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Ophiorrhiza pumila (O. pumila; Op) is a medicinal herbaceous plant, which can
accumulate camptothecin (CPT). CPT and its derivatives are widely used as
chemotherapeutic drugs for treating malignant tumors. Its biosynthesis pathway has
been attracted significant attention. Teosinte branched 1/cycloidea/proliferating cell
factors 1/2 (TCP) transcription factors (TFs) regulate a variety of physiological processes,
while TCP TFs are involved in the regulation of CPT biosynthesis remain unclear. In this
study, a systematic analysis of the TCP TFs family in O. pumila was performed. A total of
16 O. pumila TCP (OpTCP) genes were identified and categorized into two subgroups
based on their phylogenetic relationships with those in Arabidopsis thaliana. Tissue-
specific expression patterns revealed that nine OpTCP genes showed the highest
expression levels in leaves, while the other seven OpTCPs showed a higher expression
level in the stems. Co-expression, phylogeny analysis, and dual-luciferase (Dual-LUC)
assay revealed that OpTCP15 potentially plays important role in CPT and its precursor
biosynthesis. In addition, the subcellular localization experiment of candidate OpTCP
genes showed that they are all localized in the nucleus. Our study lays a foundation
for further functional characterization of the candidate OpTCP genes involved in CPT
biosynthesis regulation and provides new strategies for increasing CPT production.

Keywords: Ophiorrhiza pumila, TCP transcription factors, genome-wide analysis, expression pattern, CPT
biosynthesis

Abbreviations: CPT, camptothecin; TCP, teosinte branched 1/cycloidea/proliferating cell factors 1/2; TB1, teosinte branched
1; CYC, cycloidea; PCF1/2, proliferating cell factors 1/2; bHLH, basic helix-loop-helix; MEP, 2-Cmethyl-Derythritol
4-phosphate.

Frontiers in Plant Science | www.frontiersin.org 1

October 2021 | Volume 12 | Article 746648


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.746648
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.746648
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.746648&domain=pdf&date_stamp=2021-10-07
https://www.frontiersin.org/articles/10.3389/fpls.2021.746648/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

TCP Gene Family in O. pumila

INTRODUCTION

Ophiorrhiza pumila (O. pumila), belonging to the family
Rubiaceae, is an important herbaceous medicinal plant and
can accumulate camptothecin (CPT). CPT is a quinoline-type
monoterpenoid indole alkaloid and an anticancer compound
with potent DNA topoisomerase I inhibitory activity (Johnson
et al, 2018). Two semi-synthetic water-soluble CPT analogs
known as topotecan and irinotecan have been approved for
the treatment of ovarian, colorectal, lung and cervix cancer,
and HIV (Liu et al.,, 2015; Martino et al., 2017). Additionally,
a number of other CPT derivatives have shown promising
results in preclinical and clinical trials (Xie et al, 2016).
Despite CPT with pharmacological relevance, its biosynthesis
pathway is complex and partially deciphered (Sadre et al,
2016; Yang et al., 2021). CPT is produced by the iridoid and
shikimate pathways, which supply the important precursors,
such as secologanin and tryptamine. Subsequently, secologanin
and tryptamine are converged into strictosidine, which is
finally synthesized into CPT by some unknown catalytic
enzymes (Supplementary Figure 1). At present, genomes and
transcriptome data of many monoterpenoid indole alkaloid-
producing plants, such as O. pumila, Catharanthus roseus,
Camptotheca acuminata, and Nothapodytes nimmoniana,
provided the foundation for understanding the biosynthesis
and regulatory components of plant-specialized metabolites,
followed by molecular characterization and functional validation
of candidate genes (Kellner et al., 2015; Rather et al., 2018; Kang
etal., 2021; Rai et al., 2021). At present, a few genes-encoding key
enzymes, such as OpTDC, OpTDC2, OpSTR, OpCPR, OpG10H,
OpSLS, OpLAMT, in the CPT biosynthetic pathway and several
transcription factors (TFs), such as OpMYB1, OpWRKY1/2/3,
and OpERF1/2/3, have been cloned and analyzed in O. pumila
(Kai et al.,, 2015; Rohani et al., 2016; Udomsom et al., 2016; Shi
et al., 2020; Hao et al,, 2021; Yang et al., 2021; You et al., 2021).
For example, OpWRKY?2 acted as a positive regulator of CPT
biosynthesis by directly binding and activating the gene OpTDC
(Hao et al., 2021). Suppression of OpERF2 resulted in reducing
expression of genes in the early steps that supplied a precursor for
CPT biosynthesis, such as OpTDC, OpGI10H, OpSLS, and OpSTR
(Udomsom et al., 2016). Nevertheless, limited information is
available about the regulatory mechanism of CPT biosynthesis in
O. pumila, especially teosinte branched 1/cycloidea/proliferating
cell factors 1/2 (TCP) TF.

