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respectively, in groups Il and lll. Analysis showed that stress and phytohormone response-
related cis-elements were distributed in the promoters of CsSCAMTA genes. Expression
analysis showed that CsCAMTAs were differentially expressed in different organs and
under various stress treatments of tea plants. Three-hundred and four hundred-one
positive co-expressed genes of CsSCAMTAs were identified under cold and drought,
respectively. CsCAMTAs and their co-expressed genes constituted five independent
co-expression networks. KEGG enrichment analysis of CsCAMTAs and the co-expressed
genes revealed that hormone regulation, transcriptional regulation, and protein processing-
related pathways were enriched under cold treatment, while pathways like hormone
metabolism, lipid metabolism, and carbon metabolism were enriched under drought
treatment. Protein interaction network analysis suggested that CsCAMTAs could bind
(G/A/C)CGCG(C/G/T) or (A/C)CGTGT cis element in the target gene promoters, and
transcriptional regulation might be the main way of CsCAMTA-mediated functional
regulation. The study establishes a foundation for further function studies of CsCAMTA
genes in stress response.
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INTRODUCTION

Calcium (Ca*) is a well-known second messenger that can
be activated by various exogenous and endogenous signals
(Zhang et al., 2014; Furio et al., 2020). Then, the signals are
relayed by downstream proteins, including calmodulins/
calmodulin-like proteins (CaMs/CMLs), calcium-dependent
protein kinases (CDPKs), and calcineurin B-like proteins (CBLs),
to regulate gene expression and different biochemical processes
(Rahman et al, 2016; Wei et al, 2017). Calmodulin-binding
transcription activators (CAMTAs) are a kind of novel and
well-studied CaM-interacting transcription factors and are
evolutionarily conserved in almost all eukaryotes (Yang et al.,
2015; Kakar et al., 2018). After being identified in tobacco,
genome-wide identification and analysis of CAMTA genes have
been done in many plant species, including Arabidopsis
(Arabidopsis thaliana; Bouché et al., 2002), rice (Oryza sativa;
Choi et al,, 2005), maize (Zea mays; Yue et al., 2015), soybean
(Glycine max; Wang et al., 2015), grape (Vitis vinifera; Shangguan
etal., 2014), cotton (Gossypium spp.; Pant et al., 2018), medicago
(Medicago truncatula; Yang et al., 2015), citrus (Citrus sinensis
and Citrus clementina; Zhang et al., 2019a), and poplar (Populus
trichocarpa; Wei et al., 2017).

CAMTA proteins are characterized by containing several
conserved functional domains from the N terminus to the C
terminus, including CG-1 domain, TIG/IPT (transcription-
associated immunoglobulin domain/immunoglobulin-like fold
shared by plexins and transcription factors) domain, ankyrin
repeat (ANK) domain, IQ domain (IQXXXRGXXXR), and
calmodulin-binding domain (CaMBD). The CG-1 domain is
a specific DNA binding domain, usually with nuclear localization
signal (NLS) at N terminus. The TIG/IPT domain is responsible
for non-specific DNA-binding. The ANK domain is evolved
to mediate protein-protein interactions. The IQ domain is
Ca’*-independent CaM interacting domain, while the CaMBD
domain is Ca**-dependent CaM binding domain (Yang et al,
2012; Rahman et al, 2016; Biiyiik et al,, 2019). By binding
with the (G/A/C)CGCG(C/G/T) or (A/C)CGTGT cis element
in the promoter region, CAMTA proteins thus can interact
and regulate the transcription of target genes (Yue et al,, 2015;
Noman et al.,, 2019; Sun et al., 2020).

CAMTA protein is a pivotal component of the Ca*" signal
transduction pathway and plays important roles in plant growth
and development, as well as in an array of stress responses
(Yang et al.,, 2012; Shangguan et al., 2014; Zhang et al., 2019a).
Tobacco (Nicotiana tabacum) NtERI, the first CAMTA gene
identified in plant, was a trigger for senescence and death,
with high expression in senescing tissues (Yang et al., 2015).
AtCAMTA1l and AtCAMTAS5 were important regulators in
Arabidopsis pollen development by affecting the expression of
AVP] gene, which functioned in the vacuolar pH maintenance
(Zhang et al., 2019a). Recent research showed that AtCAMTAG6/
SR3 was important for seed germination under salt stress
environment (Shkolnik et al., 2019). CAMTA genes also exhibited
dynamic expression patterns in different organs and development
stages and was related to fruit ripen (Yang et al., 2012; Ouyang
et al.,, 2019). AtCAMTAI, AtCAMTA2, and AtCAMTA3 could

regulate plant cold tolerance together by inducing the expression
of CBF genes (Doherty et al., 2009; Kim et al., 2013; Novikova
etal., 2020). CAMTA gene was also contributed to plant drought
resistance (Pandey et al., 2013; Meer et al., 2019; Saeidi et al.,
2019). Expression of citrus CAMTA gene was upregulated under
salt stress, indicating a role of CAMTA gene in salt stress
(Ouyang et al, 2019). AtCAMTA3 was proved to regulate
glucose metabolism and ethylene-induced senescence and also
important for plant defense against insect herbivores (Qiu et al.,
2012; Yang et al., 2015). Recently, AtCAMTAI, AtCAMTA2,
and AtCAMTA3 were reported to participate in plant immune
reactions (Kim et al, 2020; Sun et al., 2020). In addition,
CAMTA gene could respond to plant hormone signals and
display a close relationship with ethylene (ET), SA (salicylic
acid) and JA (jasmonic acid; Yang et al, 2015; Yue et al,
2015; Wei et al., 2017).

Tea is one of the three most popular non-alcoholic beverages
in the world and is made from leaves of tea plant (Camellia
sinensis). In recent years, gene function studies and role of
transcription factors have been focused in tea plant science
(Wei et al., 2018; Zhang et al, 2020). As a kind of sessile
organism, tea plant is vulnerable to external environmental
stresses, such as cold, drought, salt, and pest attack (Zhang
et al, 2017; Li et al, 2019; Zhou et al., 2019a). CAMTAs,
one kind of important regulator in plant growth, development,
and stress response, have not been identified and studied in
tea plant to date. In this study, tea plant CAMTA (CsCAMTA)
genes were identified from the reported genomic database (Wei
et al, 2018). The phylogenetic relationship, gene structure,
promoter cis elements of CsCAMTA genes, and conserved
CsCAMTA protein domains were analyzed. CsCAMTA gene
expression profiles in different organs and under different stress
treatments, co-expression networks of CsCAMTA genes under
cold and drought stresses, and KEGG enrichment analysis of
CsCAMTAs and their co-expressed genes were done. Also,
interaction network of CsCAMTA proteins in tea plant was
built, and the putative binding sites in the target genes were
identified. This work provides the first survey of CsCAMTA
genes in tea plant and is important for further function studies
of CsCAMTA genes and tea plant resistance improvement.

