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Abstract: Tetratricopeptide repeat (TPR) proteins play numerous roles in plant growth and develop-
ment by mediating protein—protein interactions in biological systems by binding to peptide ligands.
Although genome-wide analyses of the TPR gene family in other species have been performed, its evo-
lution and function in Cucurbitaceae remain unclear. In this study, 144 TPR genes from 11 genomes of
eight Cucurbitaceae species with a heterogeneous distribution on the chromosomes were characterized.
Based on the homology between Cucurbitaceae and Arabidopsis, the TPR genes were divided into four
groups, and the evolutionary relationships of the Benincaceae and Cucurbitaceae tribes were also repre-
sented in a phylogenetic tree. Using the ‘DHL92’ genome as a reference, an integrated chromosome
map was obtained containing 34 loci, 4 of which were common to the Cucurbitaceae. Cis-regulatory
element analysis showed that these elements are essential for melon development and responses to
light, phytohormones, and various stresses. CmTPR tissue- and development-specific expression
analysis revealed differential expression patterns under normal growth conditions. Furthermore,
the CmTPR genes responded to various abiotic stressors. Overall, this study offers insights into the
evolutionary history of the TPR gene family in Cucurbitaceae and provides valuable information
for elucidating the potential role of CmTPR genes during development and under different stresses
in melon.
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1. Introduction

Cucurbitaceae account for 2.6% of the total global cultivated area of vegetable crops and
are among the most genetically diverse crops worldwide [1]. Cucurbits are one of the most
popular varieties of vegetables and fruits, and their production has increased annually in
recent years (http:/ /faostat.fao.org/, accessed on 26 June 2023) [2]. Cucurbit crops can be
naturally exposed to various abiotic and biotic stresses during their lifetime, such as salt,
high or low temperatures, and powdery mildew [3-5]. Many nucleotide-binding leucine-
rich repeat (NB-LRR) proteins belong to the TPR (tetratricopeptide repeat) gene family, a
class of genes containing conserved TPR motifs that are involved in many important life
activities and contribute to plant response to various environmental stresses [6-8].

During the long evolutionary process, higher plants have gradually developed de-
fense mechanisms to cope with these adversities, adjusting their gene expression through
signaling responses, morphology, structure, and physiological functions to adapt to the
complex and changing external environment. The TPR domain has 34 amino acid repeat
motifs in its structural domain and is thought to function as a mediator of protein—protein
interactions involved in cell cycle regulation, transcriptional repression, protein transport,
RNA synthesis, and stress response [9,10]. TPR-containing proteins might be required for
the specific recognition of RNA substrates and might also be part of multi-subunit protein
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complexes that could form a superhelical structure that serves as a scaffold to mediate
protein—protein interactions, giving the TPR protein the ability to adapt to and complement
regions of interactions with target proteins [11,12].

The TPR gene family is widely distributed in nature, and proteins containing a
conserved TPR motif have been found in microorganisms, plants, animals, and other
species [7,13,14]. TPR proteins were first discovered in yeast, and over 20,000 TPR proteins
have been identified to date [7,13]. Mutations in the TPR protein significantly affect the
infectious ability of Borrelia burgdorferi, suggesting that conserved TPR motifs are associated
with Borrelia burgdorferi virulence in microorganisms [15]. In animals, mutations in the TPR
gene family have been associated with the pathogenesis of various diseases, such as breast
cancer [16,17]. In plants, TPR proteins mediate protein—-chaperone-protein interactions and
participate in various environmental stresses and hormone signaling processes [18,19]. TPR
proteins promote transient interactions between proteins and related functional domains,
enabling them to perform key roles in different cellular processes, conferring adaptability or
tolerance to different environmental stress in plants; for example, TaTPR1 is able to respond
to adversities in wheat, such as low-temperature and high-salt stress [19]. Genome-wide
characterization of TPR genes has been widely performed in various plants, including
Arabidopsis, rice, and tomato [10,20]. Plant are often hampered in their growth and devel-
opment by various abiotic and biotic stresses [21,22]. AtCHIP contains three TPR repeats
that enhance plant temperature sensitivity and modulate membrane channel proteins in
response to temperature stress [18]. The NCA1 protein interacts with the CAT2 (Cata-
lase 2) protein via its TPR repeat sequence to maintain intracellular HyO, homeostasis
under abiotic stress conditions [23]. SPY-containing TPR repeats mediate gibberellin and
cytokinin signaling pathways, which are negative regulators of the GA (gibberellin) signal-
ing pathway [24]. TT1 positively regulates ABA-regulated (abscisic acid) stress responses
and increases plant sensitivity to salt and osmotic stresses [19]. Previous studies have
shown that the SITPR gene family is differentially expressed in different developmental
periods and tissues, that members of the SITPR gene family are capable of responding to a
wide range of biotic and abiotic stresses, and that the specific response mechanisms may
differ [20]. Silencing SITPR2 and SITPR4 using VIGs reduces the ability of silenced plants
to respond to biotic and abiotic stresses [20].