The TCP family is a group exclusively present in the higher
plants (Liu et al., 2019). The name of TCP was derived from
three members of this family identified: teosinte branched 1
(TB1) in Zea mays (Doebley et al, 1995), cycloidea (CYC)
in Antirrhinum majus (Luo et al, 1996), and proliferating
cell factors 1/2 (PCF1/2) in Oryza sativa (Kosugi and Ohashi,
1997; Cubas et al., 1999). These proteins contained a highly
conserved 55-59 residue-long basic helix-loop-helix (bHLH)
structure at the N-terminus, known as TCP domain (Aggarwal
et al., 2010). It was associated with protein nuclear localization,
DNA binding, and protein-protein interaction (Cubas et al.,
1999). According to the differential features in TCP domains,
TCP family members were divided into two subfamilies: class

I (also called PCF or TCP-P) and class II (TCP-C) (Martin-
Trillo and Cubas, 2010). The most striking difference between
these two subfamilies was the deletion of four-amino-acids at the
N-terminal, which was exclusive in class I. Class IT TCP proteins
were further subdivided into the cincinnata (CIN) and cycloidea
(CYC)/TB1 subclasses based on the alterations in several amino
acids (Howarth and Donoghue, 2006; Horn et al., 2015). Besides
the TCP domain, some members within class IT had the R domain
(18-20 residue arginine-rich motifs) and glutamic acid-cysteine-
glutamic acid (ECE) motif (glutamic acid-cysteine-glutamic acid
stretch) (Lupas et al., 1991).

Teosinte branched 1/cycloidea/proliferating cell factors 1/2
proteins were involved in diverse physiological and biological
processes, such as phytohormone biosynthesis, transport, and
signal transduction, leaf development, branching, embryonic
growth, floral organ morphogenesis, pollen development,
germination, senescence, circadian clock, and cell cycle
regulation (Danisman et al., 2012; Manassero et al., 2013).
Class I TCP genes, A. thaliana TCP (AtTCP)14 and AtTCPI5,
played a vital role in seed germination and promoted embryo
growth via the gibberellin signaling pathway (Resentini et al.,
2015). For CIN subclass TCP genes, repression of AtTCP3,
AtTCP4, and AtTCP24 could disturb leaf development (Palatnik
et al, 2003; Nag et al, 2009; Sarvepalli and Nath, 2011).
Overexpression of CYC-like homolog GhCYC2 caused disk
flowers to obtain characteristics typical for ray flowers in
Gerbera hybrida (Broholm et al.,, 2008). Furthermore, several
emerging lines of evidence revealed the multi-faceted role of TCP
protein in plant specialized metabolism. For example, AtTCP3
interacted with R2R3-MYB proteins to stimulate flavonoid
production in Arabidopsis thaliana, while AtTCP15 repressed
anthocyanin biosynthesis when the plants were under high
light intensity (Li and Zachgo, 2013; Viola et al, 2016). In
Lycium ruthenicum, LrTCP4 performed as a positive regulator
in kukoamine biosynthesis and other secondary metabolites
(Chabhel et al., 2019). In Artemisia annua (A. annua), AaTCP14
and AaTCP15 were essential for jasmonate (JA)-induced
artemisinin biosynthesis (Ma et al., 2018, 2021).

To date, genome-wide identification of the TCP family
members has been identified and characterized in many dicots
and monocots plants, such as A. thaliana (Li, 2015), Solanum
lycopersicum (Parapunova et al., 2014), Malus domestica (Xu et al.,
2014), Citrullus lanatus (Shi et al., 2016), Nicotiana tabacum
(Chen et al., 2016), Fragaria vesca (Wei et al., 2016), Glycine max
(Feng et al., 2018), Gossypium barbadense (Zheng et al., 2018),
Vitis vinifera (Leng et al., 2019), Solanum tuberosum (Bao et al.,
2019), Phyllostachys edulis (Liu et al., 2018), Z. mays (Ding et al.,
2019), Panicum virgatum (Zheng et al., 2019), Hordeum vulgare
subsp. vulgare (Gao et al., 2021), and so on. However, there is no
research about the identification and functional characterization
of TCP proteins in CPT-producing plants. Here, we first present
a detailed and comprehensive analysis of the TCP gene family
through the whole O. pumila genome, such as identification of
all TCP family members, phylogenetic relationships, conserved
motifs, gene structure, cis-elements in gene promoter regions, the
expression levels of O. pumila TCP (OpTCP) genes in diverse
tissues, co-expression analysis of key enzymes involved in CPT
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biosynthesis, and subcellular localization, which could provide
valuable information for understanding its classification and
functions in O. pumila.

MATERIALS AND METHODS

Identification and Characteristics of
Teosinte Branched
1/Cycloideal/Proliferating Cell Factors
1/2 Gene Family in Ophiorrhiza pumila

All annotated protein sequences from O. pumila genome
database' were obtained to comprehensively identify genomic
TCP TFs (Rai et al., 2021). Moreover, to avoid missing any
OpTCP genes, the Hidden Markov Model (HMM) of the
TCP domain (Pfam, PF03634) was applied as a query to
blast all TCP-containing sequences against our protein database
by HMMER3.2 software.” Then, all candidate OpTCPs were
manually further validate using the online programs of CDD,’
Simple Modular Architecture Research Tool (SMART),* and
Pfam® confirmed the existence of core domains. Finally, the
TCP gene members were identified in O. pumila, after removing
incorrect and redundant predicted proteins. The molecular
weights (MWs), amino acid lengths, and isoelectric points (pI)
of each OpTCP protein were computed by the ExPASy website®
(Gasteiger et al., 2005). The subcellular localization of putative
OpTCPs protein was predicted by PSORT” and pLoc-mPlant.® In
addition, the sequences of the 24 Arabidopsis TCP proteins were
downloaded from the Arabidopsis Information Resource (TAIR).
The sequences of the 23 O. sativa and 18 Coffea canephora TCP
proteins were retrieved from PlantTFDB database.'

