agronomy

Article

Genome-Wide Analyses Reveal the Roles of CCT Genes as
Regulators of Abiotic Stress Responses in Citrullus lanatus

Yajie Hong 13T, Mengsha Li "¥(0, Wona Ding ¥, Jun Shi >4, Zishuo Zheng !, Nailin Xing ?>** and Qiuping Li "*

check for
updates
Academic Editors:

Salvatore Ceccarelli and Eleni Tani

Received: 16 December 2024
Revised: 5 January 2025
Accepted: 16 January 2025
Published: 18 January 2025

Citation: Hong, Y,; Li, M.; Ding, W.;

Shi, J.; Zheng, Z.; Xing, N.; Li, Q.
Genome-Wide Analyses Reveal the
Roles of CCT Genes as Regulators of
Abiotic Stress Responses in Citrullus
lanatus. Agronomy 2025, 15, 232.
https:/ /doi.org/10.3390/
agronomy15010232

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Ningbo Key Laboratory of Agricultural Germplasm Resources Mining and Environmental Regulation,
College of Science & Technology, Ningbo University, Ningbo 315300, China; 2311130014@nbu.edu.cn (Y.H.);
limengsha@nbu.edu.cn (M.L.); dwn@zju.edu.cn (W.D.); zhengzishuo2@outlook.com (Z.Z.)

Ningbo Key Laboratory of Characteristic Horticultural Crops in Quality Adjustment and Resistance Breeding,
Ningbo 315040, China; shijunfred@163.com

Ningbo University, Ningbo 315211, China

Ningbo Academy of Agricultural Sciences, Ningbo 315040, China

*  Correspondence: xingnailin@hotmail.com (N.X.); ligiuping2@nbu.edu.cn (Q.L.); Tel.: +86-187-5741-6481 (Q.L.)
These authors contributed equally to this work.

= W

Abstract: Members of the CCT gene family have been shown to play roles in photoperi-
odic flowering and environmental adaptation under a range of conditions. In this study,
29 CCT genes from watermelon were categorized into three distinct subfamilies. The
CICCT genes were systematically analyzed, focusing on their physicochemical properties,
gene duplication, motifs, structural divergence, promoter regions, and collinearity with
genes from other species. The responsiveness of these genes to abiotic stressors, hormone
treatments, and photoperiod prolongation was also examined. Segmental duplication
(gene amplification) significantly influenced the evolution of these genes, with most CICCT
genes containing light-, hormone-, and/or abiotic stimulus-responsive elements. In re-
sponse to abiotic and hormonal stresses, 5 genes responded to cold, 1 gene to drought, and
4 genes to salt. 6 genes were responsive to ABA, and 13 genes to MeJA. Strikingly, CICCT17,
CICCT4, and CICCT28 responded to multiple stressors. A majority of these CICCT genes
and their homologs in other species were responsive to prolonged daylight exposure. The
varying expression patterns of these genes suggested a key role for watermelon CCT genes
in the regulation of both abiotic stress responses and flowering. Functional diversity was
also evident among CCT family genes within a given species as well as among species
attributable to changes in the structural features and expression patterns of the genes and
the encoded proteins.

Keywords: watermelon; CCT gene; abiotic stress; expression analysis

1. Introduction

CCT genes encode proteins harboring a CCT (CONSTANS, CONSTANS-LIKE, and
TOC1) domain. In addition to shaping plant photoperiod responsivity, these genes are
crucially tied to phytohormone signal transduction and abiotic stress responses [1-4]. The
C-terminus of these CCT domain-containing proteins harbors a 43—45 amino acid nuclear
localization sequence. The features of conserved N-terminal domains can be further used to
classify CCT family members into the COL subfamily, with an N-terminus containing one
or two B-box domains (zinc ion binding domains), the PRR subfamily, with an N-terminus
containing a REC domain (receiver domain), and the CMF subfamily lacking any conserved
N-terminal domains [2].
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Many plant CCT family members shape the timing of flowering in plant species [1-4].
These CCT domain genes directly or indirectly control flowering time, participate in
circadian clock regulation, and are key components of light signaling [1-4]. Of the 41 CCT
genes identified in rice to date, 18 play a role in controlling the timing of flowering [2,4]. The
rice gene DTH2, a member of the COL family, promotes early flowering by upregulating the
florigen genes Hda and RFT1 under long-day conditions [5]. Similar or distinct mechanisms
have also been identified through which CCT genes in other plants, including CcCCT23,
PPD1, SbGhd7, Ppd-H1, TuFT2, BvBBX19, and GmCOL1a, which also regulate flowering
timing [6-12]. Most CCT family genes (COL1, COL2, and COL3) are regulated by COP1
and interact with downstream genes FT and SOCI, playing a role in the flowering process
in Arabidopsis thaliana [13]. Certain CCT genes can extend the heading stage and thereby
increase plant yields [1]. The rice gene Ghd7, containing a single CCT domain, represses
the expression of Ehd1 and Hd3a under long-day conditions, thus inhibiting reproductive
development affecting heading date, plant height, and yield [14]. The sorghum SbHd1
gene, as well as the rice Hd1 and Ghd7.1 genes, can all improve grain number through their
effects on flowering time [1,15,16]. In Arabidopsis, CO can suppress AP2 expression under
short or long daylight conditions, thereby influencing seed size [17,18].

Abiotic stresses inhibit plant growth by reducing photosynthesis and altering the com-
position of bioactive compounds, ultimately impacting crop yield and quality [19-21]. Mem-
bers of the CCT family of genes can also shape plant responses to abiotic stressors [22-25].
For example, Ghd2 directly targets the promoter of RCA, upregulating its expression
and increasing drought sensitivity [22]. OsPRR73, a member of the PRR gene subfamily,
negatively regulates OsHKT2;1, reducing sodium influx and ROS accumulation, thereby
conferring salt tolerance in rice [23]. The AtCOL4 gene is capable of enhancing the toler-
ance of Arabidopsis thaliana to salt stress and functions through ABA-dependent signaling
pathways [24]. Overexpressing ZmCCT can suppress ZmVOZ1 and ZmARR16 expression,
leading to improved maize drought resistance under conditions of pro-longed daylight [25].
Many natural CCT family gene variants have been identified to date, and studies of these
genes have the potential to aid efforts to develop improved crop varieties more adaptive to
the conditions found in different regions [1].

