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actin-depolymerizing factor
family genes in melon (Cucumis
melo L.) and CmADF1 plays an
important role in low
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Actin depolymerizing factors (ADFs), as the important actin-binding proteins
(ABPs) with depolymerizing/severing actin filaments, play a critical role in plant
growth and development, and in response to biotic and abiotic stresses.
However, the information and function of the ADF family in melon remains
unclear. In this study, 9 melon ADF genes (CmADFs) were identified, distributed in
4 subfamilies, and located on 6 chromosomes respectively. Promoter analysis
revealed that the CmADFs contained a large number of cis-acting elements
related to hormones and stresses. The similarity of CmADFs with their
Arabidopsis homologue AtADFs in sequence, structure, important sites and
tissue expression confirmed that ADFs were conserved. Gene expression
analysis showed that CmADFs responded to low and high temperature
stresses, as well as ABA and SA signals. In particular, CmADF1 was significantly
up-regulated under above all stress and hormone treatments, indicating that
CmADF1 plays a key role in stress and hormone signaling responses, so CmADF1
was selected to further study the mechanism in plant tolerance low temperature.
Under low temperature, virus-induced gene silencing (VIGS) of CmADF1 in
oriental melon plants showed increased sensitivity to low temperature stress.
Consistently, the stable genetic overexpression of CmADF1 in Arabidopsis
improved their low temperature tolerance, possibly due to the role of CmADF1
in the depolymerization of actin filaments. Overall, our findings indicated that
CmADF genes, especially CmADF1, function in response to abiotic stresses
in melon.
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Introduction

Melon (Cucumis melo L.), originated from tropical zone, is a
worldwide fruit with high edible value and economic value, and is
sensitive to low temperature. Under the influence of the
environment and climate in the northern region, the oriental
melon cultivated in facilities in winter and spring is often affected
by low temperature, which seriously deteriorates their edible quality
and commercial value, and even no harvest (Zhang Y. P., et al,
2017). Low temperature has become an important limiting factor
for facility cultivation of oriental melon in winter and spring.

In the process of resisting unfavorable conditions, plants have
evolved strategies to protect themselves (Ding et al., 2019). The
cytoskeleton is closely related to various environmental stimuli
(Wang et al., 2011; Sengupta et al., 2019; Byun et al., 2021). Actin
filaments are a major member of cytoskeleton and play an
important role in stress responses (Zhang et al., 2010; Wang
et al, 2011; Ye et al.,, 2013; Fan et al,, 2016). Depolymerization of
actin filaments in Arabidopsis plants under salt and osmotic stress
can improve plant tolerance (Zhang et al., 2010; Wang et al., 2011;
Ye et al, 2013). Pokorna et al. (2004) found that in 3-day-old BY-2
cells exposed at 0°C for 12 hours, actin filaments disintegrated
completely, or turned into few in number, short, and sometimes
branched filaments, actin bars or dots. The findings of Fan et al.
(20155 2016) suggest that actin cytoskeleton plays a key role in the
tolerance of Arabidopsis seedlings to low temperature and heat
stress, and specific members of actin depolymerizing factors (ADFs)
may be involved in regulating plant response to low temperature
and heat stress. Destabilizers of actin filaments and microtubules
cause the activation of cold-inducible Brassica napus BNI115
(Sangwan et al., 2001). However, the molecular mechanism of the
dynamic change of actin filaments under low temperature is
poorly understood.

