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Abstract
Background Type-B response regulator (ARR-B) genes act as positive regulators of cytokinin signal
transduction and exert essential functions in plant growth, development, and abiotic stress tolerance.
Nevertheless, systematic genome-wide identification and functional characterization of the ARR-B gene
family have not been comprehensively performed in watermelon, an economically important crop
vulnerable to diverse abiotic stresses.

Results In this study, a total of 10 ARR-B family genes were identified from the watermelon reference
genome, and their physicochemical properties, gene structures, conserved cis-elements, tissue
expression patterns and abiotic stress response characteristics were systematically analyzed using
bioinformatics approaches. Subcellular localization prediction showed that nine ClARR-B proteins were
localized in the nucleus, while only ClARR-B4 was distributed in the cytoplasm. Chromosome mapping
revealed that ClARR-B genes were unevenly distributed on watermelon chromosomes, with five members
located on chromosome 6, accounting for the largest number of family members. Multiple cis-acting
elements related to growth and development, hormone response, biotic and abiotic stresses were
identified in the promoter regions of ClARR-B genes. The qRT-PCR results indicated that ClARR-B1 and
ClARR-B2 were highly expressed in watermelon roots, stems, leaves, flowers and fruits, suggesting their
critical roles in the growth and development of major watermelon organs. Compared with the control,
ClARR-B4, ClARR-B7 and ClARR-B9 were markedly upregulated under drought stress, while ClARR-B2 and
ClARR-B6 displayed the strongest upregulation under salt stress. ClARR-B4 was the most significantly
induced by cold stress. Collectively, ClARR-B4 is involved in the responses of watermelon to drought and
cold stresses, laying a solid basis for subsequent studies on abiotic stress tolerance.

Conclusion A total of ten ARR-B transcription factor family members were identified in watermelon,
which are extensively involved in watermelon growth, development and abiotic stress response. This
study provides a theoretical basis for further exploring the molecular functions of the ARR-B gene family
in watermelon development and stress resistance.

Introduction
As an annual trailing herbaceous crop in the Cucurbitaceae family, watermelon (Citrullus lanatus) is rich
in vitamins, citrulline and lycopene. It is widely consumed worldwide as fresh fruit and processed
products, including juice, confectionery and sauces. However, watermelon is frequently exposed to
various adverse conditions, including salt, drought, cold, heat, and pathogen stresses, which severely
restrict its yield and quality [1, 2]. Transcription factors serve as core molecular switches governing gene
expression, thereby playing essential roles in plant abiotic stress adaptation [3]. Multiple transcription
factor families, including C2H2-ZFP, HD-ZIP, WRKY, and B-Box Zinc Finger, have been functionally
characterized in watermelon. These regulatory proteins positively modulate plant stress acclimation,
thereby orchestrating vegetative growth, developmental progression, and yield stability under
unfavorable environmental conditions [4–7]. Authentic Response Regulator (ARR) genes are key
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components of the histidine-aspartate (His-Asp) phosphorylation signal transduction pathway prevalent
in prokaryotes and plants [8–10]. This phosphorelay system is particularly essential in plants, which
transmits signals from the cell periphery to the nucleus to regulate a variety of growth and
developmental processes [11–13]. ARRs in plants are mainly divided into three categories: type-A, type-B
and pseudo-type, each with unique structural characteristics and functional patterns[11, 14]. In
Arabidopsis thaliana, the transcription of type-A ARR genes can be rapidly induced by cytokinins. They
mainly act as negative regulators in cytokinin signal transduction and fine-tune signal intensity by
forming negative feedback loops [14–15].Type-B ARRs serve as positive regulators in plant cytokinin
signal transduction and play vital roles in plant growth and development [16]. Type-B ARRs contain two
conserved domains: a receiver domain involved in phosphorylation, and a large C-terminal extension that
harbors a GARP (G2-like, ARR, Psr1) motif with Myb-like DNA-binding properties. The receiver domain
undergoes phosphorylation modification and harbors a conserved REC domain that governs the
transcriptional activation of cytokinin-responsive genes [17]. Although the C-terminal sequences of type-
B ARR members exhibit substantial structural variability, all isoforms retain a conserved 60-amino-acid
segment that shares high sequence homology with the mammalian Myb repeat domain, which is
essential for the sequence-specific DNA binding and transcriptional activation of target genes involved in
the cytokinin response [18–20]. In Arabidopsis thaliana, type-B ARRs are divided into three subfamilies
based on phylogenetic analysis. Subfamily 1 comprises seven members, while Subfamilies 2 and 3 each
contain two members. These subfamily members exert distinct yet complementary functions in
cytokinin responses, with members of Subfamily 1 playing a predominant role [21]. Pseudo-type ARRs,
such as ARR15 to ARR17, lack the canonical N-terminal receiver domain, which indicates that they may
not participate directly in the phosphorelay pathway, yet could still regulate cytokinin signaling via
alternative mechanisms [22].