Watermelons (Citrullus lanatus) are widely popular for their sweet and refreshing fruit
and are cultivated globally for consumption. China leads the world in both watermelon
production and cultivation area. The yield and quality of watermelons are influenced by
various factors, including biotic stresses such as microorganisms and pests, as well as abiotic
stresses like extreme temperatures, salt stress, and drought [19]. However, no systematic
analyses of the watermelon CCT gene family, particularly regarding abiotic stresses, have
been conducted to date. In this study, watermelon CCT genes were analyzed with a focus on
their physicochemical features, gene duplication relationships, homology, and collinearity
with those of other species. Moreover, the changing expression patterns of these genes
in response to abiotic stressors, hormone stress, and prolonged daylight exposure were
also examined. These analyses may identify genes involved in regulating abiotic stress
responses and those responsive to long-day lengths, providing a foundation for improving
watermelon varieties and offering insights for enhancing other crops in the future.

2. Materials and Methods
2.1. Experimental Material and Growth Conditions

Watermelon (C. lanatus L. cv. 8424) plants, which are sensitive to chilling, were used
for cold treatment. Watermelon (C. lanatus L. cv. 97,103) plants, known for their strong

adaptability, can be cultivated across a wide geographical range, from the south to the
north, with rapid growth. The reference genome map of the watermelon cultivar 97,103 has
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been published. Watermelon plants (C. lanatus L. cv. 97103) were used as phytohormones
and treatments for long-day conditions. Watermelon (C. lanatus L. cv. 8424) seeds and
watermelon (C. lanatus L. cv. 97,103) seeds were sown in 96-well plug trayse in a growth
chamber (Yanghui Instrument Co. Ltd., Ningbo, China) with 28 °C/22 °C (16 h/8 h)
day/night temperatures and a relative humidity of 75% [26].

The commercial watermelon cultivar Crimson Sweet, known for its high fruit yield
and good quality, was used for salt and drought treatments. Crimson Sweet seeds were
sown in 96-well plug trayse with soilless media and placed in a greenhouse with 30 + 5 °C
(16 h/8 h) day/night temperatures and relative humidity of 75% [27,28].

2.2. Stress Treatments

For phytohormone treatments, 4-week-old seedlings (C. lanatus L. cv. 97103) were
sprayed with 100 uM of ABA (Sigma Chemical Co., St. Louis, MO, USA) or MeJA (Sigma
Chemical Co., St. Louis, MO, USA) on their leaves for 12 h, while control seedlings were
sprayed with purified water.

Transcriptomic sequencing data were also used to assess leaf responses to salt stress
(GEO: GSE146087). Six-week-old Crimson Sweet seedlings, with three fully expanded
leaves, were transferred to 50 mL centrifuge tubes containing 300 mmol NaCl (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China), with purified water as the control. After 7 h
of salt stress exposure, leaf tissue samples were collected from four independent seedlings
and rapidly frozen in liquid nitrogen for further processing and storage at —80 °C [27].

Drought stress data (GEO: GSE144814) were obtained from the GEO database
(https:/ /www.ncbi.nlm.nih.gov/gds/) based on established CICCT identities. Eight-week-
old Crimson Sweet seedlings were transplanted into round nursery pots filled with equal
weight (~22 Ib) of soil-less media, Absorb-N-Dry (Balcones Minerals Corporation, Flatonia,
TX, USA), under the same conditions. The control group received regular irrigation to
maintain a relative moisture content of 95 = 5%. In contrast, for drought stress treatment,
potted plants were subjected to drought by withholding water for 8 days after transplan-
tation. Leaf tissue samples were collected from four independent seedlings and rapidly
frozen in liquid nitrogen for further processing and storage at —80 °C [28].

Transcriptomic sequencing data corresponding to leaf responses to cold stress were
also obtained from prior studies [26]. Fifteen-day-old seedlings of watermelon cultivar
8424 were transferred to growth chambers set at 24 °C or a freezing condition at —6 °C.
After 2 days of treatment, leaves were collected from each plant.

As watermelon is a long-day plant, flowering is promoted when sunlight exceeds
a specific threshold (i.e., critical sunshine length). The CICCT gene responses to pro-
longed daylight exposure were assessed by growing seedlings for 28 days under a 16/8 h
light/dark regime at 25 °C. Every 4 h for a total of 24 h, the second-to-last leaves from three
individual plants were collected for analysis.

The legend represents the logarithmic normalized FPKM. The log2-transformed FPKM
values were used to create a heatmap depicting the expression of each CICCT gene. The
heatmap of the expression patterns of CCT genes was generated by TBtools v1.0 software.

2.3. gPCR

A Plant Tissue RNA Extraction Kit (Sangon Biotech, Shanghai, China) was used to
extract total RNA, after which the HiScript II 1st Strand cDNA Synthesis Kit (Sangon
Biotech, Shanghai, China) was used for cDNA preparation. A LightCycler® 96 instrument
(Roche, Mannheim, Germany) and ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Nangjing, China) were used for qPCR analyses, with Clactin (gene ID: Cla007792) serving
as a normalization control. Each reaction needs three technical replicates. Primer 5 was
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used to design all primers (Table S1). Relative target gene expression was computed with
the 2744t method and statistically analyzed by t-tests.