The dynamic reorganization of intracellular actin filaments is
regulated by a large number of ABPs with different functions
(Hussey et al., 2006; Huang et al., 2011; Roland et al., 2008), in
which ADFs are considered to be an important regulator of actin
filaments changes (Maciver and Hussey, 2002; Bamburg and
Bernstein, 2008). ADF is abundant and highly conserved in all
eukaryotes, and plays an important role in plant growth and
development as well as in response to multiple biotic and abiotic
stresses (Andrianantoandro and Pollard 2006; Dong et al., 2001,
2013). The functions of ADFs in Arabidopsis have been studied in
vivo extensively. For example, AtADF1 can affect plants growth,
development and morphogenesis (Dong et al., 2001), and
participate in high temperature and salt stress processes (Wang
et al,, 2021, 2023). AtADF2 is required for normal cell growth and
plant development, and its mediated actin dynamic is essential for
root-knot nematode infection of Arabidopsis (Clement et al., 2009).
AtADF4 relates to plants growth and development (Peng and
Huang, 2006), plays a role in regulating hypocotyl growth,
response to osmotic (Yao et al.,, 2022) and drought stresses (Zhao
et al, 2016), and improves disease resistance of Arabidopsis to
bacterium DC3000AvrPphB (Tian et al., 2009). AtADF5 is
important for pollen germination and pollen tube growth (Zhu
et al., 2017), promotes stomatal closure by regulating actin
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cytoskeleton remodeling under ABA and drought stresses (Qian
etal, 2019), and improves the basal and acquired freezing resistance
of Arabidopsis (Zhang et al,, 2021). AtADF7 and AtADFI0 are
involved in pollen development and pollen tube growth (Daher and
Geitmann, 2012; Zheng et al,, 2013). Under osmotic stress, AtADF7
inhibited actin bundling protein VILLINI regulation of root hair
formation (Bi et al., 2022). In addition, ADFs from barley and wheat
have been shown to be related to plant resistance to various
pathogens (Miklis et al., 2007; Fu et al.,, 2014; Inada et al., 2016).
TaADF4 and TaADF7 from wheat play a stimulative role in
resistance to the stripe rust infection (Zhang B. et al., 2017; Fu
et al, 2014). TaADF3 negatively regulates wheat resistance against
Puccinia striiformis (Tang et al, 2016). Increasing evidence has
shown that ADFs play an important role in response and tolerance
to various stresses (Huang et al., 2012; Xu et al., 2021). Drought
resistance of OsADF3 in rice transgenic Arabidopsis is enhanced
(Huang et al,, 2012). AtADF5 improves the basal and acquired
freezing resistance of Arabidopsis (Zhang et al., 2021).
Overexpression of TaADFI6 significantly improved the tolerance
of transgenic plants to freezing stress (Xu et al., 2021). DaADF3 in
Deschampsia antarctica enhanced the cold tolerance of transgenic
rice plants (Byun et al, 2021). In the process of wheat cold
acclimation, an ADF gene is induced, and the increased resistance
to freezing shows that the ADF protein may be required in
reorganization of the cytoskeleton under low temperatures
(Ouellet et al,, 2001). In short, more and more plant ADFs have
been functionally characterized, while ADFs in oriental melon have
not been reported.

In this study, we identified 9 CmADF genes in oriental melon and
found that they were similar to homologue AtADF genes in sequence,
structure, important site and tissue expression through analysis of
their biological information and tissue expression. Further stress
expression patterns showed that CmADFs responded to low
temperature, high temperature, ABA and SA signals, especially
under SA treatment, all CmADFs were dramatically up-regulated
by approximately ten to hundreds of times. CmADFI was
significantly upregulated under all the above treatments, especially
during 24 h of low temperature treatment, and maintained high
expression, which provides the functional implication of CmADF1 in
low temperature response. Further studies on the phenotype and
actin filaments organization of Arabidopsis seedlings overexpressing
CmADFI under low temperature, as well as phenotype analysis and
physiological identification of CmADFI gene silenced oriental melon
seedlings, indicated that CmADF1 affected the process of actin
filaments depolymerization and played an important role in plant
adaptation to low temperature stress.

Materials and methods

Plant materials, growth conditions, and
stress treatments

The low temperature tolerant genotype Oriental melon  LT-6 ¢

was provided by the Vegetable Research Institute of Liaoning
Academy of Agricultural Sciences, and the CmADFI silent plant
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was obtained by VIGS technology. The Oriental melon grew at 25/
20°C (light 16 h/darkness 8 h) to two-leaf stage and was subjected to
low temperature (4°C), high temperature (40°C), ABA (100 uM)
and SA (100 uM) treatment for stress expression analysis. The
second true leaves were sampled at 0, 3, 6, 12 and 24 h after
treatment. Tissues of two-month-old plants, including roots, stems,
young leaves, pistillate and staminate flowers, were collected for
tissue expression analysis. The silenced plants of CmADFI (TRV-A)
were treated at 4°C at the two-leaf stage to observe the phenotype
and analyze the physiological indexes.