Chromosomal Localization and Gene
Duplication

The physical locations of OpTCP genes on chromosomes were
obtained from O. pumila genome database and visualized
by TBtools software." Multiple collinear scanning toolkits
(MCScanX) and the Basic Local Alignment Search Tool
(BLASTP) methods were used to analyze gene duplication events.
Tandem repeats were identified based on the criteria defined in
the previous report (Cheng et al., 2016), in which two or more
genes should be located within a 100 kbp window and displayed
at least 70% sequence similarity. The synonymous relationship
between OpTCP genes and Arabidopsis, rice, and coffee TCP
genes was visualized by TBtools software.

Uhttp://pumila.kazusa.or.jp/
http://hmmer.org/
3https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
“http://smart.embl-heidelberg.de/#
Shttp://pfam.xfam.org/
Chttp://web.expasy.org/protparam/
"https://psort.hgc.jp/
Shttp://www.jci-bioinfo.cn/pLoc-mPlant/
http://www.Arabidopsis.org/
Ohttp://planttfdb.gao-lab.org/
https://github.com/CJ-Chen/TBtools

Multiple Sequence Alignment and
Phylogenetic Analysis

Multi-sequence alignments of all conserved TCP core domains
were determined using DNAMAN 6.0 software. The aligned
sequences were visualized with WEBLOGO program' for
the conserved amino acid residues analysis. To investigate
phylogenetic relationships of OpTCPs and assist their
classification, the full-length amino acid sequences of 24
AtTCP, 23 O. sativa TCP (OsTCP), 18 C. canephora TCP
(CcTCP), 16 OpTCP, and some functional TCPs were aligned
with CLUSTAL software. The protein sequences of those genes
involved in the regulation of special secondary metabolism
can be found under the following accession numbers: AtTCP3
(At1g53230), AtTCP15 (Atl1g69690), AaTCP14 (AYF60463.1),
AaTCP15 (QKD77227.1), and MdTCP46 (MDP0000319941).
The phylogenetic tree was constructed using Neighbor-joining
(NJ) method implemented with MEGA 7.0, and its reliability was
tested using bootstrapping with 1,000 replicates (Kumar et al.,
2016). The display of the phylogenetic tree was performed by
Interactive Tree of Life iTOL)."?

Gene Structure and Motif Composition
Analysis

The exon-intron structures of OpTCP genes were determined
by aligning their genomic sequences with corresponding coding
sequences (CDS), while diagrams were visualized with online the
program Gene Structure Display Server (GSDS v2.0)" (Hu et al.,
2015). Additionally, the conserved motifs of OpTCP proteins
were investigated using Multiple Expectation-Maximization for
Motif Elicitation online program (MEME v5.1.1)" with the
following parameters: the number of motifs searched was set as
10; optimum motif width of 6-100 amino acids; and sites of per
motif set to >2 and <600 (Bailey et al., 2009). Subsequently,
the TBtools software was used to display and re-edited the gene
structure and conserved motif.

Promoter cis-Acting Elements Analysis

To analyze the promoter regions of the OpTCPs and key
enzyme genes involved in CPT biosynthesis, genomic DNA
sequences in the promoter region (—3,000 to —1 bp) were
extracted by the TBtools. Identification of candidate CPT
biosynthetic pathway genes in O. pumila by sequence identifies
with characterized genes from the prestrictosidine biosynthetic
pathway in O. pumila or C. roseus (Supplementary Table 1).
These CDS sequences were mapped into the O. pumila genome
to find the corresponding promoter regions. Subsequently,
the promoter sequences of each OpTCP gene were scanned
by Plantpan 3.0'° database to predicate and identify cis-
acting regulatory elements (Chow et al, 2019). Meanwhile,
the identification of TBS elements on the promoter of 15

2http://weblogo.berkeley.edu
Bhttp://itol.embl.de/
Yhttp://gsds.cbi.pku.edu.cn/
Bhttp://meme-suite.org/tools/meme
1http://plantpan.itps.ncku.edu.tw/
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key enzyme genes in the CPT biosynthetic pathway was
scanned with conserved TCP-binding sites by blast methods,
such as GGNCCCAC, GGNCC, GCCCR, or G(T/C)GGNCCC
(Aggarwal et al., 2010).

Plant Materials, RNA Extraction, and
Quantitative Real-Time PCR Analysis

Sterile O. pumila seedlings were cultured on solid B5 medium
(pH 5.5) under controlled glasshouse conditions at 25°C and 14 h
light/10 h dark photoperiod. The roots, stems, and leaves of 2-
month-old O. pumila seedlings were collected to detect the tissue
expression pattern of the OpTCP and CPT biosynthetic pathway
genes. All of the samples were immediately frozen in liquid
nitrogen and then stored at —80°C until used for RNA extraction.