MATERIALS AND METHODS

Identification and Analysis of Putative
CsCAMTA Genes in Tea Plant

The whole genomic sequence data of tea plant were downloaded
from the State Key Laboratory of Tea Plant Biology and
Utilization' according to Wei et al. (2018). The hidden Markov
models (HMMs) of CAMTA family (Pfam03859, CG-1 domain;
Pfam01833, TIG domain; Pfam12796, Ank domain; Pfam00612,
IQ domain) were used to identify CsSCAMTA genes from the
tea plant genomic database by HMMER (V3.3) software. Then,
a BLASTp program was used to search the tea plant protein
database by employing the amino acid sequences of Arabidopsis

'http://pcsb.ahau.edu.cn:8080/CSS/
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CAMTAs as a query. At last, the putative CSCAMTAs identified
by the HMMER and BLASTp programs were put together.
Redundant CsCAMTAs were removed, and the remaining
putative CSCAMTAs were further confirmed by domain analysis
using the CDD (Conserved Domain Database’) and SMART®
programs. Those containing CG-1 domain, TIG domain, Ank
domain, and IQ domain were recognized as CsCAMTA gene
family members.

Molecular weights (MW) and isoelectric points (pI) of the
recognized CsCAMTA proteins were computed by the Compute
pI/Mw tool of ExPASy.* The physicochemical properties of
CsCAMTA proteins were computed by ProtParam Tool.> The
most similar homolog of each CsCAMTA gene was analyzed
by search against the Araportll transcripts (DNA) database
using BLASTN program, and the expect value (E-value) was
given after the alignment. Subcellular locations of the identified
CsCAMTA proteins were predicted using the CELLO v.2.5°
online tool.

Phylogenetic Relationship Analysis

CAMTA protein sequences of Arabidopsis, Oryza sativa (ssp.
Japonica), Vitis vinifera, Populus trichocarpa, and Citrus
clementina were downloaded from the PlantTFDB v5.0 database.”
CAMTA proteins in Arabidopsis and Populus trichocarpa were
named according to Doherty et al. (2009) and Wei et al. (2017),
respectively. Multiple sequence alignment was done by using
the Clustalw program. The phylogenetic tree construction was
accomplished by the MEGA 6.0 software with the neighbor
joining method, and the bootstrap was set as 1,000 replications
(Tamura et al., 2013).

Gene Structure and Sequence Analysis

The transcript sequences, DNA sequences, and protein sequences
of CsCAMTA genes were obtained from the tea plant genomic
database. The conserved domains of CsSCAMTA proteins were
identified in Pfam database. NLS of the CsCAMTA proteins
was analyzed by Motif scan.® The calmodulin binding domain
(CaMBD) sequences of CsCAMTA proteins were identified
manually according to the conserved motif sequence (WXVX(2)
LXKX(2)[LFJRWRX[KR]X(3)[FL]RX) of CAMTA protein in
Arabidopsis (Pant et al., 2018). Conserved domains, gene
structures, and the CaMBD sequence logo of the CsCAMTAs
were visualized by the TBtools toolkit (Chen et al., 2020).

Promoter cis-Elements Analysis of
CsCAMTA Genes

To investigate the promoter cis-elements of CsCAMTA genes,
2.0kb genomic DNA sequences upstream of the initiation codon
(ATG) were retrieved from the Tea Plant Information Archive

*http://www.ncbi.nlm.nih.gov/cdd
*http://smart.embl-heidelberg.de/
*http://web.expasy.org/compute_pi/
*http://web.expasy.org/protparam/
Shttp://cello.life.nctu.edu.tw/
“http://planttfdb.gao-lab.org/
*http://myhits.isb-sib.ch/cgi-bin/motif_scan

(TPIA; Xia et al., 2019). Stress response and hormone regulation
related cis-elements were predicted by PlantCARE.’

Analysis of CsCAMTA Gene Expression by

RNA-seq Data

The RNA-seq data of tea plant different tissues (Wei et al,
2018) and those of tea plants under cold acclimation treatments
(Li et al, 2019), under NaCl treatment and drought stress
treatment (Zhang et al., 2017) and under MeJA treatment (Shi
et al,, 2015), were, respectively, downloaded from the public
database according to the cited literature. Gene expression level
was represented by the FPKM (Fragments per kilobase of
transcript sequence per millions fragments mapped) value using
the Tophat and Cufflink softwares (Trapnell et al., 2010). The
expression heatmaps were generated and visualized by the
TBtools toolkit (Chen et al., 2020).

Gene Co-expression Network and KEGG
Analysis

To understand the co-expression network of CsCAMTA genes
under cold and drought stresses, positive co-expressed genes
of CsCAMTAs were retrieved from the Tea Plant Information
Archive according to the Pearson’s correlation based on the
TPM (Transcripts per million) value of the transcriptomic data
(TPIA; Xia et al, 2019). For the co-expression network of
CsCAMTA genes under cold stress, the threshold of Pearson’s
correlation was >0.98, with wvalue of p < 0.05. Under
PEG-simulated drought stress, the threshold of Pearsons
correlation was >0.98, value of p was <0.001. Then, Cytoscape
(version 3.7.2) software was employed to visualize the
co-expression networks.

Protein sequences of CsCAMTAs and their co-expressed
genes were extracted from the tea genomic database (Wei et al.,
2018). The KO IDs of CsCAMTAs and their co-expressed
gene-coding proteins were acquired by mapping the protein
sequences to the KEGG database via KAAS. The significantly
enriched pathways were analyzed by the KOBAS software with
value of p < 0.05.

Protein Interaction Network Analysis

For protein interaction network analysis, CsCAMTA protein
orthologs in Arabidopsis were used and analyzed by employing
the online STRING tools."

Tea plant homologs of the Arabidopsis proteins displayed
in the interaction network were identified by BLASTp program.
Then, 2.0kb genomic DNA sequences upstream of the initiation
codon (ATG) of the identified tea plant homologous genes
were retrieved from the Tea Plant Information Archive (TPIA;
Xia et al,, 2019). The conserved CAMTA binding cis elements
(G/A/C)CGCG(C/G/T) and (A/C)CGTGT were examined in
the 2.0kb upstream genomic region of the identified tea plant
homologous genes.