The Arabidopsis thaliana plants used in this study have a
Columbia background. Atadfl (The T-DNA insertion mutant)
(SALK_144459) was obtained from ABRC, and the fABD2-GFP
material was donated by China Agricultural University (Wang et al.,
2021). The Arabidopsis overexpression materials (CmmADFI-OE and
pCmADFI::GUS) were constructed by our laboratory. The seeds of
WT and CmADFI-OE with 4°C vernalization for 3 days were
seeded on 1/2 MS medium (Wang et al., 2023), and cultured in a
22°C incubator with a light/dark cycle of 16 h/8 h. After 14 days, the
seedlings were placed in incubators at 22°C and 4°C for 0, 24 and
48h respectively, and the leaf area was counted by Image J software.
WT and CmADFI-OE plants grown under normal conditions for 9
days were treated at 4°C for 12 h, and the morphology of actin
filaments in leaves was observed.

Identification of the ADF gene family in
oriental melon

To identify the ADF gene family members in oriental melon,
amino acid sequences of 11 ADFs in Arabidopsis with ADF-H
(Actin-Depolymerizing Factor Homology) domain were used as
query sequences to search against the entire melon genome
database (http://melonomics.net/) with the threshold E<e?® and
default parameters by performing a BLASTP analysis. Then, the
candidate sequences of ADF proteins in the melon genome were
used repeatedly to search new ADFs. The longest protein sequence
were selected when there were more than one predicted ADF
proteins resulting from the alternative splicing by one gene. All
identified ADF proteins were checked if they contained ADF-H
domain by SMART (http://smart.embl-heidelberg.de/) analysis and
hidden Markoy model analysis with PF00241 (http://
pfam.xfam.org/family/PF00241). The protein sequences and
genome sequences of CmADFs are downloaded from the Melon
Genome database. CmADF paralogous genes to AtADF were
named for the corresponding AtADFs. Molecular weight (kDa)
and isoelectric points (pI) were calculated by the pI/Mw tool at
online ProtParam (http://web.expasy.org/protparam/). Subcellular
localization was predicted by WoLF PSORT (https://
www.genscript.com/tools/psort). We predicted the tertiary
structure of the CmADF protein using SWISS-MODEI (http://
swissmodel.expasy.org/) and displayed the images using PyMOL
V2.3.2 software. The genomic DNA sequence of 2000 bp upstream
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of gene initiation codon (ATG) was used as the promoter sequence
and submitted to the promoter analysis system PlantCARE (http://
bioinformatics.psb.ugent.Be/webtools/plantcare/html/) to find all
potential cis-acting elements.

Sequence alignment and
phylogenetic analysis

The ADF amino acid sequences of melon, Arabidopsis,
cucumber, watermelon, Cucurbita maxima and Cucurbita pepo
were aligned using ClustalX 2.1 (Larkin et al., 2007). ESpript3.0
(http://espript.ibep.fr/ESPript/cgi-bin/ESPript.cgi) was used for
image display. The unrooted phylogenetic tree was generated in
MEGAG6.0 using the neighbor-joining (NJ) method with 1000
bootstrap replicates (Tamura et al., 2013).

Chromosome localization and
gene duplication

The chromosomal locations for each CmADF were determined
according to melon genome information. Tandem and segmental
duplications were determined using CoGe (https://genomevolution.org/
CoGe/) online tool. Duplicated genes were linked using Circos
software (http://circos.ca/). The non-synonymous substitution
rate (Ka) and synonymous substitution rate (Ks) were calculated
by DnaSp V5.0 (Librado and Rozas, 2009) software. The
approximate time of each duplication event (T=Ks/2A, A=6.1x10
%) (Lynch and Conery, 2000) was estimated by Ks value.

Gene structure and conserved motif
analysis of ADF in melon and Arabidopsis

According to structural information of ADF genes obtained
from the gff3 files of melon and Arabidopsis genome databases, the
intron-exon structures of each gene were drawn using GSDS (http://
gsds.cbi.pku.edu.cn) online tool. MEME4.10.2 software (http://
meme-suite.Org/tools/meme) was used to analyze the conserved
motifs of ADF genes in melon and Arabidopsis. The maximum
value of searched motif was set to 10, the length of motif was
between 6 and 50, and other parameters were default values.