2.4. CICCT Gene Identification, Characterization, and Chromosomal Localization

Watermelon reference genome, protein sequence, and related annotation files were
accessed through the Cucurbit Genomics Database on 23 March 2022 (http://www.
cucurbitgenomics.org/). The conserved domains present in watermelon CCT proteins were
screened with the Pfam (PF06203) (http:/ /pfam.xfam.org/), HMMER v2.0, and NCBI-CDD
tools (https:/ /www.ncbi.nlm.nih.gov/cdd/) on 23 March 2022. A Perl script was used in
HMMER to assess the molecular weight, isoelectric point, and amino acid length values
for identified watermelon CCT proteins [29]. The putative subcellular localization of the
proteins encoded by identified CICCT genes was assessed with the Cell-PLoc Prediction
system (http:/ /www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) and WoLF PSORT Prediction
(https:/ /wolfpsort.hgc.jp/) on 27 March 2022. The annotations associated with the wa-
termelon CCT gene in the Cucurbit Genomics Database were used to establish the gene
locations and chromosomal length-related information for these genes with the MapChart
v2.32 software [30].

2.5. Collinearity Analyses of CICCT Genes

Collinearity analysis is highly significant in ecology and evolutionary biology, as it
reveals genetic correlations among different species. Collinearity between CCT genes from
C. lanatus and those of A. thaliana, O. sativa, and L. siceraria were analyzed with MCScanX,
visualizing the results with Circos. Ks (synonymous substitutions), Ka (nonsynonymous
substitutions), and the Ka/Ks ratio for each pair of duplicate CCT genes were established
with the KaKs_Calculator 2.0 [31].

2.6. Phylogenetic Analyses

The CCT proteins of C. lanatus, O. sativa, Arabidopsis, Lsiceraria, and Zea mays L were
accessed using the Cucurbit Genomics Database (http://www.cucurbitgenomics.org/)
and the Ensemble Plants Database (https:/ /plants.ensembl.org/index.html) on 23 March
2022. These CCT proteins were then subjected to phylogenetic analyses performed
with ClustalW, constructing a neighbor-joining (NJ]) phylogenetic tree in MEGA 7.0 with
1000 bootstrap replicates. The phylogenetic tree was viewed and annotated using the
TBtools v1.0.

2.7. Conserved Motif, Gene Structure, and Cis-Acting Element Analyses

CCT gene family structural diversity was assessed in C. lanatus through amino acid
sequence analyses of the encoded proteins performed with MEME (http:/ /meme-suite.org)
on 13 April 2022. Conserved domain analysis was conducted using MEME (http://meme-
suite.org) on 13 April 2022, with the number of motifs set at 15 and motif widths ranging
from 6 to 50 amino acids. TBtools v1.0 was used for the visualization of phylogenetic trees,
conserved domains, and gene structures. The 1500 bp regions upstream of each CICCT gene
were obtained from the genomic sequence for C. lanatus and analyzed with the PlantCARE
database (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/) on 18 April 2022
to identify cis-acting regulatory elements. GSDS 2.0 was used to visualize the results.

3. Results
3.1. CCT Gene Identification and Collinearity Analysis in Citrullus Lanatus

HMM searches and domain analyses identified a total of 29 predicted CCT genes
in Citrullus lanatus, as well as 40 in Arabidopsis, 26 in Lagenaria siceraria, and 51 in maize
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(Tables 1 and S2). These 29 putative CCT genes were designated CICCT1-CICCT29 accord-
ing to their chromosomal locations as determined using the Cucurbit Genomics Database.
These CICCT proteins ranged in size from 18.7 kDa (CICCT09) to 124.6 kDa (CICCT12) and
exhibited isoelectric points from 4.02 (CICCT15) to 10.13 (CICCT28) (Table 1). Sequence
analyses indicated that these CICCT proteins were between 158 amino acids (CICCT09) and
1115 amino acids (CICCT12) long. Predictive analyses of their subcellular localization sug-
gested that 22, 5, and 2 CICCT proteins, respectively, localize to the nucleus, chloroplasts,
and cytosol (Table 1). CCT family members may thus play distinct functional roles in these
different intracellular compartments.

Table 1. The information of CCT family members identified from Citrullus lanatus genome.

Gene Name Gene ID PL (aa) MW (kDa) Pi SCLpred
CICCT01 Cla97C01G000070 701 77.6 7.22 nucl
CICCTO02 Cla97C01G000500 282 32.0 5.13 nucl
CIcCro03 Cla97C01G002570 330 37.1 5.25 nucl
CICCT04 Cla97C02G029560 407 44.4 519 nucl
CICCT05 Cla97C02G035020 409 45.2 6.38 nucl
CICCTO6 Cla97C02G036700 417 45.5 5.01 nucl
CICCT07 Cla97C02G044440 263 30.4 6.25 nucl
CICCTO08 Cla97C02G046550 163 19.6 9.46 chlo
CICCT09 Cla97C03G051160 158 18.7 9.07 nucl
CICCT10 Cla97C03G052770 257 28.4 7.01 nucl
CICCT11 Cla97C04G075410 779 85.2 8.01 chlo
CICCT12 Cla97C04G079000 1115 124.6 6.99 chlo
CICCT13 Cla97C05G091170 286 324 4.61 cyto
CICCT14 Cla97C05G104580 400 449 5.44 nucl
CICCT15 Cla97C06G117020 415 45.2 4.02 nucl
CICCT16 Cla97C06G122380 375 40.9 6.13 chlo
CiCCT17 Cla97C06G124360 366 42.6 494 nucl
CICCT18 Cla97C07G142260 492 54.8 5.99 nucl
CICCT19 Cla97C07G143190 356 40.4 5.03 nucl
CICCT20 Cla97C08G148200 353 40.1 7.62 nucl
CicCT21 Cla97C08G154610 358 38.9 473 nucl
CICCT22 Cla97C08G154620 296 32.0 6.76 nucl
CICCT23 Cla97C08G157330 337 37.0 6.31 cyto
CICCT24 Cla97C09G163710 303 33.9 6.88 nucl
CICCT25 Cla97C09G177940 307 33.0 4.63 nucl
CICCT26 Cla97C09G180960 283 32.7 8.59 nucl
CicCT27 Cla97C09G184140 261 30.1 6.58 nucl
CICCT28 Cla97C11G217740 422 47.1 10.13 nucl
CICCT29 Cla97C11G218170 321 35.6 7.46 chlo