Total RNA was extracted via the RNApure Plant Kit
(Tiangen, China). Then cDNA synthesis was performed with
PrimeScript™ II First Strand ¢cDNA Synthesis Kit (Tiangen,
China). qRT—PCR was performed by StepOnePlus platform
(Bio-Rad, Hercules, CA, United States) with a SYBR Green PCR
Master Mix Kit (SYBR® Premix Ex Taq™, Japan). Transcript
abundance was calculated relative to OpUBQ (Ubiquitin) by
27 AACt method. Primers were listed in Supplementary Table 2.
Co-expression analysis of candidate genes was performed by
Pearson’s correlation test, and coefficients >0.8 indicated co-
expression. Co-expression of candidate genes has been re-
visualized as a network figure by Cytoscape_v3.7.2.

Dual-Luciferase Assay

To investigate the ability of OpTCP15 to regulate the expression
of CPT biosynthesis pathway genes, the full-length coding
sequence of OpTCP15 was amplified and inserted into the
pHB-yellow fluorescent protein (YFP) vector (effectors). The
promoter regions of Op7DLH and Op8HGO were ligated into
the pGreenII0800-LUC vector (reporters). The Renilla luciferase
gene driven by the CaMV 35 S promoter was used as an
internal control. Empty pHB-YFP was used as the negative
control for the effector. Infiltration and detection were performed
as described previously (Hao et al., 2021). The ratio of firefly
luciferase to Renilla luciferase represents the relative activity of
the promoter. All experiments were repeated three times for each
combination. All primers used for these constructs are listed in
Supplementary Table 2.

Subcellular Localization Assay

To investigate the subcellular localization of candidate OpTCP
proteins, the full-length coding sequences were inserted into the
pHB-YFP vector. The pHB-YFP (empty vector) was used as the
negative control. The plasmids pHB-OpTCPs-YFP and pHB-
YEP were transformed into the Agrobacterium tumefaciens strain
GV3101, respectively. Then strains GV3101 harboring OpTCPs-
YFP and pHB-YFP were transiently infected the epidermal cells
of 5-week-old N. benthamiana leaves. YFP fluorescences were
analyzed 2 days after infiltration with an LSM880 confocal laser
microscope (Carl Zeiss, Germany). Nuclei were stained with 4’
6-diamidino-2-phenylindole (DAP], Sigma), and three biological
replicates were performed to verify the results (Hao et al., 2021).

RESULTS

Identification of Teosinte Branched
1/Cycloidea/Proliferating Cell Factors
1/2 Family Members in the Ophiorrhiza

pumila Genome

To identify TCP genes in O. pumila, an HMM search was
conducted using the HMM profiles of TCP domain (PF03634) as
queries against the O. pumila genome dataset (see text footnote
1). A total of 16 non-redundant TCP genes were obtained and
named as OpTCP1 to OpTCP16 according to their order in
the O. pumila genomic sequence (Table 1). Each candidate
gene was further analyzed to confirm the integrity of the TCP
domain of TCP proteins with the online program of CDD,
SMART, and Pfam. Meanwhile, MWs, amino acid lengths, pI, and
subcellular location of OpTCP proteins were analyzed (Table 1).
The MWs of OpTCP proteins ranged from 18.91 (OpTCP1) to
54.25 (OpTCP13) kDa, with an average of 37.51 kDa. The protein
lengths were distributed from 174 (OpTCP1) to 504 (OpTCP13)
amino acids, and pl varied from 5.60 (OpTCP11) to 10.01
(OpTCP6). They were all predicted to be located in the nucleus.

Chromosome Localization and
Duplication of the OpTCP Gene Family

Sixteen OpTCP genes were disproportionately distributed on 8
of 11 O. pumila chromosomes (Figure 1A and Supplementary
Figure 2). There was no distribution on Chr 2, 3, and 8.
Four OpTCP genes on Chr 7; three OpTCP genes on Chr
9; two on Chr 4, Chr 5, and Chr 11; only one on Chr
1, Chr 6, and Chr 10. The possible relationships with the
OpTCP genes and potential gene duplication type, collinear
analyses were investigated in O. pumila genome. As illustrated in
Figure 1A, seven genes involved in three segmental duplication
events, such as Opu_chr05 (OpTCP4, 5)/Opu_chr09 (OpTCP12),
Opu_chr04 (OpTCP3)/Opu_chr07 (OpTCP8), and Opu_chr07
(OpTCP7)/Opu_chrll (OpTCP16). In contrast, no tandem
duplication events were observed, suggesting that segmental
duplications were the main causes for the amplification of the
OpTCP gene family.

Microsynteny and Evolutionary Patterns
of the OpTCP Genes in O. pumila

To further explore the functions and evolutionary relationships
of TCP genes, large-scale comparative synteny maps between
O. pumila and Arabidopsis, and O. sativa or V. vinifera were
analyzed at genome-wide levels (Figures 1B-D). As a result, a
total of 15 pairs of syntenic TCP genes were identified between
O. pumila and Arabidopsis (Figure 1B and Supplementary
Table 3), while 7 and 5 pairs of TCP genes were identified
between O. pumila, O. sativa, and V. vinifera (Figures 1C,D
and Supplementary Table 3), respectively. Among the synteny
events, O. pumila between Arabidopsis and 5 OpTCP genes were
found to be associated with two synteny events, such as OpTCP2-
AtTCP12/AtTCP18, OpTCP3-AtTCP5/AtTCP17, and OpTCP5-
AtTCP3/AtTCP4 (Supplementary Table 3). Interestingly, four of
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TABLE 1 | Detailed information for 16 OpTCP genes in the O. pumila genome.