Total RNA extraction and real-time
fluorescence quantitative PCR analysis

All total RNA was extracted by EasyPure Plant RNA Kit
(Beijing Quanshi Jin Biotechnology Co., LTD.). 18S was selected
as the internal control for RT-qPCR analysis. The primer sequences
are shown in Supplementary Table 3. Roche Light Cycler 480 was
used to detect the relative expression level of ADFs.
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Overexpression and subcellular localization
of CmADF1

The full-length CDS of CmADFI was respectively cloned into
the pSuper1300-GFP and pCAMBIA 1300 vectors to generate 35S::
CmADFI1-GFP and 35S::CmADF1, which were then introduced into
the Agrobacterium tumefaciens strain GV3101. The primer
sequences are listed in Supplementary Table 3. T3 transgenic
homozygous lines were screened for confocal microscope
observation and low temperature study. 35S:CmADFI-GFP was
used to observe subcellular localization. 35S::CmADFIwas used in
subsequent low temperature stress studies.

Promoter activity analysis

CmADFI promoter fragment containing the first intron of
CmADFI was cloned in pCAMBIA1300-221 vector to generate
PADFI::GUS. Homozygous lines were used for promoter activity
analysis. The positive seedlings growing for 9 days were treated at 4
°C for 0, 6, and 12 h, and GUS staining was performed. The primer
sequences are listed in Supplementary Table 3.

Visualization and quantitative analysis of
actin filaments

As previously reported, CmADFI-OE#8 plants were hybridized
with fABD2-GFP plants, and homozygous plants were selected for
subsequent experiments. Confocal microscopy (Nikon Al) with a
40xobjective was used to observe actin filaments in pavement cells
of cotyledons with a 488-nm laser. Image ] was used to measure
skewness, density, length and actin cables applied to quantify actin
filaments in previous reports. All experiments were repeated 3
times. 30 individual seedlings from different genotypes and
treatments were screened to collect more than 200 cells from
60 images.

Western blot assays

10-day-old CmADFI-GFP overexpressing Arabidopsis
seedlings were used for Western Blot. As previously reported (Liu
etal, 2013; Wang et al., 2020), GFP (a labeled protein) was analyzed
by SDS-PAGE. Rubisco bands were used as loading controls.

Vector construction and infection of virus-
induced gene silencing

The CmADF1 gene in oriental melon were silenced by VIGS.
The specific primers containing EcoRI/Kpnl cleavage sites were
designed to generate pTRV2-CmADFI (Supplementary Table 3 for
the sequence of primers). The method of cotyledon infection was
used. The cotyledons of the germinated oriental melon seeds were
fully expanded about 5 days after sowing, and they could be
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infected. The detailed infection process was carried out according
to the method of Liao et al. (2019). About 60 infected plants were
randomly divided into 3 groups, and each plant was sampled
separately after treatment at 4°C for 0, 6 and 12 h. The
expression of CmADFI in the leaves of VIGS plants was detected
by agarose gel electrophoresis and RT-qPCR, and the plants with
transcription level lower than 50% of that of the control plants were
selected for subsequent experiments.

Determination of physiological and
biochemical indexes and water loss rate

Relative electrolyte leakage (REL) and water loss was measured
as described previously (Xing et al., 2020). The contents of soluble
protein, proline, malondiald ehyde (MDA) and the activities of
SOD, CAT and POD were determined with the relevant kit of
Suzhou Mengxi Biomedical Technology Co., LTD. All experiments
were repeated three times.

Results

Genome-wide identification and
bioinformatics analysis of ADF gene family
members in oriental melon

The ADF family member from Arabidopsis with the ADF-H
domain (PF00241) was used for Blast search in the entire melon
genome. 11 non-redundant putative ADF proteins were found, 3 of
them were produced by one gene, which was subject to differential
splicing, so we selected the longest protein sequence. Finally, 9
CmADF genes were identified by SMART and Pfam analysis, and
they were named with the same names as their homologue AtADF
genes. CmADF proteins contain 132 (CmADE8) to 146 (CmADF6)
amino acids, and their physicochemical properties are shown in
Supplementary Table 1.