These 29 CICCT genes were found to be distributed across the 10 chromosomes of
Citrullus lanatus, with none being present on chromosome 10 (Figure S1). In contrast,
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five CICCT genes were encoded on chromosome 2, while four were encoded on each of
chromosomes 8 and 9. Additionally, chromosomes 1 and 6 each encoded three CICCT
genes, whereas two were present on chromosomes 3, 4, 5, and 11. Tandem duplication and
segmental duplication events frequently shape gene family evolution and expansion. Only
a single tandem duplication cluster (CICCT21 and CICCT22) was evident on the same region
of chromosome 8 as a pair of tandem repeat genes (Figure S1). Five pairs of duplicated
segments (CICCT02/CICCT13, CICCT08/CICCT10, CICCT14/CICCT17, CICCT14/CICCT20,
and CICCT07/CICCT27) were also observed (Figure 1). Segmental duplication events
thus appear to be more important than tandem duplication events for the expansion of
the watermelon CICCT gene family. Selection pressure for these segmental gene pairs
was assessed based on the Ka/Ks ratios, revealing that these ratio values were less than
1 for each of these pairs, such that these CICCT genes may primarily have been located
under purifying selection. The Ka/Ks values for CICCT21/CICCT22 were also greater
than 1, suggesting their evolution having taken place primarily via positive selection. The
divergence times of these genes were also estimated, with Ks values for these CICCT genes
ranging from 0.58 to 1.24 (~19.35 to 41.41 Myr) (Table S3). Genomic synteny between
the CCT genes of different species, including Citrullus lanatus, A. thaliana (dicot), O. sativa
(monocot), Zea mays L. (monocot), and Lsiceraria (dicot) were also conducted to better
elucidate their evolutionary relationships. Only a single syntenic gene pair was observed
between Citrullus lanatus (dicot) and A. thaliana (dicot), as compared to 27 between Citrullus
lanatus and Lsiceraria (dicot) (Table S4 and Figure S2), 2 between Citrullus lanatus (dicot)
and Zea mays L. (monocot), none between Citrullus lanatus (dicot) and O. sativa (monocot)
(Table S4 and Figure S3), 33 between O. sativa (monocot) and Zea mays L. (monocot), and 1
between O. sativa (monocot) and Zea mays L. (monocot) (Table S4 and Figure S4). Of these
orthologous pairs, CICCT15 exhibited orthologs in A. thaliana, Zea mays L., and Lsiceraria,
suggesting that it may have played key roles in the growth and evolution of these plants.

C.h(\" Chr]
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Figure 1. Collinearity analysis of CICCT genes. Red lines: segmentally duplicated gene pairs; gray
lines: connect syntenic blocks in the genome.
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3.2. Gene Structure, Conserved Motif, and Conserved Domain Analyses of CICCTs

CICCT protein sequence alignment results revealed a high degree of conservation
among these various proteins in Citrullus lanatus. Figure S5 presents the logos and locations
of these CICCT protein domains. The phylogenetic relationships among these CICCT
members and their potential functional divergence were next explored, revealing the
successful classification of these members into 8 groups in a phylogenetic tree constructed
based on the protein sequences for the 29 CCT domains from these CICCTs (Figure 2A).
To better characterize CICCT gene family conservation and diversification, the conserved
protein motifs encoded by these genes and their associated exon-intron structures were
analyzed. In total, 29 CICCT protein sequences were used to conduct conserved domain
analyses (Figures 2B,C and 3). This led to the identification of 10 conserved motifs, with
nearly identical conserved motifs within each of these subgroups. Those subgroups within
the same group likely share conserved domains and may, therefore, function similarly
(Figure 2B). The identified motifs were designated motif 1-motif 10 (Figure S6). Analyses of
their sequences revealed that motif 4 was associated with more sequences than the other
nine motifs. Motif 1 was present in all CICCT family members, and protein alignment
logos indicated that motif 1 was associated with the CCT domain, demonstrating the high
level of evolutionary conservation of this domain (Figures S5B and S6). Indeed, all CICCT
proteins were found to harbor conserved CCT domains. In addition, 11 of these CICCT
proteins were additionally found to harbor BBOX domains such that they were classified
in the COL subfamily, while 3 harbored both CCT and REC domains such that they were
classified in the PRR subfamily. Moreover, 15 CICCT family members harboring only a
CCT domain were classified into the CMF subfamily. Of these CICCT proteins, four in
the CMF subfamily (CICCT21, 22, 24, and 25) also contained the GATA and TIFY domains
(Figure S7). Notably, motifs 3 and 6 were only present among members of Group VIII in the
CMF subfamily containing TIFY and GATA domains. Motif 4 was only present in Group
VII proteins belonging to the PRR subfamily, suggesting that this motif may correspond to
the REC domain. These factors may be relevant to the functional divergence of CCT family
genes. Motif 2 was present in all members of Groups I, II, and IV belonging to the COL
subfamily, suggesting that it corresponds to a component of the BBOX domain. Motifs 9
and 10 were respectively only observed in Groups I and II (Figures 2B and S7). Groups
I, II, and IV may thus exhibit some degree of functional overlap while also exhibiting
some degree of functional diversity. These motifs can, therefore, be used for the effective
identification of different CICCT gene subsets that have undergone internal differentiation
throughout evolution, potentially culminating in functional differentiation.

Structural analyses of these 29 CICCT genes revealed considerable variability in terms
of their lengths and structural features. CICCT21 was found to harbor 9 introns, whereas
all identified members of groups II and IV exhibited a single intron and relatively simple,
similar structures. All other members of the CICCT family harbored 2-9 introns, with
most exhibiting consistent configurations in terms of their introns and exons within each
subgroup, suggesting the greater conservation of genes within the same subgroups such
that they may play similar biological roles (Figure 2C).
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Figure 2. Phylogenetic relationship, motifs, and gene structures of the CICCT genes. (A) Phylogenetic
tree. (B) Conserved motif. The colored boxes on the right denote 10 motifs. (C) Gene structure. The
brown boxes and black lines represent exon and intron, respectively. The Roman numerals (I-VIII)
indicate the structural groups.