ID Gene Type Chr Start Stop Strand  No. of CDS Protein MWs (Da) pl Loc
name Exon (bp) (aa)

Opuchr01_g0001120-1.1 OpTCP1 PCF chrO1 578509 577985 - 1 525 174 18907.37 9.15 Nucleus
Opuchr04_g0008760-1.1 OpTCP2  CYC/TB1 chr04 4881540 4880265 - 2 1,179 392 44582.07 8.36 Nucleus
Opuchr04_g0064620-1.1 OpTCP3 CIN chr04 32348228 32347020 — 1 1,209 402 44514.21 7.39 Nucleus
Opuchr05_g0002240-1.1 OpTCP4 CIN chr05 1225789 1226784 + 1 996 331 36943.08 6.37 Nucleus
Opuchr05_g0060100-1.1 OpTCP5 CIN chr05 27883069 27884421 + 1 1,353 450 48977.51 6.59 Nucleus
Opuchr06_g0114980-1.1 OpTCP6 PCF chrO6 56622961 56623614 + 1 654 217 23276.48  10.01 Nucleus
Opuchr07_g0000090-1.1 OpTCP7 PCF chr07 67153 67995 + 1 843 280 29639.13 8.69 Nucleus
Opuchr07_g0005290-1.1 OpTCP8 CIN chr07 2963107 2964165 + 1 1,059 352 38817.75 6.79 Nucleus
Opuchr07_g0006620-1.1 OpTCP9  CYC/TB1  chr07 3648191 3647069 - 2 1,203 400 44972.86 9.22 Nucleus
Opuchr07_g0038750-1.1  OpTCP10 PCF chr07 19064610 19063813 - 1 798 265 27475.75 9.51 Nucleus
Opuchr09_g0004960-1.1  OpTCP11 PCF chr09 3099165 3100307 + 1 1,143 380 39829.61 5.6 Nucleus
Opuchr09_g0016060-1.1  OpTCP12 CIN chr09 10055733 10054717 — 1 1,017 338 37364.12 6.26 Nucleus
Opuchr09_g0061970-1.1  OpTCP13 CIN chr09 28382461 28380947 - 1 1,515 504 5425212 7.8 Nucleus
Opuchr10_g0056950-1.1  OpTCP14 PCF chri0 28389738 28390955 + 1 1,218 405 42082.31 7.02 Nucleus
Opuchr11_g0082210-1.1  OpTCP15 PCF chri1 36501516 36502670 + 1 1,155 384 41199.34 7.86 Nucleus
Opuchr11_g0088190-1.1  OpTCP16 PCF chri1 39951958 39952734 + 1 777 258 27359.43 8.57 Nucleus

AA, amino acid residues; Chr, chromosome; MW, molecular weight; pl, theoretical isoelectric point; Loc, subcellular location; OpTCP, O. pumila TCR

A

B

Ophiorrhizapumila oo

Arabidopsis thaliana

Ophiorrhiza pumila

Oryza sativa

Ophiorrhizapumila ===

Vitis vinifera

FIGURE 1 | The chromosomal location and synteny analysis of OpTCP genes. (A) Circos diagram illustrates the chromosomal locations of OpTCP genes and their
synteny. The colored lines display similarity of different genes. (B-D) Synteny analysis of TCP genes between O. pumila and Arabidopsis, and rice, and V. vinifera,
respectively. TCP, teosinte branched 1/cycloidea/proliferating cell factors 1/2; OpTCP, O. pumila TCP.

Opu_cNO2  Opu_chvG3 Opu_chOS Opu_chOS  Opu_cheo6 OpuchO7  Opu.chOB  OpucvOD  Opu_c10  Opuchrtt
‘ .

these five genes were in CIN and CYC/TBlsubclade, indicating
higher conservation of CIN and CYC/TB1 than PIF subclade
in the TCP gene family. In addition, the OpTCPI5 gene had a
homologous relationship in all three plants, indicating that this
gene may have an important role in evolution.

Phylogenetic Analysis and Classification
of OpTCP Genes

To explore the phylogenetic and evolutionary relationship of the
TCP genes in O. pumila and group them with the established
subfamilies, an unrooted NJ phylogenetic tree was constructed

(Figure 2A). Sixteen OpTCP genes were clustered into classes
I and II, each of which contained eight members. Additionally,
class II could be further divided into the CIN and CYC/TB1
subgroups, which contained 6 (OpTCP3, OpTCP4, OpTCP5,
OpTCP8, OpTCP12, and OpTCP13) and two TCP members
(OpTCP2 and OpTCP9), respectively.

Multiple sequences alignments showed that two subgroups
were distinguished by a four-amino-acids deletion at the
N-terminal of class I (Figure 2B). Additional, three class II
proteins, OpTCP2 and OpTCP9 from class II CYC/TBI1, and
OpTCP13 from CIN also shared an R domain at the C-terminus
of the TCP domain (Figure 2C).
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Gene Structure and Motif Analysis of
OpTCP Genes

To further understand the pivotal role that exon-intron structural
features play in the evolution of O. pumila gene families,
the structure of OpTCP genes was obtained through exon-
intron organization analysis. The phylogenetic tree (Figure 3A)
revealed the most OpTCP proteins in the same group with
similar genetic structures, such as the length and number of
the exon. As shown in Figure 3B, class I and class II CIN-
type TCP genes had only one exon and no intron, while
class II CYC/TB1-type TCP genes contained two exons. These
results suggested that different OpTCP members tended to share
different structure organizations.

