
ORIGINAL RESEARCH
published: 10 May 2022

doi: 10.3389/fpls.2022.884443

Frontiers in Plant Science | www.frontiersin.org 1 May 2022 | Volume 13 | Article 884443

Edited by:

Weihua Pan,

Agricultural Genomics Institute at

Shenzhen (CAAS), China

Reviewed by:

Alex Goldshmidt,

Agricultural Research Organization,

Volcani Center, Israel

Qiang Zhu,

Fujian Agriculture and Forestry

University, China

*Correspondence:

Guirong Qiao

gr_q1982@163.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Plant Bioinformatics,

a section of the journal

Frontiers in Plant Science

Received: 26 February 2022

Accepted: 08 April 2022

Published: 10 May 2022

Citation:

Jin K, Wang Y, Zhuo R, Xu J, Lu Z,

Fan H, Huang B and Qiao G (2022)

TCP Transcription Factors Involved in

Shoot Development of Ma Bamboo

(Dendrocalamus latiflorus Munro).

Front. Plant Sci. 13:884443.

doi: 10.3389/fpls.2022.884443

TCP Transcription Factors Involved in
Shoot Development of Ma Bamboo
(Dendrocalamus latiflorus Munro)
Kangming Jin 1,2†, Yujun Wang 1†, Renying Zhuo 1, Jing Xu 1, Zhuchou Lu 1, Huijin Fan 1,

Biyun Huang 1 and Guirong Qiao 1*

1 State Key Laboratory of Tree Genetics and Breeding, Key Laboratory of Tree Breeding of Zhejiang Province, Research

Institute of Subtropical Forestry, Chinese Academy of Forestry, Hangzhou, China, 2 Forestry Faculty, Nanjing Forestry

University, Nanjing, China

Ma bamboo (Dendrocalamus latiflorus Munro) is the most widely cultivated clumping

bamboo in Southern China and is valuable for both consumption and wood production.

The development of bamboo shoots involving the occurrence of lateral buds is unique,

and it affects both shoot yield and the resulting timber. Plant-specific TCP transcription

factors are involved in plant growth and development, particularly in lateral bud outgrowth

and morphogenesis. However, the comprehensive information of the TCP genes in Ma

bamboo remains poorly understood. In this study, 66 TCP transcription factors were

identified in Ma bamboo at the genome-wide level. Members of the same subfamily had

conservative gene structures and conserved motifs. The collinear analysis demonstrated

that segmental duplication occurred widely in the TCP transcription factors of Ma

bamboo, which mainly led to the expansion of a gene family. Cis-acting elements related

to growth and development and stress response were found in the promoter regions of

DlTCPs. Expression patterns revealed that DlTCPs have tissue expression specificity,

which is usually highly expressed in shoots and leaves. Subcellular localization and

transcriptional self-activation experiments demonstrated that the five candidate TCP

proteins were typical self-activating nuclear-localized transcription factors. Additionally,

the transcriptome analysis of the bamboo shoot buds at different developmental stages

helped to clarify the underlying functions of the TCP members during the growth

of bamboo shoots. DlTCP12-C, significantly downregulated as the bamboo shoots

developed, was selected to further verify its molecular function in Arabidopsis. The

DlTCP12-C overexpressing lines exhibited a marked reduction in the number of rosettes

and branches compared with the wild type in Arabidopsis, suggesting that DlTCP12-C

conservatively inhibits lateral bud outgrowth and branching in plants. This study provides

useful insights into the evolutionary patterns and molecular functions of the TCP

transcription factors in Ma bamboo and provides a valuable reference for further research

on the regulatory mechanism of bamboo shoot development and lateral bud growth.
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FIGURE 4 | Collinear relationships of genes pairs from Ma bamboo, Moso bamboo, rice, and Arabidopsis. Gray lines indicate that all the collinear gene pairs between

Ma bamboo and other species, whereas red lines indicate the collinear TCP gene pairs.

