and salt stress treatments (Fig. 8).
Coexpression network analysis suggested that many environmental stress response genes were
regulated by E2F/DPs. PHO2Gene44788.t1 (AtRGGA), which showed high correlation with
PHO02Gene41928.t1 (E2F/DP) and PH02Gene26414.t1 (E2F/DP), is involved in stress responsiveness. In
Arabidopsis, AtRGGA is induced by salt and osmotic stress, and atrgga mutants exhibit increased
sensitivity to abiotic stress [29]. In addition, PHO2Gene25752.t11 (an ABA-responsive gene) and
PHO02Gene37465.t1 (a plant viral response gene) were also regulated by E2F/DPs in the network [30]. The
high accumulation level of several PheE2F/DPs under abiotic stress might be essential for plant
resistance to numerous adverse environments.

Cell cycle regulation might be disturbed by drought and salt stress at the transcriptional level by
repression of the expression of E2Fs. However, there is much new evidence that suggests that drought
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and salt stress can stimulate the expression of cell cycle genes. For the Medicago truncatulaE2Fb gene,
an upregulated trend was reported under high-concentration salt treatment [3, 25]. In addition, many
studies have also revealed the relationship between the expression of some cell cycle regulators and salt
stress. The expression of OryzaCDKC1, which is involved in different aspects of cell biology, such as gene
transcription, cell proliferation and differentiation, was triggered by NaCl treatment through the ABA
signaling pathway [31]. In Arabidopsis, CDC2aAt, a cyclin-dependent kinase-coding gene and two mitotic
cyclin genes, namely, Arath,CycB1;1 and Arath;,CycAZ2;1, were monitored during salt stress [32]. In
mammals, many E2F members act as key factors in DNA damage-dependent transcriptional regulation of
cell cycle genes [33]. Many PheE2F/DPs showed high accumulation levels under abiotic stress, which
may facilitate bamboo growth under harsh environments through a direct or indirect effect. Collectively,
PheE2F/ DP genes play varied roles in different biological processes in Moso bamboo.

Conclusion

In conclusion, 24 E2F/DP genes were identified in the Moso bamboo genome, including nine E2F, six DR,
and eight DEL genes. Promoter analysis indicated that various cis-acting elements involved in the
photoperiodic response, hormone signaling, and meristem growth and many MYB and MYC2 binding
sites were present in the promoter region of PheE2F genes. Recent whole-genome duplication played
important roles in the expansion of the E2F/DP family. Expression analysis based on transcriptome data
and in situ hybridization analysis revealed that E2F/DPs play important roles in bamboo shoot growth,
especially in the winter period. Expression profiles derived from qRT-PCR analyses indicated that E2F/DPs
are involved in various forms of abiotic stress and diurnal cycles. These findings provide comprehensive
insights into the E2F/DP family members in Moso bamboo and some experimental evidence for further
functional verification of the E2F/DP family.

Methods

Database searches

The annotated E2F/DP genes of Arabidopsis thaliana (Arabidopsis), Oryza sativa (rice), and
Brachypodium distachyon (Brachypodium) were obtained from The Arabidopsis Information Resource
(TAIR) [34], the rice genome annotation project [35], and the Brachypodium distachyon genome database
[36], respectively. Then, published AtE2F/DP and OsE2F/DP sequences were retrieved and used as queries
in blastn searches against the local bamboo CDS database, and sequences were selected as candidate
genes if they had an E-value < -10. The Pfam database was further used to confirm each predicted
E2F/DP sequence.