Plant hormones participate in the entire life cycle of watermelon and play vital roles. As positive
regulators of cytokinin signal transduction, ARR-Bs are involved in nearly all aspects of plant growth and
development, including cell division, light responses and bud initiation. Beyond cytokinin signal
transduction, ARR-Bs are also associated with sodium accumulation, root elongation, callus formation,
as well as tolerance to phosphate stress and cold stress. Meanwhile, endogenous cytokinin levels are
closely linked to pleiotropic developmental changes [23–25]. To date, the ARR-B gene family has been
reported in numerous species, including rice [26], tomato [27], peach [28], and soybean [29]. However,
comprehensive research on the ARR-B transcription factor family in watermelon remains limited, and its
biological functions have not yet been elucidated.

In this study, we performed genome-wide bioinformatics analysis to identify the number of ARR-B genes
associated with growth and development in watermelon. We further characterized their physicochemical
properties, subcellular localization, phylogenetic relationships, chromosomal distribution, gene
structures and cis-acting elements in promoter regions. Additionally, the watermelon line G42 with stable
genetic traits was used to investigate tissue and stress-responsive expression patterns. This work aims
to provide a reference for further exploring the evolutionary characteristics and biological functions of
ARR-B genes.
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Results

Identification of the ARR-B genes in watermelon
ARR-B proteins contain two conserved domains (PF00072 and PF00249). In watermelon, 39 genes
harbor PF00072 and 260 genes possess PF00249, while only 10 members carry both conserved
domains simultaneously. These genes were designated ClARR-B1 to ClARR-B10 sequentially according to
their gene IDs (Table 1).

Physicochemical property analysis revealed that number of amino acids ranged from 331 (ClARR-B4) to
698 (ClARR-B10), and the protein isoelectric points varied from 5.30 (ClARR-B10) to 7.24 (ClARR-B9).
Subcellular localization prediction indicated that only ClARR-B4 was localized in the cytoplasm, whereas
all the other members were targeted to the nucleus (Table 1), which is consistent with the characteristics
of ARR-B genes as transcription factors.

Table 1
Prediction of physicochemical properties and subcellular localization of ClARR-B gene family members
Gene
names

Gene ID Chromosome Amino
acid
length

Isoelectric
point

Subcellular
localization

ClARR-
B1

Cla97C05G087920.1 Chr05 661 5.83 cell nucleus

ClARR-
B2

Cla97C06G114280.1 Chr06 664 5.81 cell nucleus

ClARR-
B3

Cla97C06G121390.1 Chr06 687 6.20 cell nucleus

ClARR-
B4

Cla97C06G122690.1 Chr06 331 6.09 cytoplasm

ClARR-
B5

Cla97C05G097440.1 Chr05 689 5.97 cell nucleus

ClARR-
B6

Cla97C08G161150.1 Chr08 584 5.42 cell nucleus

ClARR-
B7

Cla97C06G122670.1 Chr06 439 6.24 cell nucleus

ClARR-
B8

Cla97C01G006220.1 Chr01 609 6.02 cell nucleus

ClARR-
B9

Cla97C06G109970.1 Chr06 554 7.24 cell nucleus

ClARR-
B10

Cla97C11G210080.1 Chr11 698 5.30 cell nucleus
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Chromosomal location and gene structure of the ClARR-B Gene
Family
Chromosomal localization analysis showed that the ten members of the watermelon ClARR-B gene
family were unevenly distributed across five distinct chromosomes (Fig. 1). Chromosome 6 harbored the
largest number of members (five), while Chromosome 5 contained two members. Chromosomes 1, 8
and 11 each carried one ClARR-B gene, and no homologs were detected on the remaining
chromosomes. ClARR-B4 and ClARR-B7 were closely adjacent on Chromosome 6, suggesting that they
form a tandem duplication gene cluster.

As shown in Fig. 2, all ClARR-B genes contained introns with a relatively narrow range in number, varying
from 4 to 6. ClARR-B6 and ClARR-B8 had four introns. ClARR-B1, ClARR-B2, ClARR-B3, ClARR-B5 and
ClARR-B7 shared the same intron count of five. ClARR-B4, ClARR-B9 and ClARR-B10 possessed six
introns.

Green bars represent the five chromosomes with ClARR-B genes. The scale indicates the chromosome
length, and the blue lines indicate the position of each ClARR-B gene.

Exon-intron structure of ClARR-B genes. Yellow boxes and black lines represent exons and introns. The
scale indicates the gene length

Phylogenetic Analysis of the ClARR-B Gene Family
We retrieved ARR-B sequences from the databases of muskmelon, cucumber, wax gourd, bottle gourd,
Arabidopsis thaliana and wheat, and verified them via conserved domain analysis. A total of 7, 7, 7, 7, 14
and 25 ARR-B genes were identified from the above species, respectively. The amino acid sequences
encoded by these genes and the 10 ClARR-B genes were aligned using MUSCLE and Jalview, and a
phylogenetic tree was constructed with IQ-TREE.