3.3. Phylogenetic Analyses of Plant CCT Proteins

To explore the evolutionary relationships between watermelon CCT family members
and those of other representative plant species, a neighbor-joining phylogenetic tree was
constructed based on CCT-domain sequences. This tree incorporated 29 sequences from Cit-
rullus lanatus (dicot), 40 from Arabidopsis (dicot), 26 from Lagenaria siceraria (dicot), 51 from
maize (monocot), and 39 from rice (monocot) (Figure 3). The structures of these proteins
were also established based on their conserved domains (Table S1), revealing the clustering
of these 185 CCT proteins into four groups (A-D). All four groups were represented across
all five species, with no branches being uniquely associated with any particular species,
consistent with similar evolutionary patterns across species. Group A included 15 and
20 CCT proteins, respectively, belonging to the CMF and COL subfamilies, whereas Group
Cincluded 5 and 25 CCT proteins belonging to the CMF and COL subfamilies. Group B
included 24 CCT proteins, among which the majority were members of the COL subfamily,
while 5 and 2 were, respectively, members of the CMF and PRR subfamilies. Group D
included 62 CCT proteins across these five species that were members of the CMF subfamily,
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as well as 23 that were members of the PRR subfamily, except two AtCCT (AT2G24790),
(AT5G24930) and one OsCCT (OsCCT19) that were COL subfamily members (Figure 3).
These results indicated that CCT proteins emerged prior to the evolutionary divergence of
monocots and dicots, with orthologous protein diversification among these plant species
likely occurring following this split. Members of the CMF subfamily may have evolved
from the COL subfamily via the degradation of the BBOX domains. Moreover, the CICCT
genes were found to be highly homologous with those of Arabidopsis thaliana, bottle gourd,
maize, and rice, consistent with high levels of conservation of these genes across species.
The highest homology was evident when comparing these gene families in watermelons
and bottle gourds. The similar protein sequences of these CCT family members suggest
that they may play similar functional roles across these five species.
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Figure 3. Phylogenetic relationships among CCT genes in Citrullus lanatus, Arabidopsis, bottle gourd,
maize, and rice. The different colored circles indicate proteins of different subfamilies.

3.4. Cis-Acting Element Analyses of CICCT Genes

To more fully understand the processes that govern the expression of CICCT genes
and their associated functions, 70 total predicted cis-acting elements were located within
the 1.5 kb regions upstream of the translation start sites for these CICCT family mem-
bers using the PlantCARE database. In addition to the common promoter cis-acting
element, enhancer (CAAT-box) sequences, and core promoter elements, 17 additional
cis-responsive elements were identified in these 29 CICCT genes (Table S5, Figure 4).
Four of these cis-acting elements were related to light responsivity, including the G-Box,
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GT1-motif, Box 4, and TCT-motif elements. Additionally, eight stress-responsive elements
were identified, including the ARE (anaerobic stress), W box (wounding), WUN-motif
(wounding), WRE3 (wounding), O2-site (zein metabolism), LTR (cold), and MBS (drought)
elements. Four hormone-responsive elements were identified, including the AAGAA-motif
and ABRE sequences associated with ABA responses, as well as the TGACG-motif and
CGTCA-motif related to MeJ A responses. Of the analyzed CICCT genes, 90% were light-
responsive. Following light-responsive elements, AREs were the most commonly detected
cis-acting element among these watermelon genes, while MBS I elements were the least
common. Figure 4 and Table 54, respectively, present the identification of these cis-acting
elements and their predicted functions and positions. Together, these results suggest that
CICCT family genes may be responsive to changing light levels, hormone production, and
environmental conditions.
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Figure 4. Cis-acting elements in CICCT promoters. The distribution of 14 cis-acting elements in the
1500 bp upstream promoter is shown. The different types of cis-acting elements are represented by
different colors.

3.5. Characterization of CICCT Gene Responses to Multiple Stressors

Cis-acting element analyses of the promoters upstream of these CICCT genes sug-
gested their potential involvement in stress responses (Figure 4), and these genes have also
been reported to play various roles in resistance-related processes. As such, CICCT gene
expression patterns in response to various stressors were next examined. Following expo-
sure to cold stress, most of these genes did not exhibit any changes in expression (Figure 5).
However, CICCT17 expression was significantly reduced following 6 °C treatment for 24 h.
CICCT2, CICCT20, and CICCT28 were also slightly downregulated in response to cold
stress, while CICCT4 was slightly upregulated after being exposed to cold for 24 h. With
the exception of CICCT16, these genes tended to be expressed at relatively low levels under
cold stress and control conditions. The expression levels of subfamily III members were
not significantly altered, remaining at relatively low levels of expression (Figure 5). Certain
CICCT family members also exhibited responsivity to simulated drought stress. In general,



Agronomy 2025, 15, 232

11 of 20

the expression of genes in subfamilies I, II, and III tended to remain relatively limited
at baseline, with little change after drought induction (Figure 6). In contrast, subfamily
IV genes were expressed at relatively high levels both before and after induction. While
CICCT11, CICCT17, and CICCT23 were expressed at relatively high levels, inconsistencies
were observed among biological replicates, precluding further comparisons of these genes.
In addition, CICCT28 was significantly upregulated following drought induction for 8 days
relative to control plants. Following exposure to salt stress for 7 h, CICCT11, CICCT23, as
well as CICCT04 and CICCT28, which are members of subfamilies I and II, were significantly
reduced (Figure 7). In contrast, the expression levels of members of subfamilies III, IV, and
V were not significantly responsive to salt stress (Figure 7).
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| B cicetie | T ™Y
IR ciccTo4 100
B ciccTo2 ‘ 11 1 teo

CICCT20
CICCT11
CICCT09 40
CICCT12 20
[l ciccTos i
I ciccT24
CICCT29
cicerzr | I
CICCTO05
CICCTo3
ciccTot
B ciccTis
IR ciccT2s
] B ciccT14
e ciccri7

ciccT2s | IV

E [ cicetzs

SN 2N T G I e
S P 0

Figure 5. Expression levels analysis of CCT family in watermelon under 6 °C stress in watermelon
(tissue: Leaf). Subdivided into groups (labeled I-IV) based on the transcriptome data. Blue genes
indicate downregulated expression, while red genes indicate upregulated expression.
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Figure 6. Expression levels analysis of CCT family in watermelon under drought stress in watermelon
(Cultivar Crimson Sweet; tissue: Leaf; GEO: GSE144814). Subdivided into groups (labeled I-1V)
based on the transcriptome data. Blue genes indicate downregulated expression, while red genes
indicate upregulated expression.
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Figure 7. Expression levels analysis of CCT family in watermelon under salt stress in watermelon
(Cultivar Crimson Sweet; tissue: Leaf; GEO: GSE146087). Subdivided into groups (labeled I-V) based
on the transcriptome data. Blue genes indicate downregulated expression, while red genes indicate
upregulated expression.