*http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
"https://string-db.org/cgi/input.pl?sessionld=3MKiLYehXbcT&input_page_show_
search=on
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Plant Materials and Treatments

Xinyang “Quntizhong” were cultivated in the Experimental
Tea Garden of Xinyang Normal University. For tissue expression
pattern analysis, apical buds, the first and the second leaves
downward from the apical bud (young leaves), mature leaves,
old leaves, stems, flowers, fruits, and roots were collected
from the same Xinyang “Quntizhong” Tender branches (about
15cm long) from the same “Quntizhong” tea plant were
collected and then used for treatments. For cold treatment,
the branches were inserted into the tissue culture bottles with
0.3cm depth of water and placed in 4°C culture chamber,
70% relative humidity, and 12-h photoperiod with
100 pmol m™ s light intensity, while the controls were placed
at the tissue culture room at 25°C, 70% relative humidity,
and 12-h photoperiod with 100pmolm™ s™' light intensity.
For NaCl treatment, the tea plant branches were inserted
into the tissue culture bottles with 300mM NaCl. For
PEG-simulated drought treatment, the tea plant branches were
inserted into the tissue culture bottles with 10% PEG6000.
For MeJA treatment, the tea plant branches were inserted
into the tissue culture bottles with 1 mM MeJA solution which
was dissolved in ethanol. The final concentration of ethanol
in 1mM MeJA was 0.5%. For the NaCl and PEG-simulated
drought treatments, tea plant branches inserted into the tissue
culture bottles with deionized water were used as controls.
For the MeJA treatment, tea plant branches inserted into the
tissue culture bottles with 0.5% ethanol were used as controls.
Both the treatments and controls were placed in the tissue
culture room at 25°C, 70% relative humidity, and 12-h
photoperiod with 200 pmolm=2 s7" light intensity. One to three
leaves downward from the apical bud were, respectively,
collected after 0, 3, 6, 12, 24, and 48h of each treatment.
For different tea plant tissues and each treatment, materials
of three independent biological repeats were collected. The
collected plant materials were frozen in liquid nitrogen quickly
and stored in —80°C for RNA extraction.

gRT-PCR Analysis

Total RNAs of the collected tea plant materials were, respectively,
isolated by the modified CTAB method (Zhou et al, 2019a).
Then, cDNA of each sample was synthesized from the total
RNA by using the PrimeScript™ RT Reagent Kit (Takara)
following the manufacturer’s instructions. qRT-PCR analysis
was carried out on the LightCycler 96 real-time PCR instrument
(Roche) using BrightGreen 2 x qQRT-PCR MasterMixes (ABM,
Canada). qRT-PCR amplification was as follows: 95.0°C 3 min,
followed by 40 cycles of 95.0°C 155, 20's at the primer-specific
annealing temperature, and 72.0°C 30s. Melting curve was
generated by heating from 65°C to 95°C in 0.5°C increments
to check the primer specificity. The glyceraldehyde-3-phosphate
dehydrogenase gene of tea plant (CsGAPDH) was used as
the internal reference gene, and the relative gene expression
was calculated according to the 2722 method (Zhou et al,
2019a). Specific primers of CsSCAMTA genes and the CsGAPDH
gene were designed by primer 3.0 and listed in
Supplementary Table S1.

RESULTS

Genome-Wide Identification of CAMTA
Gene in Tea Plant

By BLASTp and hidden Markov models (HMMs) search of
the tea plant genomic database, the returned CsCAMTAs
were checked again by the CDD (Conserved Domain Database)
and the SMART programs for identifying the conserved
domains of CAMTA protein. In total, five CsSCAMTA genes
containing the CG-1 domain, TIG domain, Ank domain,
and IQ domain were identified, which were named CsCAMTAI-
5, respectively. Details of the identified CsCAMTA genes,
such as gene ID, amino acid number, molecular weight,
isoelectric point (pl), instability index, grand average of
hydropathicity (GRAVY), aliphatic index, the Arabidopsis
homolog, E-value of each CsCAMTA gene compared with
its corresponding Arabidopsis homolog, and subcellular
localization of CsCAMTAs, are summarized in Table 1. The
deduced CsCAMTA protein lengths were varied from 864
to 1,419 amino acids, with the molecular weights ranged
from 97.26 to 157.99kDa, and the predicted isoelectric points
were ranged from 5.83 to 6.55. As shown in Table 1, the
GRAVY values of all the identified CsSCAMTA proteins were
negative, indicating they were hydrophilic proteins. The
instability index value above 40 was predicted as unstable.
Results showed that the instability index value of CsCAMTA2
was below 40 while those of the other CsCAMTA proteins
were above 40 (Table 1), indicating the instability of
CsCAMTAs except CsSCAMTAZ2. The predicted aliphatic indexes
suggested high thermal stability of CsSCAMTA proteins, with
CsCAMTA2 having the highest aliphatic index of 82.76 and
CsCAMTA3 having the lowest aliphatic index of 74.16. When
the AtCAMTA homologs were identified, it showed that
AtCAMTA4 was the homolog of CsCAMTAI and CsCAMTA3
genes, AtCAMTA3 was the homolog of CsCAMTA2 gene,
and AtCAMTA5 was the homolog of CsCAMTA4 and
CsCAMTA5 genes, with the smallest E-value. Subcellular
localization prediction showed that all CsSCAMTA proteins
were located in cell nucleus, and CsCAMTA2 and CsCAMTA5
also had a cytoplasmic localization (Table 1).

CsCAMTA Gene Structure and Conserved
Domains Analysis

The exon-intron structure of CsCAMTA genes was analyzed
by mapping the transcript sequences to the corresponding
genomic sequences. Results showed that most of the CsSCAMTA
genes had similar gene structures, with 10-12 introns. Except
that CsCAMTA2 gene contained 19 introns, and CsCAMTA4
gene contained 13 introns, among which, one located in the
5" untranslated region (Figure 1A). To better understand the
potential functions of CsCAMTAs, conserved domains and
NLS of the CsCAMTAs were analyzed. Results displayed that
all CsCAMTA proteins contained one CG-1 and one TIG/
IPT domain, while more than one ANK and IQ domains
were contained in most of the CsSCAMTA proteins. The NLS
was identified in most of the CsCAMTA proteins except
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TABLE 1 | The CAMTA genes in tea plant and properties of the deduced proteins.