Plant materials

Moso bamboo shoots as well as other culm samples were harvested in Jingxian County (116°10'; 31°12'),
Anhui Province, from January to August 2018 (Additional files1: Figure S2). The plant materials were
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snap frozen in liquid nitrogen and stored at -80 °C prior to use. Shoot tissues were sampled from sites
that were suitable for Moso bamboo growth and free of insect pests and artificial destruction. The
permission of bamboo shoot collection for the experiments was obtained from forestry bureau of
Jingxian County. Moso bamboo seeds were collected in Dajing County, Guilin (E110u179-110u479;
N25u049-25u489) in Guangxi Zhuang Autonomous Region from April to August, 2018 (Additional files:
Figure S2). The necessary permits of bamboo seed were obtained for the field studies from Guangxi
Provincial Academy of Forestry and Guilin Forestry Bureau, Dajing County in Guangxi Provence. The
identification of these seeds was performed by Gao et al [37]. In addition, the field work conducted for
sampling did not affect the local ecology and did not involve endangered or protected species.

The expression experiment of circadian rhythms was conducted under long-day (15 h: 9 h, light: dark)
conditions with samples collected every 3 h 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
biologically independent replications were performed for each sample.

For the abiotic stress treatment, the one month old seedlings were grown in an artificial climate chamber
with long-day conditions (15 h light/9 h dark). Drought stress was created by irrigating the plants with
medium containing 18% (v/v) PEG6000. Salt stress was created by irrigating the plants with medium
containing 250 mM NaCl. The leaves were harvested at 1, 3, 12 and 24 h after abiotic stress treatment.
Seedlings irrigated with tap water were used as the control (CK). The plant materials were snap frozen in
liquid nitrogen and stored at -80 °C prior to use. For all experiments, quintuplicate independent individuals
showing similar growth states were combined to form one sample, and three biological repeats were
performed for each sample.

Gene structure, conserved motif and regulatory element analysis

The gene structure based on full-length mRNA alignments with relevant genomic sequences was
investigated using the online program of the Gene Structure Display Server [38]. MEME was used to
identify conserved motifs in the identified E2F/DP sequences [39]. The regulatory elements in the
promoter region of PheE2F/DPs as well as the other 51,050 Moso bamboo genes (from -2000 bp to the
transcription start site) were analyzed using the PlantCARE online program [12]. The promoters of genes
that contained E2F/DP binding sites were further used for Gene Ontology (GO) enrichment analysis via
TBtools [40].

Estimation of the duplication time in paralogous pairs

The nonsynonymous substitution (Ka) and synonymous substitution (Ks) values between the paralogous
pairs were calculated by the DNASP program. The formula T = Ks/2\ was used to calculate the

divergence time of the duplication event, with a divergence rate A = 6.5 x 10™° in Moso bamboo, rice and
Brachypodium and 1.5 x 1078 in Arabidopsis [41].

Multiple sequence alignment and phylogenetic tree analysis
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Sequence alignment was executed using the full-length amino acids of Arabidopsis, rice, Brachypodium
and Moso bamboo E2F/DPs in the program ClustalX 2.1. A phylogenetic tree based on the neighbor-
joining (NJ) method was constructed using MEGA 7.0 with the following parameters: pairwise deletion,
Poisson model, and 1000 bootstrap replicates.

RNA isolation, reverse transcription and gene expression analysis

Total RNA from each sample was extracted using the TRIzol reagent method (Invitrogen, USA). First-
strand cDNA synthesis was conducted with approximately 2 pg of RNA using AMV (Promega, Madison,
Wisconsin, USA). gRT-PCR was performed using SYBR Green chemistry (Roche, Mannheim, Germany) on
a Light Cycler 480 instrument (Roche, Rotreuz, Switzerland) according to the manufacturer's directions.
Primers were designed using the Primer 3 online program (Additional files1: Table S2) [42]. All technical
and biological reactions were performed in triplicate. All samples were normalized to the reference gene
TIP41 to analyze the target gene expression level [43]. The final relative expression levels were calculated
using the 2"2ACt method.