3.6. Evaluation of CICCT Gene Responsivity to Hormone Signaling

In many studies, CCT family genes have been shown to play key roles in various
hormone signaling pathways. Here, the promoters of many CICCT genes were found to
harbor hormone-responsive cis-acting elements, with the ABA-responsive AAGAA motif
and ABREs being particularly common, along with the MeJA response-related CGTCA
and TGACG motifs (Figure 4). In light of these observations, CICCT gene responses to
treatment with ABA and MeJA were assessed via qPCR. The expression of all 29 of these
genes was observed in response to ABA stress conditions after 0, 2, and 12 h. While some
of these genes were upregulated significantly after 2 h (CICCT2, CICCT13, CICCT19), the
downregulation of CICCT2 and CICCT19 was evident at 12 h (Figure 8). This suggests
that these genes initially exhibit an upward expression trend followed by a downward
trend. Only CICCT13 expression levels rose continuously following ABA treatment for
12 h, peaking at levels four times higher than baseline. Conversely, the 6.7-fold inhibition
of CICCT7 expression was observed after ABA treatment for 2 h. After 12 h, this gene was
expressed at slightly higher levels while remaining expressed at about % of the control
conditions. No significant differences in CICCT17 or CICCT20 expression were evident after
ABA treatment for 2 h, whereas they were downregulated 12.5- and 2.5-fold, respectively,
relative to control plants at 12 h (Figure 8). The relative expression of other members of
this gene family was not altered significantly by hormone treatment, with their levels of
relative expression remaining less than 2-fold different from those of controls. Following
MeJA treatment for 2 h, no CICCT genes were significantly upregulated. After MeJA
treatment for 12 h, CICCT1, CICCT4, CICCTS, CICCT9, CICCT10, CICCT12, and CICCT29
were significantly upregulated, with an 8-fold increase being evident for CICCT8. CICCT?9,
CICCT10, CICCT12, and CICCT29 were initially downregulated before subsequently being
upregulated after MeJA treatment for 2 h (Figure 9). Conversely, CICCT13, CICCT17,
CICCT20, and CICCT28 expression was significantly suppressed following MeJA exposure
for 2 h, with this suppression remaining evident after 12 h, including an 18-fold reduction
in CICCT17 levels relative to baseline. CICCT14 and CICCT26 expression was significantly
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suppressed following MeJA treatment, whereas these expression levels recovered after 12 h.
Other genes, such as CICCT2, CICCT3, CICCT7, CICCT16, and CICCT19, in contrast, were
unaffected by MeJA (Figure 9).
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Figure 8. Expression analysis of CICCT genes under treatment of ABA hormones. The significant
differences between data were calculated using Student’s f test and indicated with an asterisk (*), p < 0.05.
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Figure 9. Expression analysis of CICCT genes under treatment of MeJA hormones. The significant
differences between data were calculated using Student’s f test and indicated with an asterisk (*), p < 0.05.

3.7. Analyses of CICCT Gene Responses to Photoperiod Prolongation

Certain CCT genes can regulate the timing of plant flowering. As many of the CCT
genes identified in this study harbored cis-acting elements associated with photorespon-
sivity and diurnal rhythms, their potential control over the timing of plant flowering was
explored by assessing their expression during the three-leaf stage under differing light
conditions. In total, the expression of 24 of 29 CICCT genes was examined under conditions
of photoperiod prolongation. As shown in Figure 10, a majority of these CCT genes were
responsive to photoperiod. The downregulation of CICCT3, CICCT7, CICCT18, CICCT?21,
CICCT22, CICCT25, CICCT28, and CICCT29 was observed during the day, whereas they
were upregulated at night, with peak expression at 4 h into the night cycle. Of these genes,
CICCTS, CICCT7, CICCT21, CICCT22, CICCT25, and CICCT28 are CMF subfamily mem-
bers, whereas CICCT18 and CICCT29 are COL subfamily members. Peak CICCT2, CICCT4,
CICCT6, CICCT9, CICCT10, and CICCT12 expression was evident during the night-to-day
transition, whereas their expression was inhibited during the daytime before recovering
at night. CICCT4 and CICCT6 are COL subfamily members, whereas CICCT2, CICCT?9,
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and CICCT10 are CMF subfamily members. Peak CICCT1, CICCTS8, CICCT11, CICCT13,
CICCT19, and CICCT23 expression was evident at 8 h into the day cycle. CICCT16, CICCT17,
and CICCT20, which are COL subfamily genes, reached peak levels of expression at 4 h into
the day cycle, whereas the lowest levels of CICCT17 expression were evident at 8 h, and
CICCT16 and CICCT20 levels fell to their lowest point at 12 h into the day cycle (Figure 10).
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Figure 10. Expression pattern of CICCT genes under long days condition. White and black bars
represent light and dark periods, respectively.