As shown in Fig. 3, all ARR-B genes were clustered into three major clades: Class �, Class Ⅱ and Class Ⅲ.
Class Ⅲ was further divided into two subgroups, IIIA and IIIB. Among the 10 ClARR-B genes, one belonged
to Class � and another to Class Ⅱ. In Class �, ClARR-B8 shared the closest phylogenetic relationship with
AT1G68210.1. In Class Ⅱ, ClARR-B9 was closely related to three Arabidopsis genes, namely AT2G27070.1,
AT4G00760.1 and AT5G07210.1.

Five ClARR-B genes were assigned to Class IIIA. ClARR-B1 and ClARR-B2 showed the highest homology
with AT3G16857.2 and AT4G16110.1; ClARR-B6 was most closely related to AT1G67710.1; ClARR-B4 and
ClARR-B7 also fell into Class IIIA. The remaining three ClARR-B members belonged to Class IIIB. ClARR-
B5 had a close genetic relationship with AT2G25180.1 and AT4G31920.1, while ClARR-B3 and ClARR-B10
were grouped together within Class IIIB.

The phylogenetic tree is divided into four groups (Class �, Class Ⅱ, Class ⅢA and Class ⅢB)
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The background is shaded in purple, yellow, green,and blue for Class �, Class Ⅱ, Class ⅢA and Class ⅢB,
respectively

Analysis of conserved motifs of the ClARR-B gene family

The results of conserved motif analysis for the ClARR-B gene family are presented in Fig. 4. A total of ten
highly conserved motifs were identified, designated Motif 1 to Motif 10. Among them, Motif 1
corresponds to the PEC-typeB-ARR-like motifs and exists in all family members.

Motif 1, Motif 2, Motif 3, Motif 4 and Motif 5 were detected in all ten ClARR-B genes. This indicates that
the motifs of the ClARR-B gene family are highly conserved. In addition, ClARR-B genes within the same
subfamily with close phylogenetic relationships share highly conserved structural compositions and
motif distributions.

Distribution of conserved motifs in ClARR-B proteins. Different motifs are represented by numbered
colored boxes. The scale indicates the gene length

Analysis of cis-acting elements in the promoters of ClARR-B genes

Cis-acting elements play vital roles in the regulation of gene expression. Genes with analogous functions
usually possess similar regulatory elements in their promoter regions. To further explore the expression
and regulatory mechanisms of ClARR-B family genes, we extracted the 2000 bp genomic sequences
upstream of each ClARR-B member and predicted their cis-acting elements using the PlantCARE
database.

As shown in Fig. 5, a total of 32 distinct cis-acting elements were identified. Four major categories were
detected in nearly all ClARR-B promoters: core promoter elements, elements associated with abiotic
stress responses, hormone responses, and plant growth and development.

Stress-related elements included light-responsive elements, anaerobic induction elements, defense and
stress-responsive elements, low-temperature-responsive elements and wound-responsive elements.
Most ClARR-B promoters harbored hormone-related cis-elements, such as those responding to methyl
jasmonate (MeJA), gibberellin, salicylic acid, abscisic acid and auxin. Additionally, multiple elements
linked to growth and development were found, including motifs related to seed storage protein
metabolism, meristem-specific expression and endosperm expression.

Collectively, the ClARR-B gene family in watermelon is likely involved in the regulation of diverse abiotic
stress responses, hormone signaling, as well as plant growth and development.

Distribution of conserved promoter cis-elements in ClARR-B promoters. Different motifs are represented
by numbered colored boxes. The scale indicates the promoter length

Secondary and Tertiary Structures of ClARR-B Proteins
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The secondary structures of watermelon ClARR-B proteins are mainly composed of α-helix, extended
strand, β-turn and random coil. Random coils and α-helices constitute the major structural frameworks,
while β-sheets account for the smallest proportion.

Homology modeling of tertiary structures revealed obvious differences in the proportion of structural
components among members from different subfamilies. Within Class IIIA, ClARR-B4 shared highly
similar structures with ClARR-B7, and so did ClARR-B1 and ClARR-B2. By contrast, ClARR-B3, ClARR-B5
and ClARR-B10 in Class IIIB exhibited substantial structural variations (Fig. 6).

ARR-B proteins clustered on the phylogenetic tree generally possess similar tertiary structures, indicating
structural and functional conservation. In contrast, proteins with divergent tertiary structures within the
same phylogenetic clade are undergoing evolutionary differentiation.