Transcriptome data analysis

The transcriptome data of PheE2F/DPs from developing rhizome-root systems and bamboo shoots have
been previously generated and processed (GSE90517, PRINA604634) [2, 44]. These transcriptome data
were generated from different types of growing culms, including 1.5-cm-tall seedling stem (SS1), 8-cm-tall
seedling stem (SS2), lateral bud (L), rhizome (R), outward rhizome (0), and bamboo shoots at different
growth stages (winter bamboo shoot and 50-, 100-, 300-, 600-, 900- and 1200-cm-tall shoots, designated
S1-S7, respectively (Additional files1: Figure S2). Culms after leaf expansion were selected in accordance
with bamboo developmental stages labeled as CK. The four growing culms (S1, O, SS1 and R) were
sampled when the culm length reached one-tenth of the final length. The expression abundance of
PheE2F/DPs was calculated as fragments per kilobase of exon model per million mapped reads (FPKM).
The heatmap was generated using R.

Regulation network of PheE2Fs

Transcription factor-target gene (TF-TG) interactions were predicted based on regulatory elements in the
promoters of target genes. The expression correlation of the genes was calculated by determination of
the Pearson correlation coefficient (PCC) using gene expression values from the high-throughput
transcriptome data in R. Expression correlation data were used for the correlation network, and
coexpressed gene pairs were filtered with PCC values = +0.90 or <-0.90 as previously described [21]. The
network was further visualized using Cytoscape 3.7.0 software.

Insituhybridization

Bamboo shoot tissues were fixed in 4% paraformaldehyde for one day at 4 °C, dehydrated in an ethanol
series, infiltrated with xylene, and embedded in paraffin. The embedded tissues were then sectioned at a
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12-um thickness using a microtome (Leica, Weztlar, Germany). The slides were dehydrated and baked,
followed by dewaxing with dimethylbenzene. The specific probes of PH02Gene01086.t7 and
PHO02Gene26414.t1 were amplified by PCR using gene-specific primers with T7 and SP6 RNA polymerase-
binding sites. Antidigoxigenin antibodies coupled with NBT/BCIP solution were used to detect
hybridization signals. Images were captured by an Olympus Nikon E600

Yeast two-hybrid

To confirm the interaction between E2Fs and DPs, the Matchmaker GAL4 two-hybrid system (Clontech,
Palo Alto, CA) was carried out. Based on in-fusion cloning method (Clontech, Palo Alto, CA), the full length
of PHO2Gene26414.t11 and PH02Gene34005.t1 cDNAs were cloned into the pGBKT7 bait vector
respectively, and the full length of PH02Gene34520.t1 were cloned into pGADT7 (Additional files1: Table
S3). Next, the combination of pGBKT7-PH02Gene26414.t11 + pGADT7-PH02Gene34520.t1 and pGBKT7-
PH02Gene34005.t11 + pGADT7-PH02Gene34520.t1 were co-transformed into yeast strain AH109,
respectively. The transformed yeast cells were selected on SD/-Trp/-Leu and SD/-Trp/-Leu/-Ade/-His/X-a-
Gal plates at 30 °C for 5 days to verified the protein-protein interaction. We used the co-transformants
with pGBKT7-53 and pGADT7-T as a positive control, while the co-transformants with pGBKT7-Lam and
pGADT7-T were used as negative controls in the Y2H experiments.
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methyl jasmonate

MEME

multiple em for motif elicitation
MYA

Million years ago

NJ

neighbor-joining

PCC

pearson correlation coefficient
Pfam

Protein families database

PEG

Polyethylene glycol

gRT-PCR

Quantitative real-time PCR
TAIR

Arabidopsis Information Resource
TF-TG

transcription factor-target gene
Y2H

Yeast two hybrid

Declarations

Consent for publication

Not applicable.

Availability of data and materials

All the RNA-Seq raw data are available at NCBI under accession number GSE90517, PRUNA604634.
Competing interests

All the authors have declared no conflict of interest.

Funding

Page 13/25



This work was supported by the National Key point Research and Invention Program of the 13th Five-Year
(grant No. 2018YFD0600101), the Shaanxi Provincial Natural Science Foundation (Grant No. 2019JQ-
402), the Fundamental Research Funds of ICBR (Grant No. 1632018006) and Scientific Startup
foundation for Doctor of Northwest A&F University (grant No. Z109021715).