The genomes of several economically important species of cucurbit have been pub-
lished, including five Benincaseae tribes (Cucumis melo L., Cucumis sativus L., Citrullus
lanatus subsp., Lagenaria siceraria Standl., and Benincasa hispida Cogn.) and three Cucur-
biteae tribes (Cucurbita moschata Duchesne, Cucurbita maxima Duchesne, and Cucurbita pepo
Duchesne) [25-35]. Although the genome-wide characterization of TPR genes has been
performed in several species, the identification and functional analysis of this gene family
is still lacking in cucurbit crops. Based on the genome of cucurbit crops, using bioinfor-
matics to identify the number of TPR gene family members, and via the analysis of gene
structure, system evolution, gene collinearity, participation pathways, expression patterns,
combination of transcriptome and quantitative real-time PCR (qRT-PCR) assay was used
to examine the changes in the expression of each member under various environmental
stress. In conclusion, this study provides new insights into the evolutionary history of
the TPR gene family and points to a prospective subset of candidate genes for future TPR
functional analyses.

2. Materials and Methods
2.1. Plant Materials and Treatment

The plant material used in this study was the melon cultivar “Yangjiaomi’, which
was grown in an artificial climate chamber in Liaocheng university with a photoperiod
of 16 h/8 h and day/night temperatures of 26 °C/23 °C. After the seedlings grew three
leaves, melon plants with uniform growth were chosen for salt stress, chilling stress, and
high-temperature-high-humidity (HTH) stress, respectively. According to the settings of
previous studies, salt stress was performed using 300 mM NaCl for 2, 4, and 6 d (days),
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low-temperature stress was performed at 4 °C for 6 and 12 h (hours), and HTH stress (day
and night temperatures of 45 °C/35 °C, soil humidity of 100%, and humidity of 90%) was
performed for 1 and 2 d [36-44]. Ten melon plants each of the control and treatment melons
were collected to quantify the relative expression of CmTPR gene family members. Three
biological replicates were performed for each treatment group.

2.2. Identification of TPRs and Their Biochemical Characterization

Based on the recently published genome-wide characterization of TPR genes in Cucur-
bitaceae species, 144 TPR proteins were obtained from eight Cucurbitaceae species [20,36,37].
Utilizing the native Blast program with the e-value set to 1.0 x 105, these protein sequences
were used as queries to obtain predicted protein files for C. melo, C. sativus, C. lanatus, L.
siceraria, C. moschata, C. maxima, C. pepo, and B. hispida from the Cucurbit Genome Database
(http://cucurbitgenomics.org/, accessed on 30 July 2023), and this method was used in
previous research, such as with the CmTCS gene family, CIOMT gene family, and SITPR
gene family [27]. The TPR protein sequences were analyzed using the online domain tool
CDD (https:/ /www.ncbinlm.nih.gov/Structure /cdd /wrpsb.cgi, accessed on 3 August
2023), and a TPR gene was confirm if it contained at least one conserved TPR sequence.
Using the ExPASy proteomics server online tool (http://expasy.org, accessed on 13 August
2023) under standard mode, basic information (such as the number of amino acids, molecu-
lar weight, instability index, aliphatic index, GRAVY) of the TPR genes was obtained from
the cucurbit crops.

2.3. Phylogenetic Relationship, Exon/Intron Structure, and Protein Motif

To investigate the phylogenetic relationships of TPR proteins between Cucurbitaceae
and Arabidopsis, TPR protein sequences from Arabidopsis and Cucurbitaceae were aligned
and analyzed using the neighbor-joining (NJ) method with MEGA-X and a bootstrap test
with 1000 iterations [38]. We further divided the TPR genes into subfamilies based on
the homology between the Cucurbitaceae species and Arabidopsis. The TBtools software
version 17763.0 was used to extract and visualize the exons and introns of the TPR gene
family from the genomes of Cucumis melo L. co. DHL92. The TPR protein motifs of
melon were predicted using the MEME (Multiple EM Motif Elicitation) online tool (https:
/ /meme-suite.org/meme/tools/meme, accessed on 3 August 2023), and the maximum
number of motifs was set as 5 under the default mode. Gene structures were synthesized
using the TBtools software with the ‘Gene Structure View (Advanced)’ module under the
default mode for visualization [37].

2.4. Chromosomal Location and Collinearity Analyses

Using the Mapchat software under the standard mode, the genome data for C. melo, C.
sativus, C. lanatus, L. siceraria, C. moschata, C. maxima, C. pepo, and B. hispida obtained from
the Cucurbitaceae genome website database (http://cucurbitgenomics.org/, accessed on
17 August 2023) and a previous study [27], we visualized the chromosomal distribution
of TPR genes. Using TBtools and MCScanX, we further analyzed the tandem duplication
events of the TPR gene family between the cucurbit species and C. melo with the e-value set
to 1.0 x 10719 [37,39]. Similarly, using TBtools with the MCScanX method, we investigated
the segmental duplication events and covariance of gene pairs in the different cucurbit
species with the e-value set to 1.0 x 10~10[37,39]. The standards for identification of tandem
duplicate genes were neighboring homologous genes located on the same chromosome
with only 1 gene inserted in the middle, or the length and similarity of two gene sequences
being >70% [4].