The conserved motifs of TCP family proteins in O. pumila
were analyzed by MEME online software, and 10 motifs
were identified (Supplementary Table 4). These 10 motifs
were distributed across different subgroups in the phylogenetic
tree (Figure 3C). For OpTCP proteins, motif 1 was broadly
distributed in all OpTCP proteins, which was corresponded to
TCP domain. The OpTCPs in subfamily CIN had motif 2 and
all members of the CYC/TB1 subfamily and OpTCP13 from
CIN contained the motif 3 (R domain). Generally, proteins
with similar motif compositions were clustered in the same
class indicating that members of the same class may have
similar functions.

Analysis of cis-Acting Elements
To further investigate the gene function and regulation
mechanism of OpTCP genes, the cis-acting elements in promoter

sequences were analyzed by Plantpan 3.0 software. As a result,
a variety of cis-acting elements involved in plant growth and
development, hormone responses, and stress responses were
identified. As shown in Figure 4, CAT-box and CCGTCC-box
involved in meristem expression were identified in the promoter
region of 11 and 2 OpTCP genes, respectively. GCN4_motif
was related to endosperm expression in plant growth and
development. The zein metabolism regulation element (O2-
site) and circadian control element (circadian) were found
in 10 and 4 OpTCP genes, respectively. Additionally, leaf
development correlated cis-acting regulatory elements (HD-
Zip 1) and root-specific (motif I) regulatory elements were
also found in the promoter region of the OpTCP genes
(Supplementary Table 5).

In hormone responses, ABA-responsive cis-acting regulatory
elements (ABREs) were found in the promoter region of
15 OpTCP genes, except for the OpTCP5 gene. Two MeJA-
responsive elements (CGTCA-motif and TGACG-motif) were
found in the promoter region of 12 OpTCP genes. In
addition, auxin-responsive element (AuxRR-core), ethylene-
responsive element (ERE), three gibberellin-responsive elements
(GARE-motif, P-box, and TATC-box), and salicylic acid-
responsive element (TCA-element) were found in the promoter
region of 4, 11, 10, and 11 OpTCP genes, respectively
(Supplementary Table 5).

In stress responses, ARE elements essential for the anaerobic
induction were found in the promoter region of 16 OpTCP genes.
Moreover, low temperature-responsive element (LTR), drought-
inducibility element (MBS), TC-rich repeats, and wound-
responsive element (WUN-motif) were also found in the
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promoter region of 7, 13, 7, and 12 OpTCP genes, respectively
(Supplementary Table 5).

Expression Patterns of OpTCP Genes in

Various Tissues
To validate the gene expression profiles, roots, stems, and leaves
of O. pumila were collected for RNA extraction and quantitative

Real-Time PCR (qRT-PCR) analysis. We performed hierarchical
clustering with the expression data and accomplished a heatmap
to visualize the expression profiles of the OpTCPs in different
tissues (Figure 5). From the heatmap, most of the OpTCP genes
preferentially expressed in leaves or stems. For example, 9 OpTCP
genes (OpTCP3, 4, 5, 6, 8, 11, 12, 13, and 14) had the highest
expression levels in leaves, while the other OpTCPs (OpTCP1, 2,
7,9, 10, 15, and 16) showed a higher expression level in stems.
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In addition, OpTCP7, 10, 14, 15, and 16 consistently had high
expression level in all tissues, while OpTCP1, 2, 3, 6, and 12 with
low expression level.

Co-expression Analyses of Candidate
Camptothecin Biosynthesis OpTCPs

Analysis was conducted to determine the co-expression of
all OpTCPs with target genes in CPT biosynthesis pathways.
The expression levels of key enzyme genes, such as OpGI10H,
Op10HGO, Op8HGO, OpSLS1, Op7-DLGT, OpTDC, OpLAMT,
OplIS, OplIO, and OpSTR, were extremely higher in roots while
Op7-DLH and OpCPR showed higher expression levels in stems
(Supplementary Figure 3). The gene co-expression analysis
revealed that six OpTCP (OpTCP3, 4, 5, 6, 8, and 13) genes were
in strong positive correlations with 2-C-methyl-Derythritol 4-
phosphate (MEP) pathway genes (Pearson correlation coeflicient
r > 0.8 and p < 0.05, Figure 6 and Supplementary Table 6),
while OpTCP12, OpTCPI14, and OpTCP15 genes were in negative
correlations with MEP pathway genes. In addition, OpTCP14 and
OpTCPI15 were in strong negative correlations with OpGI10H,
Op7-DLGT, OpLAMT, and Op8HGO (r < —0.8), respectively.
Moreover, the Pearson coefficients of four OpTCPs (OpTCP7, 9,
10, and 15) and Op7-DLH were >0.8 (Supplementary Table 6).

Overall, this result suggested that 12 of 16 OpTCPs might be
associated with CPT and its precursor biosynthesis.