bamboos’ unique traits, including their rapid vegetative growth
and high biomass (Zheng et al., 2022). In this study, a total
of 66 plant-specific TCP transcription factors were identified in
Ma bamboo, and the number of genes was about three times
that of rice, Arabidopsis, and Moso bamboo (Table 1). In other
words, all DlTCPs possessed 3–5 homologous genes, indicating
that they are preferentially retained during polyploidization.
Similarly, there were three closely related homologous genes
in the TCP family of hexaploid wheat. However, their cis-
acting elements were quite different, which could lead to the
sub-functionalization of wheat homologous genes (Zhao et al.,
2018). Collinear analysis demonstrated that the main reason
for the expansion of the TCP gene family is chromosome
polyploidization (whole-genome duplication) and large-scale
chromosome segment duplication, which primarily occurs
between three subgenomes A, B, and C of D. latiflorus, and only
a few chromosomes do not possess TCP transcription factors
(Figure 3). The TCP family has expanded due to large-scale
segment duplication events that also occurred in upland cotton,
whereas 74 GhTCP genes were identified in the allotetraploid
plant upland cotton genome (AADD) (Li et al., 2017). Tandem
duplication events, which are important events driving the
occurrence of new biological functions, have only been found
one time between DlTCP5-B and DlTCP6-B. This suggests that
TCP transcription factors have conservative and irreplaceable
functions in Ma bamboo (Shang et al., 2012). The TCP family
could have a continually increasing role in the development of the
typical hexaploid bamboo species D. latiflorus. While they may
have functional redundancy, the sub-functionalization of these
homologous genes and gene dosage could make Ma bamboo
more adaptable during growth and development (He et al., 2022).

Plants have several complex regulatorymechanisms and signal
networks, which can quickly perceive the external environment

and regulate gene expression to adapt to unpredictable
environmental changes and resist several biotic and abiotic
stresses in the long-term evolutionary process. Transcription
factors can regulate the occurrence of biological processes
such as plant morphology, developmental patterns, and stress
responses to varying degrees. As the plant-specific transcription
factors, the TCP family plays a vital role in plant growth and
development. A group of functionally redundant phylogenetic-
related class I TCP genes (AtTCP7, AtTCP8, AtTCP22, and
AtTCP23) had similar expression patterns in young leaves,
regulating leaf development by controlling cell proliferation
(Aguilar Martinez and Sinha, 2013). In Arabidopsis, AtTCP14
directly activates the growth potential of the embryo during
seed germination, whose expression level is highest before seed
germination (Tatematsu et al., 2008). In addition, the AtTCP14
mutant was highly sensitive to abscisic acid and gibberellin
synthase inhibitors, indicating that AtTCP14 regulates seed
germination by regulating hormone response (Tatematsu et al.,
2008; Manassero et al., 2013). The senescence phenotype of
TCP19 and TCP20 double mutants was significantly enhanced
in Arabidopsis, and classic genetic and molecular methods
have been used to demonstrate that TCP19 and TCP20 are
involved in controlling leaf senescence in Arabidopsis, despite
functional redundancy (Danisman et al., 2013). OsPCF7 is
primarily expressed at the tillering stage and plays an important
role in the tillering and heading process of rice seedlings. It
significantly affects the panicle numbers, the number of filled
grains per plant, and the grain yield per plant (Li et al., 2020).
CsTCP3 is induced by gibberellin, photoperiod, and temperature
and directly participates in the development of axillary buds by
controlling the content of auxin in axillary buds, which affects
the number of lateral branches in cucumber (Wen et al., 2020).
It can integrate upstream environmental factors and hormone
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FIGURE 5 | Predicted cis-elements of TCP gene promoters in Ma bamboo. Plant CARE was used to predict and analyze the promoter region of the 2,000-bp

upstream of 66 TCP members. Different colored rectangles represented different cis-elements and especial cis-elements were highlighted in different shapes.

signals and further affect the development of axillary meristem,
to adapt the plant architecture to environmental conditions.
Biological processes from shoot bud germination to growth

is crucial for the growth and development of bamboo (Shou
et al., 2020), all of which directly affect the yield of bamboo
shoots and timber in Ma bamboo. Therefore, we collected
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FIGURE 6 | Tissue expression pattern of TCP genes in Ma bamboo. The expression levels of putative TCP members in bamboo shoots, roots, stems, and leaves

were normalized and visualized by R (4.0.2). Red and blue represent high and low expression levels, respectively. 1, 2, and 3 represent three biological replicates,

respectively.

the apical buds of bamboo shoots from four representative
developmental stages for transcriptome analysis to find out
the relevant gene sets involved in this process (Figure 7A).
A total of 29 TCP transcription factors were subsequently
found as differentially expressed genes from RNA-seq data.
Interestingly, TCP transcription factors exhibited spatiotemporal
expression specificity during the development of bamboo shoots
(Figure 8A). From the dormancy stage (S1) to the rapid high
growth stage (S4), the number of downregulated genes gradually
decreased; in contrast, the number of upregulated genes gradually
increased (Figure 8B). These results suggested that there is
an alternation and switching mechanism in the function of
TCP transcription factors to better adapt to the growth and
development of bamboo shoots in Ma bamboo. TB1 is the key
node gene for lateral bud outgrowth, which plays a conservative
role in many species (Takeda et al., 2003; Dixon et al., 2018; Li
et al., 2021). Whereafter, the preliminary functional verification
results confirmed the critical role of DlTCP12-C in inhibiting
axillary bud growth and lateral branch growth in overexpressed
transgenic Arabidopsis (Figure 12). Future research will verify
the biological function and regulation pathway of DlTCP12-
C in shoot buds development using genetic transformation in

Ma bamboo and assess whether there is functional redundancy
among other members of the CYC/TB1 subfamily.