2.5. Promoter Cis-Regulatory Element and Gene Ontology Analysis

To gain further insight into the TPR gene family, we characterized the cis-promoter
regulatory elements of the TPR genes. We examined the sequences within 2000 bp upstream
of the ATG promoter and searched for these sequences in the Cucurbitaceae genome. The
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identification of cis-elements in promoters was performed using the PlantCARE online tool
(http:/ /bioinformatics.psb.ugent.be/webtools/plantcare, accessed on 9 November 2023)
under the default mode [40], and the statistical analysis and visualization of the identified
cis-acting elements in the promoters were performed using a heatmap in the R language.
Using the agriGo online tool (http://systemsbiology.cau.edu.cn/agriGOv2/, accessed on
3 August 2023) under the default mode, we used Fisher’s exact test as the statistical test
method, Go (Gene Ontology) terms were analyzed for TPR genes in C. melo, C. sativus, and
C. lanatus, and Go terms with a Q-value < 0.05 were considered overrepresented.

2.6. Expression Analysis of CmTPR Genes

Using a published RNA-seq dataset, the expression of CmTPR genes was examined in
different organs and developmental periods using an online website (https://melonet-db.
dna.affrc.go.jp/ap/top, accessed on 15 November 2023) [41]. Heatmaps were generated
to illustrate the spatiotemporal expression of callus, dry seeds, root, stem (downside and
upside), shoot apex, leaves (young and 6th—12th), tendril, flower (anther male, petal female,
and stigma female), ovary (0—4 DAF (days after flowering)), fruit flesh (8-50 DAF), and
fruit epicarp (8-50 DAF).

Using RNA-seq datasets published by Wang et al., Weng et al., and Diao et al., CmTPR
gene expression was analyzed under abiotic stress [42—44]. According to the methodology
of Cheng et al., the expression level of the gene transcript was obtained by analyzing the raw
transcriptome data uploaded to the NCBI database using the “Trimmomatic’, ‘Kallisto’, and
‘Trans Value Sum’ modules of the TBtools software [37]. All published RNA-seq data were
shown as heat maps plotted using the R package (Heatmap package). To experimentally
explore the expression profiles of the CmTPR genes under abiotic stress, and qRT-PCR was
then carried out. Total RNA was extracted with an RNA-extraction Kit (Vazyme, Nanjing,
China) and reverse transcribed into cDNA using a Vazyme Reverse Transcription Kit with
reference to the instruction manual. The real-time fluorescence quantitative PCR reaction
was performed using the Roche SYBR Green Master method. Relative expression was
calculated according to the 2-AACT method [45]. Differences between treatments were
tested by ANOVA (one-way analysis of variance), and a p-value < 0.05 was considered
statistically significant. Data were analyzed using the SPSS software Version 29.0 and
expressed as mean =+ SD (standard deviation) of three biological replicates. All primers
used for the qRT-PCR are listed in Table S1.

3. Results
3.1. Identification of TPR Genes in Cucurbitaceae

In total, 144 TPR proteins were identified in eight Cucurbitaceae species (C. melo, C. sativus,
C. lanatus, L. siceraria, C. moschata, C. maxima, C. pepo, and B. hispida) (Tables S2 and S3). We
used the genomes of eleven cucurbit crops to identify TPR genes, two of which were used
for melon (Cucumis melo L. cv. DHL92 (10) and Cucumis melo subsp. agrestis (10), as well as
two genomes of cucumber, Cucumis sativus L. cv. Gy14 (8) and Cucumis sativus L. var. sativus
var. 9930 (12); we also used two watermelon genomes, Citrullus lanatus subsp. vulgaris
cv. Charleston Gray (14) and Citrullus lanatus subsp. vulgaris cv. 97103 (18) (Table 1). The
remaining five genomes were Lagenaria siceraria var. USVL1VR-Ls, Cucurbita moschata var.
Rifu, Cucurbita maxima var. Rimu, Cucurbita pepo subsp. Pepo, and Benincasa hispida var. B227,
in which 10, 19, 17, 16, and 10 TPR genes were identified, respectively (Table 1). Compared
with similar TPR gene copy numbers in species of the Benincaseae tribe (C. melo, C. sativus,
C. lanatus, L. siceraria, and B. hispida), more homologous genes were found in the genomes
of the Cucurbitaceae tribe (C. moschata, C. maxima, C. pepo), respectively (Table 1). This may
be due to WGD (whole genome duplication), and duplicated sequences are a major factor
in genome size differences, which occurred only in the ancestors of Cucurbitaceae [33,34].
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Table 1. Baic information for TPR genes in Cucurbitaceae.

No. No. No. of Total

Species of of Amino Molecular Weight Theorletical Number of Initaé)ility Allipélaﬁc GRAVY
Genes Chr. Acids P Atoms ndex ndex

C“C“"S';I’fgg’ L.cv. 10 7 270-1388 30,756.79-153,512.86 4.24-8.76 4320-21,188 23.64-62.19 62.6-94.1 —0.755-0.148
C“”‘"’; :Z:Zl"s subsp. 44 8 281-1373 32,007.34-151,908.17 5.31-8.76 4500-20,967 27.2-50.84 62.87-94.1 —0.754-0.148
C”"”C’zis(f;’,tlii’”s L. 8 5 319-1383 34,813.22-152,300.88 4.79-8.76 4784-21,068 23.31-52.69 66.83-94.68 —0.68-0.11
Cucumis. sativus L.

var. sativus var. 12 7 281-1368 32,050.38-150,585.73 5.41-8.76 4499-20,818 23.31-50.92 64.42-92.32 —0.7-0.144