To identify the OpTCP TFs, which potentially involved in the
regulation of CPT biosynthesis, we analyzed the phylogenetic
relationships between the candidate OpTCPs and functional
TCP TFs that regulated specialized metabolite biosynthesis
(i.e., AaTCP14, AaTCP15, AtTCP3, AtTCP15, and MdTCP46).
These TFs were grouped into two clades in the neighbor-
joining tree (Figure 2A). The OpTCP6, OpTCP7, OpTCP10,
OpTCP11, OpTCP14, and OpTCP15 proteins clustered with
AaTCP14, AaTCP15, AtTCP15, and MdTCP46 in clade I,
whereas AtTCP3 and other OpTCPs belonged to clade II
Interestingly, OpTCP5 and OpTCP15 clustered with AtTCP3 and
AtTCP15, respectively, and may be most likely participated in
regulating CPT and its precursor biosynthesis.

Finally, to identify the cis-elements of TCP TFs, the promoter
sequences of the genes encoding enzymes in CPT biosynthesis
pathway were analyzed. These results showed that the sequences
of GGNCC and GCCCR were identified in the promoter
regions of most studied genes (Supplementary Figure 4 and
Supplementary Table 7). For example, there were 18, 14, and
9 TBS-binding sites on the promoter sequences of OpSLS,
Op8HGO, and Op7DLH genes in CPT biosynthetic pathway,
respectively. The finding indicated that the expression of these
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negative correlation and positive correlation, respectively. TCP, teosinte branched 1/cycloidea/proliferating cell factors 1/2; CPT, camptothecin.

genes might be regulated by TCP TFs. Overall, OpTCP5 and
OpTCP15 were likely to have a functional role in CPT and its
precursor biosynthesis.

Dual Luciferase Assay

Subsequently, the dual luciferase (Dual-LUC) assay was
performed to verify whether OpTCP15 protein affected the
transcription of Op7DLH and Op8HGO or not. The results
showed that OpTCPI5 significantly activated the Op7DLH
promoter compared to the YFP control, while the Op8HGO was
slightly upregulated (Figure 7). Together, OpTCP15 was likely to
have a functional role in CPT and its precursor biosynthesis.

Subcellular Localization Analysis of
Selected OpTCPs

To determine the subcellular localization of five OpTCP genes,
which were strongly related to the key enzyme genes of the
iridoid pathway, pHB-OpTCP7/9/10/14/15-YFP and pHB-YFP
were transiently expressed in N. benthamiana leaves. As shown
in Figure 8, the N. benthamiana leaves transformed with pHB-
YFP vector displayed fluorescence in nucleus and cytoplasm.
In contrast, all fluorescence in cells transformed with pHB-
OpTCP7/9/10/14/15-YFP was detected in the nucleus exclusively,

suggesting that all five selected OpTCP genes encoded nuclear
proteins. It was consistent with their putative role as TFs.

DISCUSSION

Evolution and Classification of Teosinte
Branched 1/Cycloidea/Proliferating Cell
Factors 1/2 Transcription Factor Family

Teosinte branched 1/cycloidea/proliferating cell factors 1/2 genes
are a class of terrestrial plant-specific TF, which have been
investigated in diverse plants (Liu et al, 2019). However,
no systematical study of TCP TFs has been examined in
O. pumila. In this study, 16 non-redundant TCP genes
were identified and analyzed from the O. pumila genome.
Furthermore, a multi-level analysis was performed, such as
chromosome location, duplication events, phylogenetic analysis,
gene structure, conserved motif, cis-acting elements, expression
profiles in different tissues, co-expression analysis of key enzymes
in CPT biosynthesis, and subcellular localization of candidate
TCPs. Compared with those identified TCP gene family in the
higher plant, the number of OpTCP genes was significantly
small (Supplementary Table 8). It was consistent with the
smaller size of O. pumila genome (439.90 Mb) and did not
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show signs of any recent whole-genome duplication (WGD)
in O. pumila (Rai et al., 2021). It was found that some TCP
genes in O. pumila had two counterparts in Arabidopsis and
O. sativa (Figures 1B,C), indicating that the deletion of the TCP
family in O. pumila. Furthermore, compared with the number of
TCP genes in different subgroups (Supplementary Table 8), our
results showed that the PCF subfamily had the largest number of
genes, accounting for about 50%, while the CYC/TB1 subfamily
had the least number of genes, accounting for about 15%. It was
in agreement with the CIN clade being larger than the CYC clade
in land plants (Liu et al., 2019).

Phylogenetic analysis and sequence alignment showed that
OpTCPs in the same group or subgroup shared similar motifs
composition and gene structures (Figure 3), which was consistent
with the previously described in Arabidopsis (Li, 2015), maize
(Ding et al.,, 2019), potato (Bao et al., 2019), and barley (Gao
et al., 2021). For example, motif 2 in N-terminal TCP domain
was only present in all CIN subclade, while the conserved
R domain (motif 3) was not detected in the PCF subclass
(Figure 3C). Additionally, almost all of the OpTCP genes within
the same subgroup exhibited similar distribution patterns of
exon/intron in terms of exon length and intron number. Taken
together, the consistency of the motif compositions and the
exon/intron structures of OpTCP genes further supported the
close evolutionary relationships.