Name Gene ID Amino acids MW (kDa) pl GRAVY Instability Aliphatic = Arabidopsis E-value Subcellular
size (aa) index index homolog location
CsCAMTA1 TEA025813.1 1,028 114.8 6.08 -0.516 46.14 79.14 AtCAMTA4 2.00E-151  Nuclear
CsCAMTAZ2 TEA012477.1 1,419 157.99 6.41 -0.345 39.39 82.76 AtCAMTAS3 2.00E-88 Nuclear,
Cytoplasmic
CsCAMTA3 TEA006574.1 984 109.83 5.93 -0.516 45.8 74.16 AtCAMTA4 0 Nuclear
CsCAMTA4 TEA011186.1 953 107.62 6.55 —-0.468 44.04 75.14 AtCAMTAS 7.00E-106  Nuclear
CsCAMTAS TEA011490.1 864 97.26 5.83 -0.39 43.38 77.27 AtCAMTAS 7.00E-105  Nuclear,
Cytoplasmic
A e UTR
CsCAMTAI H—HHHHHH—= p— ey
CsCAMTA2 HH —— H— H—iHH @ Intron
CsCAMTA3 +—HH—H--H+H
CsCAMTA4 +———+-—HHHE
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5% 3
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AtCAMTA3 900 WSVGVLEKVILRWRRKGAGLRG 921
AtCAMTA4 903 WAVRILDKVVLRWRRKGVGLRG 924
AtCAMTAS 824 WSVGVLEKAILRWRLKRKGFRG 845
AtCAMTAG6 755 WSVGVLEKAVLRWRQOQKRKGFRG 776
CsCAMTA1 916 WAVSVLEKVIIRWRRKGVGLRG 937
CsCAMTA2 1291 WSVGILEKVILRWRRKGSGLRG 1312
CsCAMTA3 873 WAVGVLEKVVLRWRRKRAGLRG 894
CsCAMTA4 853 WSVGVLEKVILRWRLKRKGFRG 847
CsCAMTAS 764 WSVGVLEKAILRWRMKRRGFRG 785
4.0
2.0
oo §¥ X- —_—
WXVXQRQ)LXKXR)ILIIRWRXKX®@B)[FLIRX
FIGURE 1 | Gene structure, protein functional domains, and CaMBD domain conservation analysis of CSCAMTA family. (A) The exon-intron organization of
CsCAMTA genes. Exons and introns are, respectively, represented by red boxes and gray lines. The untranslated region (UTR) is indicated by green boxes.
(B) Schematic representation of functional domains of CsCAMTA proteins. CG-1, DNA binding domain; NLS, nuclear localization signal; ANK, ankyrin repeats; 1Q,
Ca?*-independent CaM-interacting domain; TIG/IPT, non-specific DNA binding domain; CaMBD, Ca?*-dependent CaM binding domain. (C) CaMBD sequence
alignment and the CaMBD sequence logo of CsSCAMTA and AtCAMTA proteins. “[]” suggests the amino acids allowed in this position of the CaMBD motif; “X”
denotes any amino acid, and “()” indicates the number of amino acids.

CsCAMTA5, and it was laid

inside the CG-1 domain

CAMTA proteins from tea plant, arabidopsis, rice, grape, poplar,

(Figure 1B). The CaMBD was identified in all of the five
CsCAMTAs (Figure 1B), it had a consensus sequence of
WXVX(2)LXKX(2)[LIJRWRXKX(3)[FL]RX (Figure 1C), which
was very similar to that in Arabidopsis and tomato (Bouché
et al.,, 2002; Pant et al., 2018).

Phylogenetic Analysis of CSCAMTA Genes
To investigate the phylogenetic relationship of CSCAMTA genes
with those in other plants, a phylogenetic tree containing 33

and citrus was built. Information of the CAMTA proteins from
the six plant species was provided in Supplementary Table S2.
Results showed that the CAMTA proteins could be clustered
into three groups (I, II, and III); each group had the CsSCAMTA
protein member (Figure 2). Group I was the largest one, with
15 members from six plant species, including CsCAMTA2,
AtCAMTA1, AtCAMTA2, and AtCAMTA3. There were 9
members in both group II and III, respectively. CsSCAMTAL,
CsCAMTA3, and AtCAMTA4, together with two CAMTAs in
rice (OsCAMTA1 and OsCAMTA2), two CAMTAs in poplar
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FIGURE 2 | The phylogenetic tree of CAMTA proteins from Camellia sinensis
(CsCAMTA), Arabidopsis (AtCAMTA), Oryza sativa (OsCAMTA), Vitis vinifera
(WCAMTA), Populus trichocarpa (PtCAMTA), and Citrus clementine
(CitCAMTA) was built by MEGA 6.0 software. Bootstrap values are displayed
beside the branches. Dots with different colors represented CAMTA proteins
of different plant species (Red, Camellia sinensis; Purple, Vitis vinifera; Blue,
Citrus clementine; Yellow, Populus trichocarpa; Pink, Arabidopsis; Green,
Oryza sativa).

(PtCAMTA1 and PtCAMTA7), VWCAMTA2 in grape, and
CitCAMTAS3 in citrus were belonged to group II. CsCAMTAA4,
CsCAMTAS, along with AtCAMTAS5, AtCAMTAG6, grape
VWCAMTA4, citrus CitCAMTA4, poplar PtCAMTA4 and
PtCAMTAS6, and rice OsCAMTA4 were presented in group
III (Figure 2).

Cis Elements in the Promoters of
CsCAMTA Genes

To understand the putative function of CsCAMTA genes in
tea plant, the promoter cis-elements of CsCAMTA genes were
investigated. Results revealed that cis-elements related to
stress and hormone response were found in the promoter
of CsCAMTA genes (Figure 3; Supplementary Table S3).
CsCAMTAS5 gene had the most number of stress and hormone
response-related cis-elements in its promoter, whereas
CsCAMTA4 gene had the least. The LTR (low-temperature
responsiveness) and the MBS (MYB binding site involved
in drought-inducibility) cis-elements were existed in all
CsCAMTA gene promoters except those of CsCAMTA2 and
CsCAMTA4. The TC-rich repeat (involved in defense and
stress responsiveness) was identified in the promoters of
CsCAMTA4 and CsCAMTA5. The CGTCA-motif (involved
in the MeJA-responsiveness) was found in all CsCAMTA
gene promoters except that of CSCAMTA4. The TCA element
(involved in salicylic acid responsiveness) was found in the

promoters of CsSCAMTA3 and CsCAMTAS5. The ABRE element
was found in all of the identified CsCAMTA gene promoters
except that of CsCAMTA3. The O,-site (involved in zein
metabolism regulation), TATC element (involved in gibberellin-
responsiveness), and AuxRR core element (involved in auxin
responsiveness) were specifically found in the CsCAMTA2
gene promoter (Figure 3; Supplementary Table S3).