Transcription factors have the binding activity of specific
DNA sequences or the characteristics of known DNA-binding
domains, so they bind to cis-acting elements on the target
site to ensure that the target gene is expressed at a specific
intensity, in a specific time and place. In our study, a large
number of cis-acting regulatory elements related to plant
hormone signals, organ development, stress response, MYB

transcription factors, and WRKY transcription factor-binding
sites accumulated in the promoter of DlTCPs, indicating that
TCP transcription factors could act as a central regulatory
integrin regulated by environmental factors, hormone signals,
and upstream transcription factors to affect plant growth and
development. GhTCP14a/22 is involved in controlling cotton
fiber growth through the gibberellin, brassinosteroids, and
auxin signal transduction pathways, which play a remarkable
role in the development of cotton fiber and are primarily
expressed during fiber initiation and elongation (Li et al.,
2017). DWARF27 (D27) is a key gene involved in strigolactone
synthesis, which can sense strigolactone signaling and activate
downstream TB1-like TCP transcription factors by recruiting
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FIGURE 7 | Transcriptome analysis of shoot buds at different developmental stages in Ma bamboo. (A) A total of four representative developmental stages of Ma

bamboo apical bud were characterized by the length of bamboo shoot. The red dotted line represents the position of shoot buds in S1. A separate scale of each

image is shown separately. (B) The number of differentially expressed genes between different stages was counted by transcriptome analysis. Yellow and blue

represent upregulated and downregulated differentially expressed genes, respectively. (C) Venn diagrams of differentially expressed genes in three group. Left and

right represent upregulated and downregulated, respectively. (D) The expression levels of three kinds of differentially expressed genes in transcriptome data were

related to hormones, transcription factors, and developmental process, respectively. Yellow and blue represent upregulated and downregulated differential expression,

respectively.

Frontiers in Plant Science | www.frontiersin.org 13 May 2022 | Volume 13 | Article 884443

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jin et al. TCP Transcription Factors of Ma Bamboo

FIGURE 8 | Expression analysis of TCPs in shoot buds at different developmental stages. (A) The expression data of TCP family members in different developmental

stages of bamboo shoot buds were retrieved from transcriptome analysis. The results were normalized and visualized by R (4.0.2). (B) The number of TCP

differentially expressed genes between different stages. Yellow and blue represent upregulated and downregulated differential expression, respectively. (C) qRT-PCR

was used to verify the results of the transcriptome analysis. Error bars were obtained from three replicates. Statistically significant differences between the expression

level of different stage were analyzed by Student’s t-test. Those with different marked letters were represented significantly different: p < 0.05.

SCF complexes to stimulate the ubiquitination and degradation
of DWARF53 (D53) repressor proteins (Kerr and Beveridge,
2017). Cytokinins and sugars also inhibit the expression of
TB1 (Mason et al., 2014; Patil et al., 2021). Auxin upregulates

the expression of MAX3 and MAX4 through the AXR1-AFB-
mediated signaling pathway, but downregulates the members
of the IPT family, promoting strigolactone biosynthesis,
and the inhibition of cytokinin biosynthesis, which further
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FIGURE 9 | Subcellular localization of four mGFP-fused TCP proteins in Ma bamboo. The four candidate TCP proteins (DlTCP5-C, DlTCP7-B, DlTCP9-A, and

DlTCP23-C) and GFP as a control were transiently expressed in Nicotiana benthamiana leaves and observed under a fluorescence microscope. The nucleus was

visualized with mCherry-labeled nuclear markers.