OpTCP Proteins Play Important Roles in
Plant Development and Camptothecin
Biosynthesis

Increasing evidence indicated that the main function of class
I TCP proteins was to promote cell proliferation in leaves
(Li et al., 2005; Resentini et al., 2015), while class II proteins
played an important role in preventing tissues overgrowth and
cell proliferation (Ori et al., 2007). For instance, AtTCP19
and AtTCP20 were class I TCP proteins that are involved in
cell division and affect leaf development (Hervé et al., 2009;
Danisman et al., 2013). Furthermore, repression of five CIN-like

genes (AtTCP2, 3, 4, 10, and 24) in Arabidopsis disturbed leaf
development (Schommer et al, 2008; Nag et al,, 2009). TBI
mutant increased the number of lateral branches in Maize
(Doebley et al., 1995). According to previous studies, syntenic
genes between different species may play similar functions
(Angiuoli and Salzberg, 2011). In this study, the two class I clade
genes OpTCP7 and OpTCPI11 had orthologous genes AtTCP20
and AtTCPI9 in Arabidopsis (Figure 1B and Supplementary
Table 3), respectively, and might be involved in cell division.
OpTCP13 was closely homology with AtTCP2 and highly
expressed in O. pumila leaf (Figure 2A). These findings implied
that OpTCP13 may be involved in regulating leaf and flower
development. OpTCP2, the orthologous gene OsTB1 in O. sativa,
was highly expressed in O. pumila stem, which implied that
OpTCP2 played a role in regulating the lateral branching. In
addition, qRT-PCR results showed that the expression level of
OpTCPs in different tissues varied, implying that different OpTCP
genes may take part in different organ development.
Interestingly, several TCP proteins were found to regulate
special metabolism in plants. In A. annua, AaTCP15 promoted
artemisinin production by directly binding to and activating
the promoters of ALDHI and DBR2, in which two genes
involved in artemisinin biosynthesis (Ma et al., 2021). In this
study, co-expression analysis of all OpTCPs with target genes
in the CPT biosynthesis pathways revealed that nine of the 16
TCP genes were in strong correlations with some key enzyme
genes in the MEP pathway. Such as the expression patterns
of the two genes (OpDXS and OpCMS) in different tissues
are consistent with the OpTCP5 gene, and the correlation
coefficient was >0.8. Additionally, two TCP genes (OpTCP14 and
OpTCP15) were in strong negative correlations with OpGI10H,
Op7-DLGT, OpLAMT, and Op8HGO (r < —0.8), respectively.
Four OpTCPs (OpTCP7, 9, 10, and 15) and Op7-DLH were
>0.8 (Supplementary Table 6). Overall, most OpTCPs might
be involved in CPT the biosynthesis pathway. Additionally, the
phylogenetic tree was constructed using the protein sequences
of TCP family genes from A. thaliana, O. sativa, C. canephora,
and O. pumila, together with known metabolism-regulating TCPs
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(AtTCP3, AtTCP15, AaTCP14, AaTCP15, and MdTCP46), to
portray their evolutionary relationship. We found that OpTCP15
proteins clustered close with AtTCP15, AaTCP14, AaTCP15,
and MdTCP46, while OpTCP5 exhibited a close relationship
with AtTCP3 and AtTCP4. Meanwhile, collinearity analyses of
TCP genes between O. pumila and Arabidopsis also revealed
that OpTCP5 and OpTCPI15 have a collinear relationship with
AtTCP3, AtTCPI5, respectively. In summary, OpTCP5 and
OpTCP15 were likely to be involved in the biosynthesis process

of CPT in O. pumila. The functions of two genes are worth
exploring in the future.

To identify the cis-elements of TCP TFs, the promoter
sequences of 15 enzyme-coding genes in CPT biosynthesis
were analyzed including three functionally characterized genes
(OpSLS, OpTDC, and OpSTR). These results showed that
the sequences of GGNCC and GCCCR were identified in
the promoter regions of most studied genes (Supplementary
Figure 4 and Supplementary Table 7). For example, there were
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18, 10, and 7 TBS-binding sites on the promoter sequences of
OpSLS, OpSTR, and OpTDC genes, respectively. The finding
indicated that TCP TFs may influence the expression of these
genes by binding to the TBS binding sites. Furthermore, the
results of Dual-LUC assay showed that OpTCPI5 significantly
activated the transcription of Op7DLH (Figure 7). Investigation
on how OpTCP15 is involved in regulating the biosynthesis of
CPT needs to be further conducted. Yeast One-Hybrid (Y1H)
and electronic mobility shift assays (EMSAs) were performed to
examine OpWRKY?2 binding W-box in O. pumila (Hao et al.,
2021). However, additional methods and techniques are needed
to analyze the possible regulatory mechanisms of OpTCP TFs.

CONCLUSION

This is the first genome-wide study, such as a systematic
analysis of the OpTCP gene family in O. pumila. A total of
16 TCP family genes were identified and categorized into two
classes based on phylogenetics. Expression patterns of all the 16
OpTCP and central enzyme genes in CPT biosynthetic pathway
were investigated. Combining the results of co-expression,
phylogeny analysis, and Dual-LUC assay revealed that OpTCP15
potentially participated in the regulation of CPT and its precursor
biosynthesis. Additionally, a subcellular localization experiment
of five OpTCP genes showed that they were all localized in
the nucleus. These results provided a foundation for further
functional characterization of the candidate OpTCP genes with
the potential to increase CPT production.
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