Expression Profiles of CSCAMTA Genes in
Different Organs and Under Different
Abiotic Stresses

Tissue-specific expression analysis would help us to understand
the roles of CsCAMTA genes. By employing the publicly
available RNA-seq data, tissue-specific expression patterns of
CsCAMTA genes were displayed with heatmap according to
the FPKM values (Figure 4A). Results showed that CsSCAMTA2
and CsCAMTA4 genes relatively had higher expression level
in almost all tissues, and CsCAMTAZ2 had the highest expression
level in fruit, CsCAMTA4 had the highest expression level
in mature leaf. CsCAMTA3 displayed the highest expression
level in old leaf, and its expression was relatively lower in
flower and root. CsCAMTAI and CsCAMTAS5 genes displayed
higher expression in root, stem, and fruit and lower expression
level in flower and different developmental stages of leaf
tissues (Apical bud, Yong leaf, Old leaf; Figure 4A). Further
qRT-PCR analysis showed that CsCAMTA2 and CsCAMTA4
genes had relative higher expression level in almost all the
vegetative tissues examined; the CsCAMTA?2 gene also showed
higher expression level in fruits, when compared with the
expression level in roots (Figure 5A). CsCAMTA3 gene
displayed higher expression in stems, young leaves, and old
leaves and lower expression in flowers and fruits, compared
with its expression in roots (Figure 5A). Except higher
expression of CsCAMTAI gene was shown in buds and old
leaves, the expression levels of CsCAMTAI and CsCAMTA5
genes were lower in the measured tissues, when compared
with that in the roots (Figure 5A).

To understand functions of CsCAMTA genes in stress
response, expression profiles of CsCAMTA genes were analyzed
using the public RNA-seq data first. After cold acclimation
(CA) treatment, results showed that expression levels of
CsCAMTA2, CsCAMTA3, and CsCAMTAS5 were upregulated,
while those of CsCAMTAI and CsCAMTA4 were
downregulated, when compared with that of control (CK).
CsCAMTA4 and CsCAMTAS5 displayed the highest expression
level in tea plant after the de-acclimation treatment (DA;
Figure 4B). qRT-PCR analysis showed that the expression
of CsCAMTA2 gene was upregulated after cold treatment.
CsCAMTA3 and CsCAMTA4 genes also displayed upregulation
after 6h of the cold treatment, but their expression was
downregulated after 12 and 24h of the cold treatment
(Figure 5B). The expression levels of CsCAMTAI and
CsCAMTAS5 genes were significantly downregulated after cold
treatment (Figure 5B). Under NaCl treatment, RNA-seq data
analysis showed that expression levels of all the CsCAMTA
genes were downregulated after 24 and 48 h of the treatment,
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except that the expression of CsSCAMTAI gene was increased
after 48 h of the treatment, when compared with the expression
level at 0h. However, expression levels of all the CsCAMTA
genes were upregulated after 72h of the NaCl treatment
(Figure 4C). By qRT-PCR analysis, results showed that the

expression of CsSCAMTAI, 3, and 5 genes was downregulated
after both the 24 and 48h of NaCl treatment (Figure 5C).
The expression of CsCAMTA4 gene was upregulated after
24h and had no obvious change after 48 h of NaCl treatment,
while the expression of CsCAMTA4 gene was upregulated
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after 24 and 48h of NaCl treatment (Figure 5C). After
PEG-simulated drought treatment, RNA-seq data analysis
showed that the expression levels of CsCAMTA3 and
CsCAMTA4 were downregulated, and that of CsCAMTAI
showed no obvious change after 24 and 48h, but was
downregulated after 72h of the PEG treatment (Figure 4D),
while those of CSCAMTA2 and CsCAMTAS5 were upregulated.
Expression of CsCAMTA2 and CsCAMTAS5 was upregulated
after 24 h of the PEG treatment. The expression of CsCAMTA5
gene exhibited a continuous increase, and it displayed the
highest expression level at 72h of the treatment (Figure 4D).
qRT-PCR analysis showed that the expression of CsCAMTAI
and CsCAMTA3 genes was downregulated, while that of
CsCAMTA2 and CsCAMTA4 genes was upregulated, after
PEG treatment (Figure 5D). The expression of CsCAMTA5
gene was downregulated after 3 and 6h and was upregulated
after 24 and 48 h after PEG treatment (Figure 5D). Expression
of CsCAMTA genes under MeJA treatment was also

investigated, RNA-seq data analysis showed that expression
levels of CsCAMTAI, CsCAMTA2, and CsCAMTA5 were
downregulated, and that of CsSCAMTA4 was upregulated after
12 and 24h of the treatment. Expression level of CsCAMTA3
gene was downregulated after 12 and upregulated after 24h
of the MeJA treatment. After 48 h of the treatment, expression
of all the CsCAMTA genes was decreased, except that of
CsCAMTA?2 showed a little increment, when compared with
the expression level at 0h (Figure 4E). After MeJA treatment,
qRT-PCR analysis showed that the expression of CSCAMTAI
and 5 was downregulated after 12 and 24h, and that of
CsCAMTA2 and 4 was upregulated after 12h and
downregulated after 24h (Figure 5E). The expression of
CsCAMTA3 was upregulated after both 12 and 24h of MeJA
treatment (Figure 5E). After 48 h of MeJA treatment, except
the expression of CsCAMTAS5 gene showed no obvious change,
that of the other CsCAMTA genes was downregulated
(Figure 5E).
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Functional Annotation and Co-expression
Network of CsCAMTA Genes Under Cold
and Drought Treatments

To understand the putative functions of CsCAMTA genes in
tea plant, functional annotation of CsCAMTA genes was
investigated in GO, KEGG, TrEMBL, Swissprot, and Nr database,
respectively. Results showed that the five identified CsCAMTA
genes were annotated as calmodulin-binding transcription
activators in TrEMBL, Swissprot, and Nr databases. According
to GO and KEGG annotation, CsCAMTAI and CsCAMTA3
were annotated as proteins related to lipase, ester hydrolase,
LPA acyltransferase, and signal recognition; CsCAMTA4 and
CsCAMTA5 were related to transcription regulation, motor
protein, and mitosis, and CsCAMTA4 was also involved in
lipid metabolism; CsCAMTA2 was annotated as MLO family
protein (Supplementary Table S4).

To further understand the function of CsCAMTA
genes under cold and drought stresses, gene co-expression
networks of CsCAMTAs were analyzed (Figures 6A,B;
Supplementary Table S5). Our results showed that CsCAMTA
genes had 300 and 401 positive co-expressed genes under cold
and drought stress treatments, respectively. Under cold stress,
the CsCAMTA gene co-expression network was constituted by
305 nodes and 300 edges. CsCAMTA3 had the most number

(156) of co-expressed genes, while CsCAMTA2 had the
least number (21) of co-expressed genes (Figure 6A;
Supplementary Table S5). Under PEG-simulated drought
treatment, there were 406 nodes and 401 edges in the CsCAMTA
gene co-expression network. CsCAMTA4 had the most number
(223) of co-expressed genes, while CsCAMTA2 had the least
number (6) of co-expressed genes. In total, five co-expression
networks were formed between CsCAMTAs and their
co-expressed genes under both cold and drought stress treatments.
No co-expression was seen between the five identified CsCAMTA
genes (Figure 6B; Supplementary Table S5).