4. Discussion

Watermelon (Citrullus lanatus. L.) is an economically important member of the Cucur-
bitaceae family. Throughout the growth process, watermelon plants are often subjected
to abiotic stressors, with the flowering period being a particularly important stage of
development. Genes in the CCT family are involved in the regulation of both flower-
ing and abiotic stress responses, comprising a key family of transcription factors. Here,
29 watermelon CCT family genes were identified. These genes exhibited isoelectric points
from 4.02 to 10.13, and 24.1% were found to be alkaline (Table 1). Subcellular localization
analyses suggested the nuclear localization of 75.9% of these CCT family members, while
the next largest proportion was localized to chloroplasts, and just two exhibited predicted
cytosolic localization. Members of the CCT family may thus play distinct roles in different
compartments within cells (Table 1). This aligns well with prior reports pertaining to
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OsCCT, SiCCT, AetCCT, MtCCT, TaCCT, and PtrCCT family genes [2,32-36]. The num-
bers of these watermelon CCT genes within the three established subfamilies were in line
with those observed for Arabidopsis, bottle gourd, maize (Table 52) OsCCT genes [2], and
similar characteristics were observed for SiCCT, AetCCT, MtCCT, TaCCT, and PtrCCT
genes [32-36], with the CMF subfamily being the largest, followed by the COL and PRR
subfamilies (Figures 3 and S7) [2,32-36].

The functional differentiation of members of multi-gene families is commonly ob-
served over the course of evolution, including the loss or acquisition of specific conserved
domains [37]. Genes in the COL and CMF subfamilies may have been absent or lost during
the evolutionary or domestication processes [38]. The motifs, structural features, and
genetic architecture of these genes may be central to the functional differences among
members of these subfamilies (Figure 2), offering insight into the functional variability that
exists among gene subfamilies and the ability of plants to adapt to shifting environmental
conditions [39].

The three primary mechanisms that underlie gene family expansion include tandem
duplication, segmental duplication, and transposition [40]. Protein-coding gene duplica-
tion events may lead to the loss or retention of the original functions of these genes or the
emergence of novel functions [41]. During evolution, the replication of watermelon CCT
genes was observed in various chromosomes. As shown in Figure 2, for instance, replica-
tion events were evident for CICCT02/CICCT13, CICCT08/CICCT10, CICCT14/CICCT17,
CICCT14/CICCT20, and CICCT07/CICCT27 (Figure 1). These five pairs of duplicated genes
are all members of the same subfamily and are strongly evolutionarily related to one an-
other, in addition to exhibiting structural similarities. The Ka/Ks values for all of these
segmented repeat gene pairs were less than 1, indicating that net selection was the primary
process affecting these CICCT genes (Table S3). These gene replication events have thus
been subject to strong purifying selection during evolution, emphasizing the strong impact
that these constraints can have on the emergence of replication events. In line with the CCT
genes of other species, fragmental duplication events were most often observed, suggesting
that these events are important for CCT gene family development [2,37-40]. Collinearity
analyses of the CCT genes of watermelon and other species revealed the highest homology
between the watermelon and gourd gene families. CICCT15 homologs were detected in Ara-
bidopsis, maize, and Cucurbita, indicating a potentially key role for this gene in the growth
and evolution of plants. Linear relationships were observed for 27 CCT genes between
Citrullus lanatus and Lsiceraria (dicot) (Table S4 and Figure S2), as well as 33 between O.
sativa (monocot) and Zea mays L. (monocot) (Table S4 and Figure 54), suggesting that the
CCT gene family members in Citrullus lanatus and Lsiceraria, O. sativa (monocot), and Zea
mays L. are closely related. Linear relationships were observed for 2 CCT genes between C.
lanatus and Zea mays L., as well as no gene between C. lanatus (dicot) and O. sativa (monocot)
(Table S4 and Figure S3). Together, these results offer insights that can help guide future
studies of CCT family gene functions.

Members of the CCT gene family play an essential role in the control of flowering,
plant growth, grain yields, and stress responses [1]. Analyses of the cis-acting elements
present in the promoters of CCT family genes suggested their potential responsivity to
phytohormones, light, and environmental stressors (Figure 4, Table S5). Here, significant
changes in CICCT17, CICCT2, CICCT20, CICCT28, CICCT4, and CICCT16 expression were
observed in response to cold treatment (Figure 5). Cold-responsive elements were iden-
tified in the promoters of CICCT17 and CICCT28 (LTR; Figure 4), and these genes were
downregulated following cold exposure, with the changes being more pronounced than
those observed in other genes (Figure 5). When exposed to ABA, significant expression
changes were observed in CICCT2, CICCT13, CICCT19, CICCT7, CICCT17, and CICCT?20.
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Except for CICCT?2, all these genes contained ABA-responsive elements (ABRE) within their
promoters (Figure 4). Exposure to MeJA stress did not alter the expression levels of CICCT?2,
CICCT3, CICCT7, CICCT16, and CICCT19, while other genes showed varying response
patterns, with distinct response profiles among different family members (Figure 9). Al-
though cis-elements related to Me]A are present in the promoters of CICCT13 and CICCT19,
they are absent from those of other CCT genes that respond to MeJA. This suggests their
potential roles in plant cold resistance, salt stress, and hormonal stress. The presence of
cis-acting elements in the stress response patterns of certain CICCT genes does not fully
reflect the corresponding expression regulation. Similar phenomena have been observed
in other species. Overexpression of SICCT6 has been demonstrated to enhance drought
resistance in tomatoes through the enhancement of antioxidant enzyme activity and the
activation of stress-related genes [42]. In Arabidopsis, the CCT gene PRR7 can augment
tolerance to freezing conditions [43]. The apple MdBBX10 protein increases the salt and os-
motic stress resistance of Escherichia coli cells and participates in ROS and ABA-mediated
responses [44].