Significant structural differences were observed among ClARR-B proteins from distinct phylogenetic
subgroups

Tissue Expression Analysis of the ClARR-B Gene Family
To characterize the expression patterns of ClARR-B genes in watermelon, we performed quantitative
real-time PCR (qRT-PCR) to detect their transcript levels in five tissues of watermelon line G42, including
roots, stems, leaves, flowers and fruits. As shown in Fig. 7, the ClARR-B genes exhibited distinct
expression profiles across different tissues.

In roots, ClARR-B2 and ClARR-B6 were highly expressed, followed by ClARR-B1, ClARR-B3, ClARR-B5 and
ClARR-B10, while the remaining genes showed low expression. In stems, ClARR-B2 had the highest
expression level, with ClARR-B1, ClARR-B5 and ClARR-B6 showing moderate expression. In leaves, ClARR-
B1 was the most highly expressed, and ClARR-B2, ClARR-B5 and ClARR-B10 displayed comparable
expression levels with no obvious difference. In flowers, ClARR-B2 showed the maximum expression,
followed by ClARR-B1, ClARR-B3, ClARR-B5 and ClARR-B10; other genes were weakly expressed. In fruits,
ClARR-B1 had the highest transcript abundance, and ClARR-B2 and ClARR-B5 ranked second.

Overall, ClARR-B1 and ClARR-B2 shared similar expression patterns and maintained relatively high
expression in all tested tissues. The relative expression levels of ClARR-B4, ClARR-B7 and ClARR-B9 were
all lower than 1 across all tissues.

Expression levels of 10 ClARR-B genes in different tissues of watermelon cultivar G42. Relative
expression levels were quantified by qRT-PCR with ClActin as the internal reference, and calculated using
the 2−△△Ct method. Lowercase letters denote statistically significant differences (P < 0.05) among
different genes within the same tissue, as determined by one way ANOVA followed by Tukey's test. Data
are shown as mean ± SD (n = 3, biological replicates).
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Expression Patterns of the ClARR-B Gene Family under
Drought, Salt and Cold Stresses
To further elucidate the underlying responsive molecular mechanism of the ClARR-B gene family under
abiotic stresses, watermelon seedlings were treated with drought, salt, and cold stresses. Leaf samples
exhibiting apparent stress phenotypes were harvested, and qRT-PCR was applied to quantify the
expression levels of ClARR-B genes under distinct stress conditions. Fv/Fm is a vital physiological
parameter and core indicator evaluating photosynthetic capacity, which reflects the maximum
photochemical efficiency and potential maximal light conversion efficiency of photosystem II. For most
healthy plants, the Fv/Fm value maintains a stable high range of approximately 0.78–0.85, whereas
stress exposure triggers a decline in this value. Such reduction signifies inhibited PSII function and
decreased light energy conversion efficiency; accordingly, Fv/Fm serves as a reliable physiological
indicator for plant physiological health status. The chlorophyll fluorescence parameter Fv/Fm decreased
significantly in watermelon leaves under drought, salt, and cold stresses (Fig. 8). Specifically, Fv/Fm
dropped from roughly 0.79 to 0.65 under drought stress, from approximately 0.79 to 0.54 under salt
stress, and from around 0.79 to 0.08 under cold stress. These results demonstrated that all three abiotic
stresses exert adverse impacts on watermelon growth and development, and caused obvious damage to
watermelon seedlings. On this basis, the expression profiles of ClARR-B family genes were further
analyzed at the phenotypic stress stage (Fig. 9).

ClARR-B family genes exhibited distinct expression specificity under different stress conditions. Under
drought stress, ClARR-B8 was significantly downregulated compared with the control, whereas ClARR-
B1/2/3/4/5/6/7/9/10 were significantly upregulated, among which ClARR-B4, ClARR-B7, and ClARR-B9
showed the most prominent upregulation. Under salt stress, ClARR-B4, ClARR-B7, and ClARR-B9 displayed
no significant expression changes, while ClARR-B5 and ClARR-B8 were markedly downregulated, and
ClARR-B1/2/3/6/10 were significantly upregulated, with ClARR-B2 and ClARR-B6 presenting the highest
induction. Under low-temperature stress, the expression levels of ClARR-B7/8/9/10 remained unchanged,
ClARR-B5 and ClARR-B6 were significantly downregulated, and ClARR-B1/2/3/4 were significantly
upregulated, with ClARR-B4 showing the most substantial upregulation.