Contributions

Long Li performed bioinformatics analyses, physiological experiments and drafted the manuscript.
Qiangian Shi helped in sample collection. Jian Gao designed the experiments and conceived the project,
provided overall supervision of the study and revised the manuscript. All authors have read and approved
the final manuscript.

Acknowledgements

Not applicable.

References

1. Wei Q, Guo L, Jiao C, Ding YL, Gao S, Guo L, Chen M, Hu P, Xia SJ, Ren GD, Fei ZJ. Characterization of
the developmental dynamics of the elongation of a bamboo internode during the fast growth stage.
Tree Physiol. 2019;39(7):1201-14.

2.LiL, Cheng ZC, Ma YJ, Bai QS, Li XY, Cao ZH, Wu ZN, Gao J. The association of hormone signaling,
transcription and anatomy during shoot growth in Moso bamboo. Plant Biotechnol J.
2018;16(1):72-85.

3. Ma TY, Li ZW, Zhang SY, Liang GT, Guo J. Identification and expression analysis of the E2F/DP genes
under salt stress in Medicago truncatula. Genes Genom. 2014;36:819-28.

4. Ramirez-Parra E, Lo’pez-Matas MA, Fru"ndt C, Gutierrez C. Role of an atypical E2F transcription
factor in the control of Arabidopsis cell growth and differentiation. Plant Cell. 2004;16:2350-63.

5. del Pozo JC, Boniotti MB, Gutierrez C. Arabidopsis E2Fc functions in cell division and is degraded by
the ubiquitin-SCFAtSKP2 pathway in response to light. Plant Cell. 2002;14:3057-71.

6. del Pozo JC, Diaz-Trivino S, Cisneros N, Gutierrez C. The balance between cell division and
endoreplication depends on E2FC-DPB, transcription factors regulated by the ubiquitin-SCFSKP2A
pathway in Arabidopsis. Plant Cell. 2006;18:2224-35.

7. Magyar Z, Bogre L, Ito M. DREAMs make plant cells to cycle or to become quiescent. Curr Opin Plant
Biol. 2016;34:100-6.

8. Sozzani R, Maggio C, Varotto S, Canova S, Bergonioux C, Albani D, Cella R. Interplay between

Arabidopsis activating factors E2Fb and E2Fa in cell cycle progression and development. Plant
Physiol. 2006;140:1355-66.

Page 14/25



11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

. Polager S, Ginsberg D. E2F - at the crossroads of life and death. Trends Cell Biol. 2008;18:528-35.

. Ramirez-Parra E, Friindt C, Gutierrez C. A genome-wide identification of E2F-regulated genes in

Arabidopsis. Plant J. 2003;33(4):801-11.

Peng ZH, Lu Y, Li LB, Zhao Q, Feng Q, Gao ZM, Lu HY, Hu T, Yao N, Li KY, et al. The draft genome of
the fast-growing non-timber forest species Moso bamboo (Phyllostachys heterocycla). Nat Genet.
2013;45:456-61.

Magali L, Patrice D, Gert T, Kathleen M, Yves M, Yves VP Pierre R, Stephane R. PlantCARE, a database
of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter
sequences. Nucleic Acids Res. 2002;30:325-7.

Luisa M, Barbara P, Rita C, Rebecca S, Catherine B, Rino C, Diego A. The E2F family of transcription
factors from Arabidopsis thaliana. Novel and conserved components of the retinoblastoma/E2F
pathway in plants. J Biol Chem. 2002;277(12):9911-9.

Cooper B, Hutchison D, Park S, Guimil S, Luginbihl P, Ellero C, Goff SA, Glazebrook J. Identification of
rice (Oryza sativa) proteins linked to the cyclin-mediated regulation of the cell cycle. Plant Molbiol.
2003;53(3):273-9.

Jin j, Tian F, Yang DC, Meng YQ, Kong L, Luo JC, Gao G. PlantTFDB 4.0: toward a central hub for
transcription factors and regulatory interactions in plants. Nucleic Acids Res. 2017;45(D1):D1040-5.
Duvick J, Fu A, Muppirala U, Sabharval M, Wilkerson MD, Lawrence CJ, Lushbough C, Brendel V.
"PlantGDB: a resource for comparative plant genomics. " Nuclear Acids Res. 2008;36:0959.