Low-temperature stress can damage plant cells, reduce chlorophyll levels, and de-
crease photosynthetic activity [45,46]. Salt stress impairs plant cell membrane permeability
and induces stomatal closure [47,48]. Drought stress leads to shortened meristematic tissues
and disrupts cell cycle mechanisms in plants [49,50]. CICCT17, CICCT4, and CICCT28, mem-
bers of the COL family, contain the B-box domain. The cysteine residues in this domain are
essential for the protein’s stress tolerance [44]. CICCT04’s expression levels significantly
changed in response to low temperature and salt (Figures 5 and 7), and the gene also
responded to MeJA (Figure 9). In Arabidopsis thaliana, At5¢48250 (BBX8) is closely related to
CICCT4 (Figure 3). In previous reports, the CRYPTOCHROME?2 (CRY2)-COP1-HY5-BBX7/8
module has been demonstrated to regulate the blue light-dependent cold acclimation of
Arabidopsis [51]. Additionally, CICCT17 was sensitive to changing temperatures and was
downregulated by 18-fold after MeJA treatment for 12 h (Figures 5 and 9). Previously,
MdBBX37, a member of the COL family, has been shown to regulate cold stress resistance
in apples, mediated by the plant hormone MeJA [52]. The expression pattern of CICCT17
was the exact opposite, indicating that CICCT17 may regulate watermelon’s sensitivity
to low temperature through the MeJA pathway. While CICCT28 was responsive to low
temperature, salt, and drought stresses, it did not respond to ABA treatment (Figures 5-8),
indicating that the ABA signaling pathway may not play a role in controlling CICCT28
expression in response to abiotic stressors. Research focused on the functional roles of
CICCT28 may, therefore offer value as a means of uncovering abiotic stress responses.
Strikingly, CICCT28 responds to MeJA treatment (Figure 9). These differing responses of
CCT family genes to particular stressors may be indicative of the functional differentiation
of members of this gene family. In addition, the same CCT genes may respond to abiotic
stressors through a range of pathways, establishing a complex regulatory network.

A majority of plant CCT genes are related to the control of photoperiodic flower-
ing, with their expression patterns being diurnal. In species such as Arabidopsis and rice,
the gene and protein expression levels of PRR family members display a clear circadian
rhythm [39,53,54]. The CCT motif of PRR is crucial for recognizing the circadian transcrip-
tion factors CCA and LHY [39,53,54]. Members of the PRR family, including AtPRR5/7/9
and OsPRR37, inhibit plant flowering under long-day conditions. These members are highly
expressed in the morning, demonstrating a clear circadian rhythm at the transcriptional
level [39,53,54]. CICCT1 and CICCT11, which belong to the watermelon PRR subfamily,
also exhibit significant circadian rhythms at the transcriptional level under long-day con-
ditions, peaking in the morning. The gene PRR5 (AT5G24470), which is closely related to
CICCT1, is also a clock-related gene [55]. CICCT1 and CICCT11 may share similar functions
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and mechanisms with AtPRR5/7/9 and OsPRR73, and they also inhibit flowering under
long-day conditions. ZmCCT10 and OsGhd7, both members of the CMF subfamily, function
as inhibitory factors in flowering responsive to photoperiod [14,56]. ZmCCT10 delays the
flowering phase of maize under long-day conditions by negatively modulating the maize
flowering hormone gene ZCNS§ [56]. Conversely, Ghd7 regulates Ehd1—a key factor in rice
flowering, thereby controlling the expression of anthocyanin genes and inhibiting flower-
ing under long-day conditions [14]. They both exhibit a diurnal rhythm with increased
expression in the morning and decreased expression in the evening. Other members of
the CMF subfamily, including CICCT13, CICCT2, and CICCTS, peak in the morning and
also exhibit a similar diurnal rhythm under long-day conditions (Figure 10), suggesting
that they may also inhibit flowering under these conditions. OsCOL4 and OsCOL10 also
delay the flowering phase of rice under long-day conditions by negatively modulating
Ehd1. CICCT19 and CICCT16, two members of the COL subfamily, reach peak expression
levels four hours into the day cycle, with expression levels 25 times or 8 times higher
than the baseline, respectively (Figure 10). It is speculated that CICCT19 and CICCT16
may delay the flowering phase of watermelon under long-day conditions. The CICCT25
homolog At4¢24470 (GATA25) of CICCT25 exhibits circadian rhythmicity [57]. The CICCT16
promoter region was found to harbor a cis-acting element involved in the regulation of
circadian rhythms, consistent with similar reports for its closely related gene At5¢57660
(COL5) in Arabidopsis [58]. The overexpression of AT1G25440 (BBX15), a gene closely related
to CICCT20 in Arabidopsis (Figure 7), results in late flowering [59]. These findings suggest
that these genes may function similarly in watermelon. Genes in the CCT family control
flowering and abiotic stress responses, highlighting the conservation of their functional
roles across species. In addition, functional diversification was also evident for CCT family
genes within species and among different members of this gene family.

Our research indicates that CICCT17, CICCT28, and CICCT4 may respond to various
abiotic stresses, presenting significant potential for watermelon breeding and genetic
engineering. The functional study of these genes can be highly beneficial. Additionally, the
transcription levels of most CICCT genes display rhythmicity under long-day conditions,
suggesting a role in photoperiod regulation or circadian clock genes. This offers the
possibility of developing early maturing or regionally adaptable watermelon varieties.
Furthermore, certain CCT genes may delay watermelon flowering, and extending the
growth period within a specific range could potentially result in larger fruits.

5. Conclusions

In this study, 29 watermelon CCT genes were identified and comprehensively analyzed
based on their physicochemical characteristics, gene structures, chromosomal localization,
cis-acting elements, and stressors. However, the role of cis-acting elements in stress re-
sponses and the diurnal expression patterns of certain CICCT genes do not fully reflect
the corresponding expression regulation. Key insights, such as the identification of mul-
tifunctional genes like CCT17, CICCT28, and CICCT4, as well as the understanding of
evolutionary relationships, are omitted. Our study provides valuable information and
identifies candidate genes for crop improvement programs. In the future, we will focus
on exploring how these genes may affect flowering and stress resilience under various
environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /agronomy15010232/s1, Table S1. Primer sequences used for
quantitative real-time PCR analysis. Table S2. Structures of the CCT proteins of Arabidopsis, bottle
gourd and maize. Table S3. The Ka/Ks ratios and divergence between paralogous CICCT gene
pairs. Table S4. CCTsynteny gene pairs between A. thaliana (dicot), O. sativa (monocot), Zea mays
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Figure S2. Collinearity analysis of CICCT genes between C. lanatus and A. thaliana/Lsiceraria. Figure S3.
Collinearity analysis of CICCT genes between C. lanatus and O. sativa/Zea mays L. Figure S4. Synteny
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