All three abiotic stresses markedly decreased the Fv/Fm values of watermelon leaves, indicating that the
photosynthetic function of seedlings was severely impaired

Expression patterns of 10 ClARR-B genes under drought, salt and cold stresses in watermelon. Relative
expression levels were determined by qRT-PCR using ClActin as an internal reference and calculated via
the 2−△△Ct method. Lowercase letters indicate statistically significant differences (P < 0.05) for the same
gene among different abiotic stresses, as determined by one way ANOVA followed by Tukey's test. Data
are presented as mean ± SD (n = 3, biological replicates)

Discussion
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The evolutionary trajectory of plant Type-B Authentic Response Regulators (ARR-B) exemplifies the
profound impact of gene duplication and subsequent adaptive evolution on the functional diversification
of signaling networks. Phylogenomic analyses confirm that ARR-B genes, which serve as positive
regulators in cytokinin signal transduction, originate from a common ancestral gene present in early land
plants [29, 30]. The substantial interspecific variation in ARR-B copy number is primarily driven by whole-
genome duplication (WGD) events, segmental duplications, and tandem amplifications, which provide
the raw genetic material for evolutionary innovation [30, 31]. Following these duplication events,
duplicated ARR-B copies undergo functional differentiation through mechanisms such as
subfunctionalization and neofunctionalization, allowing plants to adapt to diverse environmental
stresses and developmental requirements [32, 33]. This process is not merely a result of neutral drift but
is significantly shaped by adaptive evolution, where specific domains of the ARR-B proteins experience
positive selection to optimize cytokinin responses in lineage-specific contexts [34–35].

The ancestral origin of the ARR-B gene family is deeply rooted in the evolution of land plants. Type-B
ARRs are characterized by a conserved N-terminal receiver domain and a C-terminal GARP DNA-binding
motif, structures that are essential for their role in the two-component cytokinin signaling pathway [36–
37]. In the present study, only 10 ClARR-B genes containing both canonical conserved domains PF00072
and PF00249 were identified in watermelon, although 39 watermelon genes carry PF00072 and 260
genes possess PF00249 alone. Comparative genomic studies across diverse species, including Brassica
napus, tomato (Solanum lycopersicum), tea plant (Camellia sinensis), cucumber, muskmelon, wax gourd,
bottle gourd, Arabidopsis thaliana and wheat, reveal that while the core structural domains remain highly
conserved indicative of strong purifying selection, the overall family size varies significantly [27, 28, 34].
For instance, Brassica napus possesses 35 type-B ARR genes, an expansion attributed to its polyploid
nature and recent whole-genome duplication events [30]; tomato contains 12 SlARR-B genes; 14 in
Arabidopsis and 25 in wheat [27]. Watermelon owns 10 ClARR-B genes, slightly more than these four
cucurbit crops but far fewer than polyploid wheat. The identification of 69 GARP transcription factors in
tea plant, including the ARR-B subfamily, further underscores the widespread presence and
diversification of this ancestral lineage across angiosperms [35]. These findings support the hypothesis
that a single ancestral ARR-B gene existed prior to the divergence of major plant lineages, serving as the
foundation for subsequent radiations [37].

Gene duplication acts as the primary engine for generating copy number variation (CNV) in the ARR-B
family. Whole-genome duplication (WGD) and segmental duplication are identified as the main forces
driving the expansion of BnARRs in Brassica napus, where duplicated genes were retained and classified
into seven distinct phylogenetic groups [30]. Similarly, in apple (Malus × domestica), WGD events have
been shown to drive the evolution of gene families, providing duplicated copies that serve as material for
variation and potential new functions [34]. Tandem duplication, often mediated by short repeated
sequences through unequal sister-chromatid exchange, also contributes to the amplification of specific
gene clusters, offering potential material for adaptive evolution under environmental stress [31].
Consistently, our chromosomal location analysis found that ClARR-B4 and ClARR-B7 form a tandem
duplication cluster on watermelon Chromosome 6, directly proving tandem duplication contributes to

Page 10/28



watermelon ARR-B family expansion. In seashore paspalum (Paspalum vaginatum), 2,542 tandem
duplicated genes were identified, with many showing enrichment in stress-response pathways,
illustrating how local duplication events can rapidly expand gene repertoires relevant to adaptation [38].
The frequency of these duplication events varies across lineages, leading to the observed interspecific
differences in ARR-B family size [39–40]. Our phylogenetic tree clustered all tested ARR-Bs into Class �,
Class Ⅱ and Class Ⅲ (III A/IIIB), consistent with evolutionary grouping patterns in previously reported
species, further confirming conserved evolutionary topology of this gene family. Genes from the same
phylogenetic clade share highly conserved exon-intron compositions and protein motif arrangements in
watermelon, while clade-specific motifs lead to possible functional divergence among ClARR-B paralogs.