9930

Citrullus lanatus

subsp. vulgaris cv. 14 7 269-1435 29,612.28-157,680 4.8-8.74 4078-21,757 22.73-61.26 62.85-90.38 —0.687-0.186
Charleston Gray

Citrullus lanatus

subsp. vulgaris cv. 18 9 269-1358 29,612.28-152,201.83 4.8-8.59 4078-20,992 22.8-61.26 63.36-90.22 —0.687-0.195

97103

Lagenaria siceraria

vas USVLIVRLS 10 6 272-1384 29,403.12-151,284.88 4.63-8.95 4060-20,858 21.74-55.51 58.29-96.64 —0.68-0.015
C””’\’/’;’ﬁ” lg’}j?lfc’mt” 19 13 245-1376 27,266.81-151,323.17 4.62-9.19 3817-20,874 24.78-67.92 62.64-92.94 —0.667-0.11
C”“ggiit%’n”f’”” 17 11 198-1375 21,697.96-150,981.06 4.02-9.17 2965-20,841 22.02-56.92 63.8-88.25 —0.702-0.258

C:ﬁgg?*‘;f;fo 16 12 307-1372 32,914.14-150,709.35 4.89-9.3 4514-20,762 21.76-60.48 61.83-90.18 —0.687-0.272

Be”?;fsgzhziépid“ 10 8 253-1370 27,776.22-149,982.2 47-7.1 3847-20,668 22.72-60.66 63.77-91.71 —0.683-0.167

Due to a lack of specific annotations for TPR genes in Cucurbitaceae, we renamed
them based on their location on the chromosome (Table S4), which has been commonly
adopted in previous studies [46,47]. The distribution of TPR genes was uneven, with three
in chr.1, two in chr.11, and one for the other genes in C. melo cv. DHL92 (Figure S1). The
physicochemical properties of the TPR genes, such as the number of amino acids, molecular
weight, and theoretical PI, were analyzed; it was found that the number of amino acids and
the molecular weight showed similar ranges in the Cucurbit crops. The theoretical PI and
GRAY characteristics showed similar ranges in C. melo, C. sativus, C. lanatus, L. siceraria,
and B. hispida, whereas these characteristics showed greater ranges in the Cucurbitaceae (C.
moschata, C. maxima, and C. pepo) (Table 1 and Table S4).

3.2. Phylogenetic Divergence of TPR Genes in Cucurbitaceae

The evolution of the Benincaseae tribe over millions of years has led to the differentia-
tion of several species, including melons, watermelons, cucumbers, and bottle gourds. To
analyze the phylogenetic relationships of the TPR gene family in the Benincaseae tribe using
the TPR protein sequences of melon, cucumber, watermelon, bottle gourd, and wax gourd,
a phylogenetic tree was constructed following the NJ algorithm, in which the bootstrap
replicate value was set to 1000 (Figure S2). The results indicated that the 92 TPR genes from
the Benincaseae tribe were split into four groups. Group I comprised most TPR members,
with 47 TPR genes. Group II and III included 19 and 23 TPR genes, respectively. Group
IV contained the lowest number of three TPR genes (Figure S2). Interestingly, most branches
contained homologs from only a single species. Compared to homologs from melon and cu-
cumber, those from watermelon, bottle gourd, and wax gourd were preferentially clustered
together, concurring with previous studies [36].

WGD is an intrinsic factor that provides a rich base of genetic material for morpholog-
ical trait variation and synergistically contributes to the diversification of cucurbit species,
with multiple WGD events occurring in the ancestors of Cucurbitaceae [25]. Cucurbitaceae
evolved a branch containing nearly 80% of extant species after the WGD event, which
coincided with a brief climatic optimum in the middle Eocene, providing suitable envi-
ronmental conditions for species diversification [25]. A phylogenetic tree was constructed
using 19, 17, and 16 TPR protein sequences from C. moschata, C. maxima, and C. pepo, respec-
tively, and the results were divided into four groups (Figure S2). The four groups contained
26, 13,9, and 4 TPR proteins (Figure S2). Consistent with the Benincaseae tribe, Group I had
the most TPR gene members, and Group IV had the fewest TPR gene members. Notably,
most TPR proteins in the branches were from different genomes.
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To further analyze the phylogenetic relationship of the TPR gene family in cucurbit
crops, we used the identified 144 TPR in cucurbit crops and 36 TPR proteins in Arabidopsis
to construct an unrooted phylogenetic tree, which showed that all the TPR proteins were
divided into four groups, consistent with those in the Benincaseae and Cucurbitaceae tribes
(Figure 1). Group I included 99 TPR genes, group II contained 35 TPR genes, and group IV
contained the least number of TPR genes, with 5. Most members of the Benincaseae tribe
were clustered together, and the TPR proteins from watermelon, bottle gourd, and wax
gourd were clustered together on most branches, which is consistent with the evolutionary
relationship of the modern cucurbit genome [25,48]. In addition, most TPR members
from the tribe Cucurbitaceae gathered preferentially, suggesting that they originated from a
common ancestor [33].

Figure 1. Phylogenetic tree of TPR genes in Arabidopsis and Cucurbitaceae. An evolutionary tree
was constructed using the NJ method to further categorize TPR genes into four groups. Green dots
indicate bootstrap values, different colored lines represent different subfamilies, and different colored
letters indicate different species.