To clarify the phylogenetic relationships and functional
divergence of CmADF gene family members, amino acid
sequences of ADF from Arabidopsis, melon and other
Cucurbitaceae species (cucumber, watermelon, Cucurbita maxima
and Cucurbita pepo) were used to construct the phylogenetic tree
(Figure 1A). Accession numbers of the ADF genes in each species
were shown in Supplementary Table 1. The results showed that 9
CmADFs were distributed in 4 subfamilies and located on six of the
12 melon chromosomes (Figure 1B). Two pairs of segmentally
duplicated genes ADF7/10 and ADF1/4 were detected (Figure 1B).

As previously reported (Bowman et al., 2000), there are 5 B-
strands and 3 central a-helices in the predicted tertiary structures of
CmADFs (Supplementary Figure 1). A comparative analysis of the
protein sequence and gene structure of the ADFs from melon and
Arabidopsis showed that they contain the conserved serine-6
residue at the N-terminus (except CmADF5 and AtADF5 of
which were replaced by threonine, and CmADF8 of which was
deleted), conserved actin binding sites (R98/135/137 and K82/100
in AtADF1) (Dong et al,, 2013) (Figure 1C), as well as conserved
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motifs (Supplementary Figure 2) and gene structure (Figure 1D).
Exon-intron structures of ADFs in melon and Arabidopsis is very
conservative (Figure 1D). The homologous ADFs of the two species
were comprised three exons and two introns (except CmADF8) and

10.3389/fpls.2024.1419719

same number of amino acids in the exons (except CmADF8 and
AtADF1). The first exons of CmADFs and AtADFs in Subclass I
and II (except CmADF8 and AtADF1) contained only 3 amino
acids (start codon ATG), followed by a longer first intron
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FIGURE 1

Phylogenetic relationship, Chromosomal location and duplication events, Sequence alignment, exon-intron structures of CmADFs. (A) Phylogenetic
tree of ADF proteins from melon and other plants. Cucumis melon, Arabidopsis thaliana, Cucumis sativus, Citrullus lanatus subsp, Cucurbita maxima
var, Cucurbita pepo subsp were represented by Cm, At, Cs, Cla, Cma and Cp, respectively. (B) Location and duplication events of 9 CmADF genes
onto six melon chromosomes. The segmentally duplicated genes are linked by red lines. (C) Sequence alignment of CmADF and AtADF proteins.
Pentagons indicate conserved sites that may bind to G-actin and F-actin, blue pentagons indicate the 6th serine site, and blue bar indicates the
nuclear localization signal. (D) Exon-intron structures of ADFs in melon and Arabidopsis. The numbers indicates the length of exon. GT and AG

indicate splicing sites.
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(Figure 1D), while the ones of CmADFs and AtADFs in Subclass III
and IV increased to 21 and 24 amino acids due to the alteration of
the intron conserved clipping site (GT) after ATG (Figure 1D) and
intron sliding (Nan et al., 2017).

Analysis of promoter sequences showed that in addition to
many light response elements in all members, CmADF promoters
contained several key defense and stress responsiveness, low-
temperature responsiveness, and heat stress cis-acting elements
and elements involved in the response to various hormones, such
as abscisic acid (ABA), salicylic acid (SA), gibberellins (GA), auxin
(IAA), ethylene, and methyl jasmonate (MeJA) (Supplementary
Figure 3). It also contained DRE and MYB binding sites.

Expression pattern analysis of CmADFs in
different oriental melon tissues

RT-qPCR was performed for analyzing the expression of
CmADFs in different oriental melon tissues. The expression of
CmADFs was clearly divided into two categories: CmADFs from
subclass I, III and IV were expressed in all tissues, while CrmADFs
from subclass II were specifically expressed in flowers (Figure 2).
Only CmADFI was highly expressed in leaves, the other ADFs
showed higher expression levels in male flowers and female flowers
than that in roots, stems, and leaves. Compared with other
CmADFs, CmADF2, CmADF3 and CmADF6 had extremely
higher expression levels in all tissues.