Following duplication, the fate of ARR-B copies is determined by a combination of neutral processes and
adaptive evolution. While many duplicates are lost due to nonfunctionalization, those that are retained
often undergo functional differentiation [41–42]. Subfunctionalization involves the partitioning of
ancestral functions, such as tissue-specific expression patterns or response to specific stimuli, between
duplicate copies [33, 43]. For example, in Arabidopsis thaliana, the histological expression domains of
duplicated genes show distinct patterns, indicating that differentiation in expression is a key mechanism
for maintaining duplicate copies [43]. In watermelon, divergent spatial expression across root, stem, leaf,
flower and fruit, as well as differential induction upon drought, salt and cold stresses among 10 ClARR-B
members, strongly supports subfunctionalization after gene duplication: ClARR-B1/2/3 were universally
upregulated under three stresses, whereas other genes displayed stress-type-specific upregulation or
repression. Neofunctionalization, where one copy acquires a novel function, is also evident. In the case
of the PICKLE gene family, a neofunctionalized duplicate, PICKLE RELATED 2, exhibits antagonistic
effects to the ancestral gene on the seed transcriptome and is under positive selection [33]. This
suggests that adaptive evolution plays a crucial role in shaping the functional landscape of duplicated
genes, allowing them to contribute to new biological processes. In addition, abundant hormone- and
stress-related cis-elements (ABRE, LTR, MBS, MeJA-responsive motifs etc.) were enriched in ClARR-B
promoter regions, which endow watermelon ARR-B duplicates with diversified regulatory responsiveness
to phytohormones and adverse environments during adaptive evolution. High-impact literature
elucidates that ARR-Bs do not function in isolation but operate within extensive transcriptional networks
that facilitate hormone cross-regulation and physiological resilience [44–45]. Under salt stress
conditions, ARR-B genes exhibit distinct upregulation patterns that are critical for maintaining ion
homeostasis. Recent studies demonstrate that specific ARR-B members, such as LpARR10 in perennial
ryegrass, are significantly induced by saline environments and confer tolerance by directly trans-
activating the expression of SOS1 and SOS3, which are essential for sodium exclusion [46]. This
mechanism establishes a direct molecular link between cytokinin signaling and the regulation of ion
transporters. Similarly, in tomato, SlARR-B1 and SlARR-B12 display differential root expression under salt
stress, contributing to early stress signal perception [26]. In Brassica napus, WGD-driven ARR-B
expansion leads to functional diversification and enhanced salt adaptability [28]. Consistent with these
findings, our study revealed that watermelon ClARR-B family members exhibit divergent salt-responsive
patterns. Specifically, ClARR-B1/2/3/6/10 were significantly induced under salt stress, while ClARR-B5/8
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were repressed, and ClARR-B4/7/9 remained stable, indicating functional differentiation of ClARR-B
paralogs in salt stress adaptation.

Regarding drought stress, ARR-B genes participate in sophisticated transcriptional networks that
intersect with abscisic acid (ABA) signaling pathways. Although primarily associated with cytokinin
responses, Arabidopsis ARR1, ARR10, and ARR12 form a core regulatory module that crosstalks with
multiple hormone signaling cascades, modulating stomatal movement and water balance under water
deficit [47–48]. The functional redundancy of ARR-Bs ensures the robustness of drought resistance
signaling pathways [44]. In agreement with these conserved functions, nearly all ClARR-B members in
watermelon were strongly up-regulated under drought treatment, except for the repressed ClARR-B8,
demonstrating that the ClARR-B family is extensively involved in drought stress regulation.

In response to low-temperature stress, ARR-B genes display specific expression dynamics that
contribute to plant cold acclimation. Melon CmRR6 responds actively to cold stress, implying the
conserved involvement of cucurbit ARR-Bs in cold signal transduction [47]. ARR-Bs are speculated to
modulate cold-responsive genes and interact with CBF signaling modules, representing a conserved
adaptive pathway across plant species [30]. In this study, watermelon ClARR-B1/2/3/4 were significantly
induced by cold stress, whereas ClARR-B5/6 were down-regulated, and other members showed no
obvious changes. These distinct responses further illustrate the subfunctionalization of duplicated
ClARR-B genes in cold stress regulation.

Beyond stress responsiveness, plant ARR-B genes are widely involved in tissue development and growth
regulation with diversified spatial expression patterns. In watermelon, ClARR-B members exhibited
tissue-specific expression in roots, stems, leaves, flowers, and fruits. Among them, ClARR-B1 and ClARR-
B2 were constitutively and highly expressed in all tested tissues, while several other members showed
extremely low transcript abundance, indicating that duplicated ClARR-B paralogs have undergone
expression differentiation to coordinate watermelon growth and development. Collectively, the multi-
stress response diversity and tissue-specific expression of watermelon ClARR-B genes confirm that gene
duplication and subsequent subfunctionalization endow the ARR-B family with dual roles in regulating
plant development and multi-abiotic stress tolerance, providing valuable candidate genes for improving
crop stress resistance.