promotes the expression of TB1 (Nordström et al., 2004;
Tanaka et al., 2006). A number of two closely related TCP
transcription factors TCP14 and TCP15 affect the development
of foliage and trichomes, participate in cytokinin-regulated
signal pathways, and stimulate the expression of cytokinin-
regulated gene RESPONSE REGULATOR 5 through interaction
with SPINDLY (SPY) (Steiner et al., 2012). Jasmonic acid
is a kind of plant hormone of lipids (oxylipins), which is
involved in plant development, abiotic stress response, and
the interaction between plants and microorganisms. AtTCP4
reportedly directly targets LIPOXYGENASE2 (LOX2), encoding a
chloroplast enzyme gene involved in α-linolenic acid biosynthesis
and jasmonic acid synthesis, and is involved in the regulation

of jasmonic acid biosynthesis and leaf development (Vick
and Zimmerman, 1983; Danisman et al., 2012). The LsAP2
transcription factor further regulates leaf morphology in lettuce
by inhibiting the activity of the CIN-like TCP transcription
factor (Luo et al., 2021). The TCP-mediated complicated
hormone signal regulatory network further emphasizes the
important role of TCP in affecting plant growth patterns and
biological processes, and more in-depth research is needed
to clarify the pathway of TCP transcription factors. Our
transcriptome and promoter element analyses indicate that TCP
transcription factors regulate the expression of target genes
through transcriptional regulation and hormone signals, which
affect related biological processes in plants. Recent studies
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FIGURE 10 | Transactivational analyses of DlTCP proteins in yeast. The positive control pGBKT7-p53 + pGADT7-T, negative control pGBKT7 empty plasmid, and

four candidate pGBKT7-DlTCPs plasmids were transformed into yeast AH109, and the strains were further cultured on the yeast medium of SD-Trp and

SD-Trp-His-Ade supplemented with X-α-gal to analyze their transactivation activity.

FIGURE 11 | Gene structure, transactivational analyses, subcellular localization, and expression patterns of the DlTCP12-C. (A) Using genomic DNA (I) and cDNA (II)

as template, gel electrophoresis amplification results of DlTCP12-C. (B) Transcriptional self-activation experiments of five truncated forms of DlTCP12-C, SD-T, -T/-H,

-T/-A, and -T/-H/-A represents SD medium lacking Trp, Trp and His, Trp and Ade, Trp, and His and Ade, respectively. (C) Subcellular localization of DlTCP12-C protein.

(D) The expression levels of DlTCP12-C in bamboo shoot, root, stem, and leaf; those with different marked letters were represented significantly different: p < 0.05.
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FIGURE 12 | Phenotypic assay of the DlTCP12-C overexpression transgenic Arabidopsis. (A) Branching phenotypes of 35-day-old wild-type and DlTCP12-C

overexpressing transgenic Arabidopsis lines. Scale bar = 4 cm. (B) Close-up views of the rosettes of the plants in (A). Red arrow indicates branch. Scale bar = 1 cm.

(C) Number of rosettes. Error bars were obtained from five replicates. (D) Number of branches. Error bars were obtained from five replicates. Significant differences

compared with the WT were analyzed by Student’s t-test: **p < 0.01.

have made clarified the mechanism of the direct targeting
regulation of TCP transcription factors by miRNA. Some TCP
members directly targeted by miR319 are widely involved in
plant hormone signal transduction, leaf development, vascular
formation, and response to abiotic stress (Fang et al., 2021).
Comprehensive analysis of catechinmetabolism profiles and TCP
gene expression profiles in different plant tissues at different
developmental stages indicated that the CsmiR319b/CsTCP3-
4 module was not only related to shoot tip development,
but also played a potential role in catechin biosynthesis in
tea plants (Yu et al., 2021). Genetic and molecular analyses
indicated that PtoTCP20, the direct target gene of miR319a,
regulated the proliferation of vascular cambium along with
PtoWOX4a and promoted the differentiation of secondary
xylem by activating the transcription of PtoWND6, thereby
regulating the secondary growth of Populus tomentosa stem
(Hou et al., 2020). A total of five TCP genes were found
to contain miR319 directly targeted binding sites in 3

′

UTR
(Supplementary Table S6). These miR319-targetedDlTCPswere
the members of the CIN subfamily. The regulation mechanism
of DlTCPs related to the bud growth of bamboo shoots requires
further study.

In short, this study identified 66 plant-specific TCP
transcription factors in the D. latiflorus genome using

bioinformatics and analyzed their evolutionary relationship,
duplication events, promoter cis-elements, tissue expression
patterns, subcellular localization, and self-activating
transcriptional activity. Transcriptome analysis of different
developmental stages of bamboo shoot buds was used to
preliminarily study the function of TCP transcription factors in
Ma bamboo, providing a series of differentially expressed genes
that could be involved in the growth and development of bamboo
shoots. Subsequently, the conservative function of DlTCP12-C,
which negatively regulates axillary bud development and lateral
branch growth, was confirmed in overexpressed transgenic
Arabidopsis. This comprehensive study of TCP transcription
factors inMa bamboo provides several candidate genes worthy of
further analysis, including the regulatory mechanism of bamboo
shoot bud growth and development.
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