Expression pattern analysis of CmADFs
under low and high temperature stress

Temperature change is one of the main environmental
stressors
Dufault,
function

affecting the growth and yield of melon (Korkmaz and
2004). In order to gain an insight into the potential
of CmADFs in unfavorable temperature conditions, we
analyzed the expression of CmADFs in leaves of oriental melon
seedlings at two-leaf stage under low and high temperature stress.
The results showed that except for CmADF3/7/8, the expression
of other CmADFs was induced by low temperature stress

55.07
e
40.0 |-

Relative expression

0
CmADF1

CmADF2 CmADF3

FIGURE 2

CmADF4 CmADF5

10.3389/fpls.2024.1419719

(Figure 3A). Among them, CmADF6 expression was the highest,
and CmADFI expression was high and stable. Under high
temperature stress, the expression of CmADF1/3/4/7/8/10 was
significantly induced, and the expression of CmADFI0 increased
the highest, while the expression of CmADF2/5/6 decreased, and
CmADEF?2 continued to be significantly down-regulated, indicating
that the expression of CmADFs was complex under high
temperature stress (Figure 3B). Under low and high
temperature, the expression of CmADFI/4/10 was all induced,
but only CmADFI was significantly up-regulated.

Expression pattern analysis of CmADFs in
ABA and SA stress

Considering that ABA and SA are the main hormones in plant
adaptation to stresses, we analyzed the expression of CmADFs in
leaves under ABA and SA stress. The results showed that after ABA
treatment, only CmADF2 expression was down-regulated, and all
the other CmADFs were up-regulated. Other genes reached the
highest expression level at 6 h after treatments, except for CmADFS,
which reached the peak value at 24 h (Figure 4A). Under SA stress,
all CmADFs responded sharply at the beginning, increasing their
expression with approximately 13-770 folds, and continued to be
highly expressed until 24 h (Figure 4B). These results reveal that
CmADFs respond to SA and ABA induction. Overall, CmADF1 was
significantly upregulated in response to temperature and hormonal
signals. At the same time, CmADFI expression levels was high and
stable under low temperature stress, indicating that CmADF1 plays
an important role in environmental and hormonal signals.
Therefore, CmADF1 was selected for the study of low
temperature tolerance in plants.

Subcellular localization of CmADF1

Transgenic Arabidopsis plants in T3 were observed by laser
scanning confocal microscope for the localization and actin
filaments binding of CmADFI. As shown in Figure 5, a large
number of actin filaments bundle structures formed by CmADFI-

[ Root

[ Stem

B Leaf

Hl staminate flower
L] pistillate flower

CmADF6 CmADF7 CmADF8 CmADF10

The expression of CmADFs in different Oriental melon tissues. The relative expression of CmADFs were determined by RT-gPCR, and 18S was used
as an internal control. All values used for statistical analysis were the mean + SD of three independently replicated experiments, and then a Tukey's
post-hoc test was performed using one-way ANOVA. Different lowercase letters indicate a significant difference.
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FIGURE 3

The expression of CmADFs under low (4°C) (A) and high (40°C) (B) temperature treatments according to RT-gPCR. 18S was used as an internal
control. The values are means + SD from three independent replicate experiments (Student’s t-test, *P < 0.05,** p < 0.01,***P < 0.001). The
significant difference is represented by asterisks

GFP green fluorescent protein in the paver cells in the control group  filamentous structure did not change after 50 nM Oryzalin
(Figures 5A, B). These actin filaments in the paver cells were (a microtubule depolymerization drug) treatment (Figure 5B),
shortened or disappeared after 50 nM LatB (microfilament  further indicating that CmADFI1 specifically binds to actin
depolymerization drug) treatment (Figure 5A). Moreover, the  filaments rather than microtubules in Arabidopsis.
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FIGURE 4

The expression of CmADFs under ABA (0.1 mM) (A) and SA (0.1 mM) (B) treatments according to RT-gPCR. 18S was used as an internal control. The
values are means + SD from three independent replicate experiments (Student’s t-test, *P < 0.05,** p < 0.01,***P < 0.001). The significant difference
is represented by asterisks
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LatA

Oryzalin

FIGURE 5

CmADF1 localization on actin filaments in melon. The leaves of 5-day transgenic Arabidopsis homozygous T3 plants were used for observation
(A) The actin filaments skeleton formed by CmADF1-GFP before (CK) and after Lat B treatment (50 nM). (B) The actin filaments skeleton formed by
CmADF1-GFP before (CK) and after oryzalin treatment (50 nM). Scale bar = 25 um.