3.3. Collinearity Analysis of TPR Genes among Different Species

Plant genomes differ in the location and order of genes on their corresponding chro-
mosomes, and comparative analysis between species genomes can illustrate genome evolu-
tion [49]. Relationships between species can be investigated by identifying conserved genes
in pairs that exist between them [50]. To further understand the evolutionary relationships
of TPR genes across species, collinearity analysis was performed using melons from seven
other species. Seventy CmTPR genes in melon were linked to seven CsTPR genes and
seven CITPR genes in cucumber and watermelon, respectively (Figure 2 and Table S5).
Sixty percent of the CmTPR genes had collinear connections with six LsiTPR genes and six
BhiTPR genes in bottle gourd and wax gourd, respectively (Figure 2 and Table S5). More
TPR homologous genes were identified in the Cucurbitaceae tribes (C. moschata, C. maxima,
and C. pepo), and covariance analysis of melons with these species revealed that 80% of the
CmTPR genes were linked to 10 CrmoTPR genes (Figure 2 and Table S5). In total, 60% of
the CmTPR genes were collinearly linked to seven CmaTPR genes, and 50% CmTPR genes
were collinearly connected with six CpTPR genes (Figure 2 and Table S5). The results of the
collinear analysis were consistent with those of the phylogenetic tree analysis, where the
TPR genes with collinear relationships tended to be on similar branches in the phylogenetic
tree. Our results suggest that TPR genes are similarly characterized in different species,
and CmTPR genes are reliably identified in melon.
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Figure 2. Interspecific covariance analysis of melon ‘DHL92'and other Cucurbitaceae. From top
to bottom: C. sativus cv. 9930, C. lanatus cv. 97103, L. siceraria, C. moschata, C. maxima, C. pepo, and
B. hispida.

3.4. Construction of Integration Gene Map for TPR Genes

Similar to other gene families distributed on chromosomes, the distribution of TPR
genes in the present study was heterogeneous across chromosomes in the Cucurbitaceae
species, and some chromosomes did not contain TPR genes. The ancestral Cucurbitaceae
karyotype consists of 12 chromosomes that have evolved into the extant Cucurbitaceae
species genome through frequent hybridization and lineage-/species-specific genomic
recombination. To investigate the loci of TPR genes on chromosomes, we constructed an
integrated gene map containing 34 TPR loci using the melon chromosome as a reference
(Figure 3). Of these, only four loci were shared by all species, and the remaining loci were
present or absent in the genome (Figure 3). For instance, the first locus was shared by
all species on chr.1, and the second locus was shared by only three Cucurbitaceae species
on chr.1.

Chr.1 Chr.2 Chr.3 Chr.4 Chr.5 Chr.6 Chr.7 Chr.8 Chr.9 Chr.10  Chr.11 Chr.12
-0 o A
o B caem > u H e SEUR- |
% pa"TE| fE==3] gas=za N
E10
o=
F15
2o B Ratial -
2 e [ il | rim Re===EpS 1=, |
-] Bl gisct.
30 ’ R
d s
s L=t o
» C. melon cv.DHL92 m C. melon subsp. agrestis ® C. sativus cv. Gyl4 O C. sativus cv.9930 @ C. lanatus cv. Charleston Gray
m C. lanatus cv. 97103 W L. siceraria m  C. moschata @ C. maxima m C. pepo W B. hispida

Figure 3. Comprehensive map of TPR gene loci in Cucurbitaceae. All TPR genes were designated on
the 12 chromosomes of melon ‘DHL92’, represented by yellow circle. Other species were represented
using different colors in the squares.
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3.5. Phylogenetic Relationship, Gene Structure, and Motif Analysis in Melon

To better understand the structural diversity of TPR genes, we investigated the con-
served motifs and exon—intron structures of TPR genes in Cucurbitaceae. Five motifs were
identified, named motifs 1-5 (Figure 4). Of these, motif 4 was present in three CrnTPR genes
(CmTPR3/6/9), and motifs 1 and 2 were found in the remaining CmTPR genes (Figure 4).
Motif 3 was identified in only two CmTPR genes (CmTPR1/8) (Figure 4). In addition, the
exon—intron structure analysis provided an important basis for the evolution of gene family
members (Figure 4). The exon—intron structure of the genes suggested that the CrmTPR gene
family has 3-15 exons as well as different numbers of introns and that the CrnTPR genes
showed very close similarity in terms of the number of exons and the length of introns
on the same branch (Figure 4). The analyses of the other Cucurbitaceae species revealed
similar results, with members of the TPR gene family on the same branch showing very
close similarities in terms of the number of motifs and structure of exon-intron numbers.

Phylogenetic relationship Motif location Gene structure
62 CmTPRY W § ==t
100 CmTPR3 W t -8
49 CmTPR6 W g
93 CmTPR4 _EO } $
—E CmTPRIO WO { MR THTT t
CmTPR2 — EO FT WITTH Y
99 CmTPR7 an t TN S s ]
95 CmTPRS | | . c————
100 cmTPRS [H BE —— ¥
CmTPR1 [H BE ——— +

§ r T T T T T I3l
Okb 3kb 6kb 9kb 12kb 15kb 18kb
@ UTR CDS

I Motif 1 [ Motif 3 [ Motif' 5
[ Motif 2 [l Motif 4

Figure 4. Phylogenetic tree, motif, and gene structure analysis of CmTPR genes in melon. Motifs 1-5
were conservation motifs in the MEME structure diagram. Brown and yellow columns and black
lines represent UTR, CDS, and introns in the exon-intron structure diagram, respectively.