Conclusion
This study identified 10 ClARR-B genes unevenly distributed across five chromosomes in the watermelon
genome. Phylogenetic analysis classified these genes into three major clades with two subgroups in
Class Ⅲ, and members within the same clade exhibited highly conserved gene structures, protein motifs,
and functional domains. Promoter cis-element analysis revealed that ClARR-B genes contain abundant
hormone- and stress-related regulatory elements, suggesting their potential roles in hormone signal
transduction and abiotic stress responses. Tissue expression analysis demonstrated that ClARR-B genes
display distinct tissue-specific expression patterns, among which ClARR-B1 and ClARR-B2 were
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constitutively highly expressed in all tested tissues. Furthermore, most ClARR-B members responded
differentially to drought, salt, and cold stresses. Notably, ClARR-B1, ClARR-B2, and ClARR-B3 were
consistently up-regulated under all three abiotic stress conditions, indicating that they serve as core
candidate genes for watermelon multi-stress tolerance. These results provide a comprehensive
understanding of the evolutionary characteristics and functional diversity of the watermelon ARR-B
family and offer valuable genetic resources for the molecular improvement of stress-resistant
watermelon varieties.

Materials and methods

Identification and physicochemical property prediction of
ClARR-B genes
The reference genome, protein sequences and annotation files of watermelon (Citrullus lanatus subsp.
vulgaris cv. 97103, version V2) were retrieved from the Cucurbit Genomics Database
(http://cucurbitgenomics.org/organism/21) [48]. Genomic resources including reference genome,
protein sequences, annotation information and documented ARR-B family members of Arabidopsis
thaliana L. were downloaded from the TAIR database (https://www.arabidopsis.org/index.jsp). Hidden
Markov model (HMM) profile corresponding to the conserved domain of ARR-B family was obtained
from the Pfam database (http://pfam.xfam.org/) [49].

To reliably identify ClARR-B candidates, HMM search against the watermelon protein dataset was
performed via the hmmer software using the downloaded ARR-B HMM profile [50]. Meanwhile, a BLAST
search was implemented against watermelon proteome with wheat ARR-B protein sequences as query
sequences. All candidate sequences retrieved from the above two strategies were subjected to
conserved domain verification via the NCBI Conserved Domain Database (CDD,
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and sequences harboring complete ARR-B
conserved domain were retained as final candidates [51]. The TBtools software was adopted to calculate
fundamental physicochemical parameters, including amino acid length, molecular weight and isoelectric
point of all identified ClARR-B proteins [52]. Subcellular localization of each ClARR-B member was further
predicted using the online tool Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) [53].

Chromosomal localization and gene structure analysis of
ClARR-B genes
Chromosome length information and physical positions of identified ClARR-B genes were downloaded
from the Cucurbit Genomics Database (http://cucurbitgenomics.org/), and chromosomal distribution
map of ClARR-B members was visualized using TBtools software. Genomic and CDS sequences of
watermelon ClARR-B genes were retrieved from CuGenDB. The exon-intron architecture was
characterized via GSDS 2.0 online server (http://gsds.gao-lab.org/) [54], and conserved protein motifs
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were predicted using the MEME suite (http://meme-suite.org/tools/meme) [55]. TBtools was finally
applied to integrate and visualize gene structure and conserved motif results simultaneously [56].

Phylogenetic relationship and promoter cis-element
analysis of ClARR-Bs
Amino acid sequences of ARR-B proteins from watermelon, melon, cucumber, bottle gourd, wax gourd,
Arabidopsis thaliana and wheat were obtained from CuGenDB (http://cucurbitgenomics.org/), TAIR
(https://www.arabidopsis.org/) and Ensembl Plants (https://plants.ensembl.org/index.html). Multiple
sequence alignment of all ARR-B protein sequences was conducted by MUSCLE
(http://www.drive5.com/muscle/), and raw alignment outputs were manually curated with Jalview
software (http://www.jalview.org/) [57]. The phylogenetic tree was constructed jointly based on MUSCLE-
aligned sequences using IQ-TREE with bootstrap values set at 1000 replicates [58]. Approximately 2000
bp upstream genomic sequences from the translation start site of each ClARR-B gene were extracted
from CuGenDB. Cis-acting regulatory elements within promoter regions were predicted by PlantCARE
database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [59], and the distribution and
abundance of predicted cis-elements were displayed via TBtools.

Prediction of secondary and tertiary structures of ClARR-B
proteins
The secondary structural features of ClARR-B proteins were predicted using the SOPMA online tool [60].
Homology-based three-dimensional structural modeling of each ClARR-B protein was performed on the
SWISS-MODEL platform (https://swissmodel.expasy.org/interactive#sequence) [61].