CsCAMTAs and their positive co-expressed genes were
subjected to KEGG analysis to identify the enrichment of
functional categories. Results showed that CsCAMTAs and their
positive co-expressed genes were enriched in 10 metabolic
pathways under cold treatment, including RNA transport,
ubiquitin-mediated proteolysis, mRNA surveillance pathway,
linoleic acid metabolism, steroid biosynthesis, arachidonic acid
metabolism, etc. (Figure 6C; Supplementary Table S6). Under
PEG-simulated drought stress, 15 metabolic pathways including
starch and sucrose metabolism, ubiquinone, and other terpenoid-
quinone biosynthesis, glycosphingolipid biosynthesis, arachidonic
acid metabolism, biosynthesis of secondary metabolites, linoleic
acid metabolism, lysine degradation, etc., were enriched by
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FIGURE 6 | CsCAMTA gene co-expression network and the KEGG enrichment analysis of CsCAMTAs and their co-expressed genes under cold and PEG-
simulated drought stress, respectively. (A) CSCAMTA gene co-expression network under cold stress; (B) CSCAMTA gene co-expression network under PEG-
simulated drought stress; (C) KEGG enrichment analysis of CSCAMTAs and their positive co-expressed genes under cold stress; (D) KEGG enrichment analysis of
CsCAMTAs and their positive co-expressed genes under PEG-simulated drought stress.
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CsCAMTAs and the positive co-expressed genes (Figure 6D;
Supplementary Table S6).

Interaction Network of CsCAMTA Proteins

in Tea Plant

To understand the functional mechanisms of CsCAMTA proteins,
protein interaction network analysis was done by using STRING
software. Results showed that the five CsCAMTA proteins
corresponded to three Arabidopsis homologs and had 25 potential
interacting proteins (Figure 7). CsCAMTA?2 corresponded to
CMTA3, CsCAMTA4, and CsCAMTA5 corresponded to
AT4G16150, CsCAMTA1, and CsCAMTA3 corresponded to
AT1G67310 (Figure 7; Supplementary Table S7). Further
analysis demonstrated that CMTA3 (CsCAMTA2) and
AT4G16150 (CsCAMTA4 and CsCAMTAS), respectively, had
the most (19) and the least (4) number of interacting proteins,
while AT1G67310 (CsCAMTA1 and CsCAMTA3) had six
interacting proteins. The CMTA3 (CsCAMTA?2) interacting
proteins including 11 transcription factors (such as CBE, CBP60G,
RHL41, MYBI15, ICEL, etc.), two calcium-related protein kinases
(CIPK14, CRLK1), and 6 functional proteins (such as EDSI,
CM2, XLG2, etc.). As to AT1G67310 (CsCAMTA1l and
CsCAMTA3) and AT4G16150 (CsCAMTA4 and CsCAMTAS),
two of their interacting proteins were transcription factors.
AT4G16150 (CsCAMTA4, CsCAMTA5) and AT1G67310
(CsCAMTA1, CsCAMTA3) could also interact with CIPK14.
It was also seen that AT3G62140, coding a NEFA-interacting
nuclear protein, could interact with AT4G16150 (CsCAMTA4,
CsCAMTAS5), AT1G67310 (CsCAMTA1l, CsCAMTA3), and
CAMT3 (CsCAMTAZ2; Figure 7; Supplementary Table S7).

AT1G67310
O (CsCAMTAL)

(CsCAMTA3)
FBP7

(5CBL2

FIGURE 7 | Putative interaction networks of CSCAMTA proteins in tea plant
according to their orthologs in Arabidopsis. The Arabidopsis proteins and the
homologous proteins in tea plant are displayed in black and red characters,
respectively.

Studies have demonstrated that CAMTA transcription factor
bound with the (G/A/C)CGCG(C/G/T) or (A/C)CGTGT cis
element in the target gene promoter to regulate their expression
(Noman et al,, 2019; Sun et al,, 2020). To further investigate
the interaction network of CsCAMTA proteins in tea plant,
promoter sequences of the 25 potential interacting protein
homolog-coding genes in tea plant and those of the CsCAMTA
genes were analyzed. Results revealed that the (G/A/C)
CGCG(C/G/T) cis element was existed in the promoters of
nine tea plant genes which coding proteins were homologous
to AT1G67310.1, CBL2, SUMOI1, CBF2, SARD1, MYB15, RHIL41,
AT4G16150.1, and XLG2 in the protein interaction network
(Figure 7; Supplementary Table S8). The (A/C)CGTGT cis
element was identified in the promoters of seven tea
plant genes homologous to those coding CRLKI, CBF1,
AT1G75340, CMTA3, SARDI, SCEl, and AT4G16150.1
(Supplementary Table S8). (A/C)CGTGT and (G/A/C)
CGCG(C/G/T) were also, respectively, found in the promoter
of CsCAMTA2 and CsCAMTA3, and both were identified in
the promoter of CsCAMTAS5 (Supplementary Table S8).

DISCUSSION

Tea plant is a kind of leafy economic crop and is vulnerable
to external stresses (Zhang et al, 2017; Wu et al, 2018; Li
et al,, 2019; Zhou et al, 2019a). To do investigation on genes
those function in leaf development regulation and stress resistance
will be very important for quantity increment and quality
improvement of tea. CAMTAs are important players in plant
stress response as well as in plant development (Zhang et al,
2014; Yang et al, 2015; Furio et al., 2020). Although studies
on CAMTA have been reported in many plant species, identification
of CAMTA in tea plant lags behind. Here, genome-wide
identification of CAMTA gene was first done, and five CsCAMTA
genes were identified from the tea plant genome (Table 1). The
number of CAMTA genes in tea plant was similar to that in
Arabidopsis (6), Oryza sativa (6), Zea mays (7), Medicago truncatula
(7), citrus clementina (4), and Vitis vinifera (4), but smaller than
that in Glycine max (14) and Brassica rapa (9). It was consistent
with the 4-8 CAMTA gene number identified in higher flowering
plant species, although the tea plant genome size was, respectively,
more than nine-fold and three-fold larger than that of Brassica
rapa and Glycine max (Rahman et al., 2016; Wei et al., 2018;
Xia et al, 2019). The result may reflect the evolutionary
conservation of CAMTA gene in higher plants and a high ratio
of repetitive sequences in tea plant genome.