Promoter activity analysis of CmADF1

It has been reported that AtADFI plays an important role in
stresses such as salt and high temperature stress ( ,
). Our results showed that CmADFI maintained a high
expression in melon under low temperature conditions.
Therefore, we investigated the mechanism of CmADFI in melon
adaptation to low temperature stress. Firstly, GUS staining was used
to detect the effect of low temperature on the activity of CmADF1
promoter, and to further verify the expression pattern of CmADFI
gene under low temperature stress. After 4°C treatment, the color of
pCmADFI::GUS plants deepened with the prolongation of
treatment time, and the expression of CmADFI was significantly
up-regulated ( ), demonstrating that low temperature
promoted the activity of CmADF1 promoter.

Frontiers in

CmADF1 overexpression affects actin
filaments stability under low
temperature stress

ADF1 is an actin filament depolymerizing protein. To explore
whether CmADFI can regulate actin filaments under low
temperatures, we constructed transgenic Arabidopsis overexpressed
T3 homozygous lines (CmADFI-OE#6 and CmADFI1-OE#8)
( ). The homozygous offsprings (CmADFI-
OE#8) of CmADFI1-OE#8 x fABD2-GFP were selected to observe actin
filaments. Compared with WT, CmADFI-OE#8 seedlings had fewer
actin filaments bundles, and more short filaments under both normal
). Consistent with the
morphology of actin filaments, quantitative analysis of actin

and low temperatures ( R

filament organization showed that the skewness value, bunting rate,
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FIGURE 6

CmADF1 promoter activity analysis under low temperature treatment. Staining of pPCmADF1::GUS transgenic Arabidopsis plants under low

temperature for O h, 6 h and 12 h. Scale bar = 1 mm

fluorescence density and length of actin filaments in CrmADFI-OE#8
were significantly lower than those in WT (Figure 7B), indicating that
overexpression of CmADFI caused the instability of actin filaments.
Compared with normal conditions, the actin filaments in WT were
shorter and finer under low temperature, indicating that low
temperature induced the instability of intracellular actin filaments.

CmADF1 overexpression enhance the low
temperature tolerance in Arabidopsis

T3 CmADFI1-OE#6 and T3 CmADFI1-OE#8 seedlings were
used to analyze the function of CmADFI under low

B

CmADF1-OE #8

22°C

FIGURE 7

temperature (Figure 8). The phenotypes of 14-day-old WT,
CmADFI-OE#6 and CmADFI-OE#8 seedlings were observed
under normal (22°C) and low temperature (4°C) stress for 0, 24
and 48 h. There was no significant difference between WT and
overexpressed plants before low temperature treatment. After
treatment for 24 and 48 h, the leaves of WT plants shrunk
significantly in size (Figures 8A-C) and lost more water
(Figure 8D), compared with those of overexpressed plants.
WT plants were more severely damaged than overexpressed
plants after 48 h of treatment, with water-soaked spots on the
leaves (Figure 8C).

CmADFI-OE seedlings showed superior resistance by less
damage to low temperature stress with more fine actin bundles
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CmADF1 increases the instability of actin filaments under low temperatures. The organization (A), Average fluorescence density, actin cable and
average length (B) of actin filaments in WT and CmADF1-OE#8 plants under low temperature treatment. Indicators in (B) are measured based on
images in (A). Values are means + SD (At least 30 individual seedlings from different genotypes and treatments were used to collect more than 300
images). One-way ANOVA followed by a Tukey's post-hoc test is used for statistical analysis. Different lowercase letters denoted significant

differences. Scale bar= 25 um
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CmADF1-OE positively regulates low temperature tolerance of Arabidopsis. Plant Phenotype (A), Leaves Phenotype (B), Leaves Area (C), Water loss
rate of plants (D) of CmADF1 transgenic seedlings under low temperature treatment. 14-day-old seedlings of WT, CmADF1-OE#6 and CmADF1-
OE#8 were placed in normal temperature (22°C) and low temperature (4°C) chamber for 0, 24 and 48 h. At least 60 leaves from 30 seedlings were
measured in (C) and at least 400 seedlings were measured in (D). One-way ANOVA followed by a Tukey's post-hoc test is used for statistical
analysis. Different lowercase letters denoted significant differences. Scale bar=1cm in (A), Scale bar=1mm in (B).

and short filaments than WT seedlings (Figures 7A, B), which
implicated that CmADFI enhanced plant tolerance to low
temperature by regulating actin filaments organization.