3.6. Analysis of Promoter Cis-Regulator Elements and GO Terms in Melon

Cis-regulator elements in promoters related to phytohormones and other factors can
elucidate the role of genes in plant development and environmental stress. To further
explore whether CimmTPR genes play a key role in multiple stress responses, we extracted
2 kb of the sequence upstream of the initiation codon (ATG) for the cis-regulator element
analysis. We identified twenty-eight cis-regulator elements from 10 CmTPR genes in the
promoter, of which nine were hormone-related cis-regulator elements, two were Auxin-
responsive elements (TGA-element and AuxRR-core), one was an ABA-responsive element
(ABRE), three were gibberellin-responsive elements (P-box, TATC-box, and GARE-motif),
two were MeJA (Methyl Jasmonate)-responsive elements (CGTCA-motif and TGACG-
motif), and one was an SA (salicylic acid)-responsive element (TCA-element). A further
18 environmental response cis-regulator elements were identified, of which the TC-rich
repeat was a defense- and stress-responsive element, MBS was a drought-responsive
element, LTR (low-temperature-responsive) was a low-temperature-responsive element,
and the others were light-responsive elements (Figure 5 and Figure S3). In addition,
anaerobic induction, circadian control, and meristem expression elements were detected
(Figure 5 and Table S6). To gain a full understanding of the TPR genes, overrepresented
gene ontology (GO) terms for the TPR genes were analyzed. A total of five GO terms
were found (Q-value < 0.05), including ‘Protein binding,” ‘Binding,” ‘Cellular protein
modification process,” ‘Protein modification process’, and ‘Macromolecule modification’
(Table S7). Our results suggest that the CmTPR gene family plays essential roles in plant
development and response to various environmental stresses.
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Figure 5. Cis-regulator element analysis of CrmTPR genes in melon. Cis-regulator elements were
identified in the promoter region of CmTPR gene. The gradient color from white to red and the
numbers in the grid indicate the number of different cis-regulator elements in CmTPR.

3.7. Tissue-Specific Expression of CmTPR Genes in Melon

To investigate the expression of CmTPR genes in different tissues and at different de-
velopmental periods in melons, the expression profile of the CmTPR genes was constructed
using the transcriptomic data published by Yano et al. [41]. We analyzed 10 CmTPR genes
in different tissues and at different developmental stages in melons, including seeds, roots,
leaves (young/6th/9th/12th leaves), flowers (anther male and petal/anther/stigma female
flowers), and fruit (fruit flesh and epicarp) (Figure 6). Three CmTPR genes (CmTPR1/4/8)
were highly expressed in calli, CmTPR3 and CmTPR9 were highly expressed in dry seeds,
and five CmTPR genes (CmTPR1/2/3/4/9) were highly expressed in the stem (bottom
and top) (Figure 6). Three CmTPR genes (CmTPR1/2/4) were highly expressed in young
leaves, whereas CmTPR3 and CmTPR9 were primarily expressed in fully expanded leaves
(Figure 6). In addition, CmTPR1/2/3/4/9 were highly abundant during the different periods
of fruit ripening (Figure 6). Similar phenomena were observed in flowers, revealing that the
development of different tissues may be related to the selective expression of CmTPR genes.
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Figure 6. Tissue and development expression profiles of CmTPR genes under normal growth condi-
tions. The expression abundance of the CmTPR gene was normalized to FPKM and shown as the
average of three biological repeat sequences.

3.8. CmTPR Genes Expression in Response to Multiple Stresses

To investigate the expression patterns of the CmTPR gene family under conditions of
multiple environmental stresses, we analyzed the expression levels of the CmTPR genes
in response to salt, HTH, and cold stress using RNA-seq data [42—44]. The transcriptome
data showed that CmTPR1/3/4/6 were highly expressed after salt stress, and CmTPR3/4
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had significant changes (Figure 7). Transcript abundance analysis of CmTPR1/3/4/6 in
melon seedling leaves was performed under salt stress using qRT-PCR, and the different
response profiles are shown in Figure 7. CmTPR3/4/6 expression progressively increased
and remained at relatively high levels after salt stress (Figure 7). Analysis of the RNA-seq
data revealed that CmTPR1/3/4/6 had equally high expression and significant changes in
tolerant and susceptible melons after HTH stress (Figure 7). Additionally, the qRT-PCR
results indicated that CmTPR3/4/6 expression was significantly increased under HTH stress.
In addition, the transcriptome analysis revealed a high transcript abundance of CmTPR3/6/9
under chilling stress (Figure 7). An increasing trend was detected for CmTPR3/6/9 by qRT-
PCR under chilling stress conditions (Figure 7).
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Figure 7. Expression profiles of CmTPR gene in melon under different abiotic stresses. (A) Heatmap
of CmTPR expression under normal growth conditions and salt (NaCl) stress. (B) Heatmap displaying
CmTPR expression in tolerant (‘JINDI") and sensitive (‘Jintailang’) varieties under HTH (high tem-
perature and humidity) stress. (C) Heatmap of CmTPR expression under normal growth conditions
and chilling stress. (D) Expression profiles of representative CmTPR genes at 0, 2, 4, and 6 d (days)
after salt stress. (E) Expression profiles of representative CmTPR genes at 0, 1, and 2 d (days) after
HTH stress. (F) Expression profiles of representative CmTPR genes at 0, 3, and 6 h (hours) after
chilling stress. Different letters in the bar graph indicate significant differences in the expression of
representative CrnTPR between control and other time points at a significance level of 0.05.