International Wheat Genome Sequencing Consortium. A chromosomebased draft sequence of the
hexaploid bread wheat (Triticum aestivum) genome. Science. 2014,;345:1251788.

Burr B. Mapping and sequencing the rice genome. Plant Cell. 2002;14:521-3.

The International Brachypodium Initiative. Genome sequence analysis of the model grass
Brachypodium distachyon: insights into grass genome evolution. Nature. 2010;463:763-8.
Filichkin SA, Priest HD, Givan SA. Genome-wide mapping of alternative splicing in Arabidopsis
thaliana. Genome Res. 2010;20(1):45-58.

Zhao HS, Gao ZH, Wang L, Wang JL, Wang SB, Fei B, Chen C, Shi C, Liu X, Zhang H. Chromosome-
level reference genome and alternative splicing atlas of Moso bamboo (Phyllostachys edulis).
GigaScience, 2018;7: 1-12.

Bénédicte D, Elena RR, Qi X, Chua NH, Crisanto G. Cell type-Specific role of the retinoblastoma/E2F
pathway during Arabidopsis leaf development. Plant Physiol. 2005;140(1):67-80.

Erika O, Csaba P, Binish M, Aladar P, Tiinde L. E2FB interacts with RETINOBLASTOMA RELATED and
regulates cell proliferation during leaf development. Plant Physiol. 2020;182(1):518-33.

Horvath BM, Kourova H, Nagy S, Nemeth E, Magyar Z, Papdi C, Ahmad Z, Sanchez-Perez GF, Perilli S,
Blilou I. Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses
through functions beyond cell cycle control. EMBO J. 2017;36:1261-78.

Page 15/25



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li D, Su Z, Dong J, Wang T. An expression database for roots of the model legume Medicago
Truncatula under salt stress. BMC Genom. 2009;10:517.

Klaas VK, Vlieghe K, Florqui LH, Gerrit TSB, Wilhelm G, Yves VP, Dirk |, Lieven DV. Genome-Wide
Identification of Potential Plant E2F Target Genes. Plant Physiol. 2005;139:316-28.

Ito M, Araki S, Matsunaga S, Itoh T, Nishihama R, Machida Y, Doonan JH, Watanabe A. G2/M-phase-
specific transcription during the plant cell cycle is mediated by c-Myb-like transcription factors. Plant
Cell. 2001;13(8):1891-905.

Enrique LJ, Edyta D, Zoltan M, Safina K, Saul H, Sarah M, James AHM, Gerrit TS, Laszl6 B, Hugh PS.
Distinct light-Initiated gene expression and cell cycle programs in the shoot apex and cotyledons of
Arabidopsis. Plant Cell. 2008;20(4):947-68.

Alfredo A, Giorgia B, Roberta N, Vincenzo A, Paola P, Dhinoth KB, Ida R, Massimiliano S, Antonietta L,
Antonello C, Stefania G. The Arabidopsis AtRGGA RNA binding protein regulates tolerance to salt and
drought stress. Plant physiol. 2015;168(1):292-306.

Li T, Wu XY, Li H, Song JH, Liu JY. A dual-function transcription factor, AtYY1, is a novel negative
regulator of the Arabidopsis ABA response network. Mol Plant. 2016;9:650-1.

Huang YW, Tsay WS, Chen CC, Lin CW, Huang HJ. Increased expression of the rice C-type cyclin-
dependent protein kinase gene, Orysa;CDKC;1, in response to salt stress. Plant Physiol Bioch.
2008;46:71-81.

Sylvie B, Kristiina H, Brigitte C, Tom B, Marc VM, Dirk |, Nathalie V. Expression of cell cycle regulatory
genes and morphological alterations in response to salt stress in Arabidopsis thaliana. Planta.
2000;211:632-40.