CsCAMTA proteins displayed conserved characters in tea
plant. The amino acid size of CsCAMTA proteins was ranged
from 864 to 1,419, and all of the CSCAMTAs were predicted
as nuclear localization proteins, which were similar to those
reported in other plants (Table 1; Yang et al., 2015; Yue et al,,
2015; Pant et al., 2018; Buytk et al.,, 2019; Meer et al., 2019).
The typical CAMTA protein contains CG-1, TIG/IPT, ANK,
IQ, and CaMBD domains. It was also reported that non-TIG/
IPT domain CAMTA protein appeared in newly evolved flowering
land plants (Rahman et al, 2016; Pant et al, 2018; Buyiik
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et al,, 2019). In our study, all the identified CsSCAMTA proteins
own the TIG/IPT domain (Figure 1B), indicating CsCAMTA
proteins emerged before the divergence of flowering plants
and non-flowering plants. IQ and CaMBD domains can interact
with calmodulin in Ca*-independent and Ca**-dependent
pathway, respectively; typical CAMTA protein always has two
IQ domains, and the quantity of IQ domain is reported to
affect CAMTA protein clustering in phylogenetic tree (Rahman
et al., 2016; Pant et al., 2018). The five identified CsCAMTA
proteins have both IQ and CaMBD domains (Figure 1B),
suggesting that they can interact with calmodulin either there
is Ca** or not. Phylogenetic analysis showed that CsSCAMTA
proteins were clustered in three different groups, which may
be related to the IQ domain number and/or the relative position
of IQ domain to CaMBD domain (Figure 1B). Gene structure
analysis showed that most of the CsCAMTA genes had 10-13
introns, which was consistent with 12 introns found in most
of the vascular plants (Figure 1A; Rahman et al., 2016; Kakar
et al,, 2018; Saeidi et al., 2019). CsCAMTA2 had 19 introns,
which was more than the most intron number (15) identified
in other vascular plants (Figure 1A; Rahman et al., 2016; Pant
et al., 2018). Intron, existing in eukaryotic genome, is believed
important for gene expression regulation and for new functional
protein generation (Chorev and Carmel, 2012; Wu et al., 2019).
The high intron number may be related to the multifunction
of CsCAMTA2 in tea plant, although function study of
CsCAMTA?2 is lacking. AtCAMTA3, the homologous gene of
CsCAMTA?2 in Arabidopsis, was displayed important roles in
freezing tolerance, SA mediated immune response, insect feeding
response, hypersensitive response, etc. (Doherty et al.,, 2009;
Laluk et al,, 2012; Yue et al,, 2015).

CAMTAs are important regulators of plant growth and
development. AtCAMTAl1l and 5 can regulate pollen
development; tobacco NtER1 and Arabidopsis AtCAMTA3
were involved in ethylene-induced senescence process (Yang
et al., 2015; Zhang et al., 2019a). Homologous phylogenetic
analysis showed that CsCAMTA2, AtCAMTALI, and AtCAMTA3
were in group I, CsCAMTA4, CsCAMTAS5, and AtCAMTAS
were in group III (Figure 2), which suggested that CsSCAMTA2
might function in both senescence process and pollen
development, and CsCAMTAA4, 5 might function in regulating
pollen development. Considering high expression of CsCAMTA2
and lower expression of CsCAMTA4 and CsCAMTAS5 in flower
(Figures 4A, 5A), CsCAMTA2, CsCAMTA4, and CsCAMTA5
may involve in pollen development by different regulating
mechanisms. Expression analysis also showed that most of
the CsCAMTAs had higher expression level in leaf tissues,
and CsCAMTAI and 5 displayed relative lower expression in
young and mature leaves and higher expression in old leaves
(Figures 4A, 5A). Whether CsCAMTAI and 5 have function
in regulating leaf senescence is worth investigating. Because
tea plant is a kind of leaf-type economic crop, keeping leaf
tender and delaying senescence of leaf is important for tea
flavor and economic value improvement (Wu et al., 2018).

Studies also demonstrated that CAMTAs were crucial for
stress response (Kim et al., 2013, 2020; Kakar et al., 2018).
Our results showed that CsCAMTA2 gene was responsive to

cold, salt, and PEG-simulated drought treatments, as well as
MeJA treatment (Figures 4, 5). Phylogenetic analysis showed
that CsCAMTA2 was in group I, together with AtCAMTAL,
AtCAMTA?2, and AtCAMTAS3 (Figure 2). In Arabidopsis, research
showed that AtCAMTAL1 played an important role in drought
resistance; AtCAMTA3 was involved in cold response, pathogen
defense response, resistance to insect herbivory, etc. (Yang
et al., 2015; Pant et al, 2018). AtCAMTA2 was reported to
function in metal stress detoxification and osmotic stress
responses (Shen et al., 2015). These results suggested that the
CsCAMTA?2 gene might be important for both biotic and abiotic
stress responses of tea plant. According to the phylogenetic
analysis, CsSCAMTA1 and 3 were clustered together with
AtCAMTA4 in group II (Figure 2). Gene expression analysis
showed that the transcriptional levels of CsCAMTAI and 3
were obviously changed after cold, salt, or PEG-simulated
drought treatments, suggesting that CsCAMTAI and 3 were
involved in the response to these stresses. Although function
of AtCAMTA4 was not clear at present, research showed that
expression of the AtCAMTA4 homologs such as CitCAMTA3
in citrus (Ciclev10030636m; Zhang et al., 2019a), PtCAMTAI
and 7 in Populus (Wei et al, 2017), and Pvul-CAMTA3 and
8 in Phaseolus vulgaris (Blytk et al., 2019), was significantly
affected by salt and dehydration, cold, and salt stress, respectively.
Recent study also showed that the AtCAMTA4 homolog
TaCAMTA4 negatively regulated the basic resistance to leaf
rust fungus in wheat (Wang et al., 2019). OsCAMTA1 (LOC_
0s01g69910), clustered in group II with AtCAMTA4, CsCAMTAL1
and 3, was reported important for cold resistance (Kim et al.,
2013; Yue et al,, 2015). CSCAMTA4 and 5 were clustered with
AtCAMTAS and 6 in group III (Figure 2). Our study showed
that expression of CsCAMTA4 and 5 was response to cold,
salt, PEG-simulated drought, and MeJA treatments (Figures 4,
5), although AtCAMTA5 and 6 were reported to function in
plant development regulation (Shkolnik et al, 2019; Zhang
etal,, 2019a). Citrus CitCAMTA4 (Ciclev10004273m) and poplar
PtCAMTA4 and 6 were clustered with AtCAMTAS5 and 6 by
phylogenetic analysis (Figure 2). The expression of CitCAMTA4
(Ciclev10004273m) and PtCAMTA4 and 6 was, respectively,
regulated by salt and dehydration, cold, and salt stress (Wei
et al.,, 2017; Biyiik et al., 2019; Zhang et al., 2019a), suggesting
that CsSCAMTA4 and 5 may also involve in stress response.
Further analysis demonstrated that various stress-responsive
cis elements were laid out in the promoters of CsCAMTA
genes (Figure 3; Supplementary Table S3), supporting the
role of CsCAMTAs in stress response.