Tissue expression profiling of ClARR-B gene family
Different watermelon tissue samples were rapidly ground into fine powder with liquid nitrogen to avoid
RNA degradation. Total RNA was isolated following the manufacturer’s protocols of Huayueyang RNA
extraction kit(Beijing, China) under RNase-free conditions. RNA integrity and concentration were verified
by agarose gel electrophoresis and P200 + ultra-micro spectrophotometer (Plextech, USA). First-strand
cDNA was synthesized via two-step reverse transcription using Vazyme reverse transcription kit(Nanjing,
China). qRT-PCR primers spanning single intron for each ClARR-B gene were designed based on
sequence information from CuGenDB and NCBI-BLAST database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). ClActin was selected as the internal reference gene.
Quantitative real-time PCR was carried out on StepOnePlus™ Real-Time PCR System (Thermo Scientific,
USA) following the kit instructions, with three biological replicates and three technical replicates per
sample. The relative gene expression levels were calculated by the 2−△△Ct method.

Expression patterns of ClARR-B genes under drought, salt
and cold stresses
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The experiment was carried out in the Laboratory of Cucurbit Genomics and Molecular Breeding, College
of Horticulture, Henan Agricultural University. Watermelon seedlings of cultivar G42 with uniform robust
growth at the five-leaf-one-heart stage were cultivated in an artificial growth chamber under conditions
of 28°C, 16 h light/8 h dark, and 70% relative humidity, then subjected to three abiotic stress treatments:
drought stress (root irrigation with 500 mL 300 mmol/L mannitol solution), salt stress (root irrigation
with 500 mL 250 mmol/L NaCl solution), and cold stress (artificial growth chamber at 4°C, 16 h light/8 h
dark, 70% relative humidity). Seedlings were sampled after obvious phenotypic alterations (3 days for
drought, salt, and cold treatments separately). Three biological replicates were set for each sample.
Young leaf tissues were collected and quickly ground into fine powder in a liquid nitrogen-filled mortar;
All samples were ground thoroughly in liquid nitrogen to prevent RNA degradation. Total RNA of each
tissue sample was extracted following the protocols of the Huayueyang RNA Extraction Kit (Beijing), with
strict RNase-free operation throughout the extraction process. RNA integrity and quality were verified via
agarose gel electrophoresis and an ultra-micro spectrophotometer (P200+, Plextech, USA). First-strand
cDNA was synthesized from qualified RNA using a two-step reverse transcription procedure with the
Vazyme reverse transcription kit.
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Figures

Figure 1

Chromosomal positions of the ClARR-B gene family members

Green bars represent the five chromosomes with ClARR-B genes. The scale indicates the chromosome
length, and the blue lines indicate the position of each ClARR-B gene.
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Figure 2

Gene structures of the ClARR-B family members

Exon-intron structure of ClARR-B genes. Yellow boxes and black lines represent exons and introns. The
scale indicates the gene length
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Figure 3

Phylogenetic analysis of the ARR-B genes family members in watermelon, muskmelon, cucumber, wax
gourd, bottle gourd, Arabidopsis thaliana and wheat

The phylogenetic tree is divided into four groups (Class �, Class Ⅱ, Class ⅢA and Class ⅢB)

The background is shaded in purple, yellow, green,and blue for Class �, Class Ⅱ, Class ⅢA and Class ⅢB,
respectively
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Figure 4

Conserved motif analysis of the ClARR-B gene family members

Distribution of conserved motifs in ClARR-B proteins. Different motifs are represented by numbered
colored boxes. The scale indicates the gene length
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Figure 5

Cis-acting element analysis of the promoters of ClARR-B gene family members

Distribution of conserved promoter cis-elements in ClARR-B promoters. Different motifs are represented
by numbered colored boxes. The scale indicates the promoter length
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Figure 6

Predicted 3D structural models of the proteins encoded by ClARR-B gene family members

Significant structural differences were observed among ClARR-B proteins from distinct phylogenetic
subgroups
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Figure 7

Relative expression levels of the ClARR-B gene family members in different tissues

Expression levels of 10 ClARR-B genes in different tissues of watermelon cultivar G42. Relative
expression levels were quantified by qRT-PCR with ClActin as the internal reference, and calculated using
the 2-△△Ct method. Lowercase letters denote statistically significant differences (P < 0.05) among
different genes within the same tissue, as determined by one way ANOVA followed by Tukey's test. Data
are shown as mean ± SD (n = 3, biological replicates).
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Figure 8

Seedling phenotypes and chlorophyll fluorescence parameter Fv/Fm of watermelon under drought, salt
and cold stresses

All three abiotic stresses markedly decreased the Fv/Fm values of watermelon leaves, indicating that the
photosynthetic function of seedlings was severely impaired
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Figure 9

Relative expression levels of the ClARR-B gene family members in different abiotic stresses

Expression patterns of 10 ClARR-B genes under drought, salt and cold stresses in watermelon. Relative
expression levels were determined by qRT-PCR using ClActin as an internal reference and calculated via
the 2-△△Ct method. Lowercase letters indicate statistically significant differences (P < 0.05) for the same
gene among different abiotic stresses, as determined by one way ANOVA followed by Tukey's test. Data
are presented as mean ± SD (n = 3, biological replicates)
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