4. Discussion

The TPR gene family containing conserved TPR structural motifs is widely involved
in biological processes such as the cell cycle, gene expression, protein translocation, RNA
shearing, transcriptional repression, and response to stress. TPR genes are widespread in
plants; for instance, 26 SITPR genes have been identified in tomatoes [20]. However, TPR
gene family members have not yet been identified in Cucurbitaceae. With the sequencing
of cucurbit crop genomes completed sequentially, we used bioinformatics to analyze the
genome of cucurbit crops. A total of 144 TPR genes were identified in eight cucurbit species
(C. melo, C. sativus, C. lanatus, L. siceraria, C. moschata, C. maxima, C. pepo, and B. hispida), and
they were widely and irregularly distributed on chromosomes [27-30,32-35,51]. A total
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of 10 CmTPR genes were identified in melon, and 8 and 12 CsTPR genes were found in
Cucumis sativus L. cv. Gy14 and Cucumis sativus L. var. sativus var. 9930, respectively. Totals
of 14 and 18 CITPR genes were identified in Citrullus lanatus subsp. vulgaris cv. Charleston
Gray and Citrullus lanatus subsp. vulgaris cv. 97103, respectively. Because the occurrence of
WGD, the number of TPR genes were different between cultivars of the same species [33,52].
Additionally, ten LsiTPR and ten BhiTPR genes were identified in L. siceraria and B. hispida,
respectively. In total, 19 CmoTPR, 17 CmaTPR, and 16 CpTPR genes were identified in the
Cucurbiteae tribe (C. moschata, C. maxima, and C. pepo). Taken together, the numbers of TPR
genes in the Cucurbiteae tribe were, on average, higher than those in the Benincaseae tribe,
which might be due to a WGD event during the origin of the genus Cucurbiteae tribe in
Cucurbitaceae [33,52].

Tandem duplication events play an important role in the expansion of gene family
members and in the conservation of the topology of the gene family [36]. The TPR genes
were divided into four groups in the phylogenetic tree, consistent with the evolutionary
analyses of the Cucurbiteae and Benincaseae tribes, with Group I consisting of the most
members, followed by Group II and Group IV with the fewest members. Based on the
scenario analysis of cucurbit species, melon diverged from cucumber at ~6.51 Mya (million
years ago), from watermelon at ~19.06 Mya, from cucurbits at ~36.13 Mya, from the
progenitor A of Cucurbita at ~30.75 Mya, and from the progenitor B of Cucurbita at
~26.28 Mya [33,52]. It is worth noting that among the members of the Cucurbiteae tribe, the
majority of the members of subgenome B, as opposed to subgenome A, usually congregate
with members of the Benincaseae tribe. Consistent with this evolutionary scenario, TPR
genes are more likely to cluster together in melons and cucumbers than their homologs in
other cucurbit species, which is consistent with the analysis of other gene families identified
in cucurbit species [36].

The number of genes in a species depends on the gene duplication events that occur
at irregular frequencies across subspecies [47]. Using melon chromosomes as a reference,
integrated gene mapping was performed based on gene covariance among cucurbit species.
Similar to previous studies, an integrated gene map with 34 loci was obtained, of which
4 were shared, and polymorphisms (present/absent) were observed at 30 loci [36]. In the
comprehensive gene map, members of Cucurbiteae tribe always appeared at the same locus,
and there were 10 loci with only TPR gene members from the Cucurbitaceae species. This
reflects the evolutionary relationships between TPR genes in Cucurbitaceae species.

Exon-intron structures can reflect evolutionary relationships within a gene family [53].
Introns are self-splicing reverse transcription elements that play key roles in shaping the
genomes of organisms [54]. Changes in gene structure and motifs are relatively reliable
parameters for assessing the evolution of a gene family [55]. CmTPR4/10 have longer
introns compared to the other CmTPR gene members, while CmTPR3/6/9 have shorter
introns. The same motif was described on a similar branch in the phylogenetic tree; for
example, motif 4 was observed in CmTPR3/6/9, which might be a motif unique to Group
I. And CmTPR1/8 contained motifs 1, 2, 3, and 5, whereas the motifs unique to group IV
might be motifs 3/5 (Figure 4). Phylogenetic analysis of the gene structure revealed that
CmTPR genes were structurally similar in the same branch, which is consistent with the
results of the analysis of other gene families [20,47,56].