Mitxelena J, Apraiz A, Vallejo-Rodriguez J, Garcia-Santisteban |, Fullaondo A, Alvarez-Fernandez M,
Malumbres M, Zubiaga AM. An E2F7-dependent transcriptional program modulates DNA damage
repair and genomic stability. Nucleic Acids Res. 2018;9:9.

Berardini TZ, Reiser L, Li D, Mezheritsky Y, Muller R, Strait E, Eva HL. The Arabidopsis information
resource: making and mining the “Gold Standard” annotated reference plant genome. Genesis.
2015;53:474-85.

Yoshihiro K, Bastide M, Hamilton JP, Kanamori H, McCombie WR, Ouyang S, Schwartz DC, Tanaka T,
Wu J, Zhou S, Childs KL, Davidson RM, Lin H, Quesada-Ocampo L, Vaillancourt B, Sakai H, Lee SS,
Kim J, Numa H, Itoh T, Buell CR, Matsumoto T. Improvement of the Oryza sativa Nipponbare
reference genome using next generation sequence and optical map data. Rice. 2013;6:4.

Vogel JPR, Garvin DF, Mockler TC, Schmutz J, Rokhsar D. Genome sequencing and analysis of the
model grass Brachypodium distachyon. Nature. 2010;463(7282):763-8.

Gao J, Zhag Y, Zhang CL, Qi FY, Li XP, Mu SH, Peng ZH. Characterization of the Floral Transcriptome
of Moso Bamboo (Phyllostachys edulis) at different flowering developmental stages by
transcriptome sequencing and RNA-seq analysis. Plos One. 2013;9(6):€98910.

Hu B, Jin JRB, Guo AY, Zhang H, Luo CJ, Gao G. GSDS 2.0: an upgraded gene feature visualization
server. Bioinformatics. 2015;31(8):1296-7.

Page 16/25



39. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble WS. MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res. 2009;37:W202-8.

40. Machowski EE, Dawes S, Mizrahi V. TB tools to tell the tale—-molecular genetic methods for
mycobacterial research. Int J Biochem Cell Biology. 2005;37(1):0-68.

41. Cao J, Huang JL, Yang YP, Hu XY. Analyses of the oligopeptide transporter gene family in poplar and
grape. BMC Genom. 2011;12:465.

42. Koressaar T, Lepamets M, Kaplinski L, Raime K, Andreson R, Remm M. Primer3_masker: integrating
masking of template sequence with primer design software. Bioinformatics. 2018;34(11):1937-8.

43. Fan C, Ma J, Guo Q, Li X, Wang H, Lu M. Selection of reference genes for quantitative real-time PCR in
bamboo (Phyllostachys edulis). PLoS One. 2013;8(2):e56573.

44. Wang T, Wang H, Cai D, Gao YB, Zhang HX, Wang YS, Lin CT, Ma LY, Gu LF. Comprehensive profiling
of rhizome-associated alternative splicing and alternative polyadenylation in Moso bamboo
(Phyllostachys edulis). Plant J. 2017;91(4):684-99.