Function annotation supports conserved function of
CsCAMTAs in tea plant. By homologous annotation using
TrEMBL, Swissprot, and Nr databases, all of the five CsCAMTA
genes were annotated as calmodulin-binding transcription
activators (Supplementary Table S4). GO and KEGG analysis
showed that CsCAMTAI, 3 and 4 were annotated as lipase,
ester hydrolase, LPA acyltransferase, and signal recognition and
involved in transcription process (Supplementary Table S4).
It has reported that CAMTA is important Ca®* signal transducer,
and can regulate the lipase-coding gene EDSI and PAD4
expression, which are important for cold resistance and
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SA-mediated immune response (Yue et al., 2015; Kim et al.,
2020). LPA acyltransferase was ABA responsive and induced
by salt and drought stresses, and it was important for female
gametophyte development in Arabidopsis (Kim et al., 2005;
Aboagla and Hong, 2017). CsCAMTA5 was involved in
transcription regulation and annotated as abnormal spindle-like
microcephaly-associated protein, or myosin by GO and KEGG
(Supplementary Table S4), suggesting that CsCAMTAS5 was
related to development and molecular mobility. Research
demonstrated that calmodulin could regulate mobility of myosin
V (Nguyen and Higuchi, 2005). CsSCAMTA2 was also annotated
as MLO-like protein and involved in stress response by GO
and KEGG (Supplementary Table S4). These results indicated
that CsSCAMTA played important roles in signal transduction,
development, and biotic and abiotic stress response in tea plant,
which was the same as the function of CAMTA identified in
other plants. There was no co-expression between the identified
CsCAMTA genes (Figures 6A,B; Supplementary Table S5),
indicating the CsCAMTA genes had different spatiotemporal
expression models, or different biological functions. Cold and
drought are two kinds of environmental stresses that tea plant
is vulnerable to encounter during the life span (Liu et al,
2016; Li et al, 2019). The KEGG analysis suggested that
CsCAMTA genes involved in cold response mainly by hormone
regulation (such as linoleic acid metabolism, steroid biosynthesis,
and arachidonic acid metabolism), transcriptional regulation
(such as RNA transport and mRNA surveillance pathway),
and protein processing (such as ubiquitin mediated proteolysis,
ribosome, and proteasome; Figure 6C; Supplementary Table S6).
Enrichment of these pathways was also shown in Haloxylon
ammodendron, Anthurium, Ricinus communis, and other plants
under cold stress (Tian et al., 2013; Eremina et al., 2016; Peng
et al, 2019). Under PEG-simulated drought stress, pathways
like hormone metabolism (including linoleic acid metabolism,
and arachidonic acid metabolism), lipid metabolism (including
sphingolipid metabolism, glycosphingolipid biosynthesis, fatty
acid metabolism, ether lipid metabolism, etc.), carbon metabolism
(including starch and sucrose metabolism, and glycan
degradation) were enriched by CsCAMTAs and their co-expressed
genes (Figure 6D; Supplementary Table S6). These pathways
were also enriched in drought stressed Cynanchum thesioides,
Eruca vesicaria, Vicia sativa, and Glycine max (Huang et al,
2019; Zhang et al., 2019b; Min et al, 2020). Under cold or
drought stress, research showed that CAMTA-regulated genes
always enriched in the similar pathways as described above
(Kim et al., 2013; Pandey et al., 2013). These results suggested
CsCAMTAs were involved in stress response by conserved
regulating mechanism, and the transcriptome data was valuable
for CsCAMTA gene function analysis in tea plant.

Protein interaction analysis showed that 57.9% of the
CsCAMTA2-interacting proteins, 50% of the CsSCAMTA4 and
CsCAMTAD5-interacting proteins, and 33.3% of the CsSCAMTA1
and CsCAMTA3-interacting proteins were DNA binding
proteins (Figure 7; Supplementary Table S7), suggesting that
transcriptional regulation might be the main way of CsSCAMTA
mediated functional regulation. It is clear that ICE1, CBFI,
and CBF2 are key regulators in cold and drought stresses

(Kim et al., 2013; Zhou et al, 2019b). SARDI1, EDSI, and
CBP60G are involved in SA synthesis and thus important for
SA mediated immunity response (Kim et al, 2013). RSW3,
XLG2, and CIPK14 are important regulators in plant development
and stress response (Heo et al., 2012; Ren et al, 2017; Lia
et al,, 2019). So, by interacting with those proteins, CsSCAMTA
played various roles in biotic and abiotic stresses response, as
well as in growth and development. CAMTA can bind to the
(G/A/C)CGCG(C/G/T) or the (A/C)CGTGT cis element in
promoter region of the target genes (Yue et al, 2015; Sun
et al., 2020). Our analysis showed that there were 16 tea plant
homologous genes to those of Arabidopsis in the interaction
network had the (G/A/C)CGCG(C/G/T) or the (A/C)CGTGT
cis element in their promoter regions. In the promoter regions
of TEA023367.1 (SARDI gene homolog in tea plant) and
CsCAMTAS5, both (G/A/C)CGCG(C/G/T) and (A/C)CGTGT
cis elements were identified (Supplementary Table S8). These
results indicated that the interaction network in Arabidopsis
may also exist in tea plant, and CsCAMTAs can interact with
those Arabidopsis homologs in tea plant. It also showed that
the (G/A/C)CGCG(C/G/T) or the (A/C)CGTGT cis element
was laid in the promoter of CsCAMTA2 and 3, suggesting
that CsCAMTAs may regulate a biological event by cooperation.
In Arabidopsis, it demonstrated that CAMTAI, 2 and 3 were
function together to suppress SA biosynthesis and to enhance
freezing tolerance (Kim et al., 2013; Yang et al., 2015). In the
interaction network, AT3G62140 can interact with AT4G16150
(CsCAMTA4, CsCAMTA5), AT1G67310 (CsCAMTAL,
CsCAMTA3), and CAMT3 (CsCAMTA2; Figure 7;
Supplementary Table S7); this result suggested that the
CsCAMTAs can regulate some biological processes together.
Further studies by using transgenic plant materials or biochemical
assays will provide more evidences for CsCAMTA gene function
identification and the interaction network of CsCAMTA proteins.
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