GO term enrichment analysis can characterize the properties of genes and gene prod-
ucts; cis-regulatory elements are involved in the regulation of gene expression and play an
important role in the regulation of gene transcription initiation [40,57]. In this study, five
GO terms associated with processes such as transcriptional repression and protein transport
were identified in the cucurbit species. Chen et al. classified cis-regulatory elements into
eight categories related to plant development and hormones in melons and used this as
a basis for hypothesizing that CmCH3 genes perform their biological functions through
different signaling pathways [58]. A total of 28 cis-regulatory elements were identified
in the CmTPR gene promoter and were categorized into 12 different response groups
(Auxin-, ABA-, Gibberellin-, MeJA-, SA-, Defense and stress, drought, low temperature,
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light-responsive element, meristem expression, anaerobic induction, and circadian control)
(Figure 5). The expression pattern of the genes was mediated by cis-regulator elements that
have sites recognized and bound by transcription factors, and the cis-regulator elements
in CmTPR genes might have an important role in plant growth and response to stress.
Light-responsive elements were commonly shared by all the CmTPR genes, while other
cis-regulatory elements were also widely distributed in the promoters of the CrnTPR gene,
which again supported our phylogenetic view that CmTPR genes might be functionally
conserved /diversified.

Gene expression patterns are usually closely related to function, and tissue-specific
expression profiles of TPR genes may indicate functional diversity to a large extent. The
expression of SITPR2/4/12/14 showed a more pronounced change in different tissues, with
SITPR2 showing the highest expression in fruit flesh and the lowest expression in leaves [20].
We found that CmTPR1/2/4/9 were highly expressed in most tissues, CmTPR1/4 were highly
expressed in the callus, and the expression level of CmTPR1/2/3/4 was higher than that of
other genes in the root and stem (Figure 6). During leaf development, the expression of
CmTPR3 increased gradually and then leveled off, and CmTPR3/4 were highly expressed in
the flowers (Figure 6). During fruit ripening, CmTPR3 had a tendency to increase and then
decrease, and both CmTPR1/4 had a high expression (Figure 6). Cis-regulatory elements
associated with hormones such as auxin, gibberellin, and ethylene were identified in the
promoter. TPR genes have been demonstrated to play key roles in response to various
stress signaling pathways [59]. In Arabidopsis, AtSGT1b is required for the degradation of
the Aux/IAA protein, which is a TPR protein [60]. AtSPY (SPINDLY) is both a repressor
of GA responses and a positive regulator of cytokinin signaling, which may modulate
GA/cytokinin crosstalk during development [61]. GmTPR interacts with GmETRI-1 (an
important ethylene receptor in the soybean ethylene signaling pathway), suggesting that
GmTPR is a novel downstream component of the ethylene signaling pathway [62]. At-
NCA1, a TPR protein, mediates catalase activity and participates in multiple abiotic stress
responses [23]. The SITPR gene family responds to various abiotic stresses, and SITPR2/4 ex-
pression changes significantly under different abiotic stresses [20]. AtTPR15, which is more
closely related to CmTPR1, may be necessary to respond to NaCl stress [63]. In the present
study, we found that CmTPR genes might be differentially expressed in a stress-dependent
manner, with the transcript levels of CmTPR1/3/4/6 having high levels under salt stress
conditions, whereas only one gene (CmTPR3) showed sustained upregulation after salt
treatment. CmTPR1/3/4/6 showed high transcript levels after HTH stress, and CmTPR3/6
were significantly upregulated under HTH stress. AtTPR15, on the same branch as CmTPR3,
plays a key role in plant stress tolerance by targeting stress-induced ubiquitinated protein
aggregates for autophagic degradation [64]. Interestingly, CmTPR1/3/4/6 also showed high
transcript levels under cold stress conditions; CmTPR1/3/4 were significantly upregulated,
while CmTPR6/9 were significantly downregulated after cold stress. We hypothesized
that the CmTPR gene might play an important role in the response to abiotic stress in
melons, and further transgenic studies are needed to elucidate its biological function. We
identified and summarized the members of the TPR gene family in cucurbit crops and
analyzed the evolutionary relationships among them. Our results provide new insights
into the characterization of the TPR family and can also contribute to functional genomics
exploration for subsequent studies of TPR genes in Cucurbitaceae.

5. Conclusions

In this study, we comprehensively characterized the TPR gene family in Cucurbitaceae
and identified 144 TPR genes in eight species of Cucurbitaceae. Based on gene structural and
functional attributes, we further categorized the TPR genes into four distinct subfamilies,
which helped to elucidate the evolutionary history of the TPR gene family. Using the melon
genome as a reference, an integrated gene map containing thirty-four loci was obtained,
four of which were common to eight Cucurbitaceae species. The CmTPR gene family has
a highly similar exon—intron structure and motif composition within the same branch
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in the evolutionary tree, and the regulatory functions of different branches are specific
to the evolutionary tree. More importantly, CmTPR genes may also be involved in the
regulation of abiotic stresses, with CmTPR1/3/4/6/9 cross-responding to salt, HTH, and
cold stress. These results provide a valuable resource for a better understanding of the
biological role of TPR genes in melons as well as a theoretical basis for the study of TPR
genes in Cucurbitaceae.
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conserved domains in TPR proteins on local blast. Supplemental Table S3. Identification of conserved
domains in TPR proteins using the CDD tool. Supplemental Table S4. Numbers and characteristic
properties of TPR genes in Cucurbitaceae. Supplemental Table S5. Synteny analysis of TPR genes
between melon and other Cucurbitaceae. Supplemental Table S6. Identification of cis-regulatory
elements in the promoters of CmTPR genes. Supplemental Table S7. Complete list of overrepresented
gene ontology (GO) terms for TPR genes. Supplemental Figure S1. Distribution of TPR genes on the
chromosomes of various species of Cucurbitaceae. The scale indicates megabases (Mb). Supplemental
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