Figures
———n
L P e by - ity -l —_—c— m
Eragi3g5130.1 B BEHHIE R~
OC 02029334301 S — — g
05045339501 B RiHI
®6ra 0.2 8 bHi-HE e
PHI 3494 11 - — SRS
PHO2Gene07670.12 [ T T ——— i
@ Bradi4gd2050 1 e LT ] S——— N
#10¢ 0512906200 1 | 1 ] o
PHO2Gen034520.11 - LA LT T =
PHO2Gened3370.2 e | e ¥ VIITIY ] - S—
AT2GI6010.1 [ e 1t SPE—
AT1G47870.1 R IR g
PHO: 795011 B
0204502140.1 - JL_—__
018202 B B HE A
313 - i . —m .
148.11 - . -_=—. .
1 ——— a
1 AR r——1
1441 [Ty T r——
LOC 03015487001 - ——
Brac2g4621.2 H—t—+H—H ——
AT 470.1 S m__mm
ATSGO3415.1 . L ==
OC 030305760, 1 e | [T | r—
02Gene0996.41 - A — ——
PHGenetzsea bW 4 —— ™ -
o g74850.1 [ RN R | -
iﬂi%;ﬂm 1 - i o ] LY =
PHO. 34005.t1 T ! 1] ] ' - o
02Gene20854.t1 - - -
Bradi1g3as7T.1 H.—
AT5G14960.1 T - n
AT3G01330.1 HHE i [ -
AT3IG48150.1 - . [ —
Bradi4g11116.2 BRI — n
e 11 H—H -
PHO. 48, .. — n
LOS earso - ——
L 13670.1 [T T | =
PR Gened0091 11 e —
PHO2Gene46765 11 m__n
PHO2Gene48000.t1 HHH-H —
 Brad3gsuran 2 mm-—l - n
r&z 3426711 - A W Mol @ Metir2 B Mesirs Ensoniss B Mours
EHHHHE -
PHO: 1086.11 . .. [ —"
b PHO2Gene18208 1 TR ] - B Moif 6 B Mot 7 [ Moaifs
5 i i I i ¥ §. n i " i n | — i ¥
Okl kb kb i i kb kb kb Skb 10kh  11Eb 12kh  13kb  14kb 15K M6k I7kb  15kb  19kh Obp 100Rp 200hp MGhp S0bp (00bp G00Bp TOObp SNhp Oy 1000k Ilml:ﬂﬁtl:mlmm’x‘v

Figure 1

Phylogenetic relationship, gene structure and motif compositions of the PheE2F/DP families. (A)
Phylogenetic analysis of the E2F/DP family. A. thaliana, O. sativa, B. distachyon, and Moso bamboo
proteins are indicated by yellow, red, purple, and green dots, respectively. (B) Gene structures of E2F/DP
genes. The exons and introns are represented by black boxes and black lines, respectively. The scale bar
represents 1.0 kb. (C) Distribution of conserved motifs within each group. The scale bar represents 100

amino acids.
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Figure 2

Number of cis-regulatory elements (CRES) in the putative promoter regions of E2F/DP genes. Only
identified elements with quality values greater than five were retained.
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Figure 3

GO enrichment (biological processes) of PheE2F/DP-regulated genes (FDR <0.05).
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Figure 4

Expression profiles of E2F/DP genes in different Moso bamboo tissues. Expression was visualized using
heat maps. Blocks with colors indicate high accumulation levels (red) or low accumulation levels (blue).
S1-S7 and CK represent winter bamboo shoots; 50-, 100-, 300-, 600-, 900-, and 1200-cm height bamboo
shoots; and one-year-old mature culms, respectively. SS1, SS2, L, R and O represent the 1.5-cm-tall
seedling stem, 8-cm-tall height seedling stem, lateral bud, rhizome and outward rhizome, respectively.
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Figure 5

Interaction network describing transcription factor-target gene (TF-TG) interactions. TF-TG interactions
were predicted based on regulatory elements in the promoters of target genes. Larger circles in the
network indicate gene edges with more connections. Edges or connections indicate the coexpression of
genes with a Pearson correlation coefficient = +0.90 (arrows) or < -0.90 (T-type arrow). 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.
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Figure 6

In situ hybridization of PH02Gene01086.t1 and PH02Gene20868.t1 in winter Moso bamboo shoots.
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Figure 7
The interaction between PheE2Fs and PheDPs. Positive control, pGBKT7-53 + pGADT7-T; negative

control, pGBKT7-Lam + pGADT7-T.
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Figure 8

Expression analysis of PheE2F/DP genes under salinity stress and drought stress treatments. Seedlings
irrigated with tap water were used as controls. TIP41 was used to normalize the expression data. (A) E2F
group, (B) DP group, (C) DEL group.
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Figure 9

Diurnal rhythms of PheE2F/DP genes. TIP41 was used to normalize the expression data. (A) E2F group,
(B) DP group, (C) DEL group. The expression of genes at each time-point was averaged by two days data.
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