CmADFI-Silenced Plants are Sensitive in response to
Low Temperature

The expression level of CmADFI1 was detected by RT-qPCR
when the CmADFI gene silencing (TRV-A) plants obtained by
VIGS technology had two leaves, and TRV-A plants with high
silencing efficiency were selected for subsequent research
(Figure 9A). Under optimal temperature control conditions, no
significant difference in growth between TRV-A and control
plants was observed (TRV-0) (Figure 9B). After treatment at 4°
C for 6 and 12 h, TRV-A plants suffered more serious damage
than TRV-0 plants, and their leaves shrunk more seriously and
lost more water (Figures 9B-D). Compared with TRV-0 plants,
the relative electrolyte leakage (REL) and malondialdehyde
content of TRV-A plants were higher, while the contents of
soluble protein and proline and the activities of SOD, POD and
CAT were lower, reaching a significant level at 12 h (except for
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REL) (Figure 9E), illustrating that silencing CmADFI reduced the
low temperature tolerance of oriental melon.

Discussion

Highly conservative CmADF genes in
oriental melon

Since the ADF gene was discovered in the early 1980s, more and
more ADFs had been found gradually in different species. In
eukaryotic cells, ADFs were encoded by polygene families, which
were abundant in plants (Maciver and Hussey, 2002). The reported
plant ADF families includes 11 ADFs in Arabidopsis (Ruzicka et al.,
2007), rice (Feng et al., 2006) and tobacco (Khatun et al., 2016), 13
ADFs in maize (Huang et al., 2020), 25 ADFs in wheat (Xu et al,
2021) and 18 ADFs in soybean (Sun et al., 2023). The ADF gene
family is considered to be structurally and functionally conserved in
plants (McCurdy et al, 2001). In our study, 9 ADF genes were
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The silencing of CmADF1 in oriental melon seedlings by virus-induced gene silencing (VIGS) increased its sensitivity to low temperature. CmADF1
expression (A), Plant phenotype (B), Water loss rate of leaves (C), Leaves (D), the relative electrolyte leakage (REL), malondialdehyde (MDA), Soluble
protein and proline content (PRO), SOD, POD and CAT activity (E) of TRV-0 (control) plants and TRV-A (CmADFI1-silenced) plants under low

temperature treatment. Scale bar=1cm

identified in oriental melon for the first time, and they were
distributed to four subclasses as in Arabidopsis. Moreover, they
were almost the same as their homologue AtADFs in intron-exon
structure, number of amino acids contained in exons, as well as type
and number of motifs. There were also some important conserved
sites in CmADFs, such as the serine at position 6 of N-terminal (S6),
actin binding sites (Figure 1C). The activity of ADF protein was
regulated by phosphorylation of N-terminal conserved serine or
threonine. The S6 mutant of ZmADEF3 lost its ability to bind to G-
actin and F-actin (Smertenko et al., 1998). The S6 activity of
LIADF1 decreased after phosphorylation, and the binding and
disassembly F-actin activities were lost (Allwood et al., 2002). The
base residues (K82, R135, R137) on -chain and o-helix form actin
binding sites, which is important for G-and F-actin binding (Dong
et al, 2013). These results indicate that ADF family genes are
structurally conserved.
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The ADFs in flowering plants probably evolved from a common
ancestor (Nan et al., 2017). Fragments and tandem gene duplication
are considered to be the major driving forces in the evolution of large
gene families (Cannon et al, 2004). Duplicate gene pairs in
Arabidopsis and wheat are likely caused by tandem duplication,
while two pairs of segmentally duplicated genes ADF7/10 and
ADF1/4 were observed (Figure 1B; Supplementary Table 4) in
melon as in tomato (Khatun et al, 2016), maize (Huang et al,
2020), and soybean (Xu et al.,, 2021). The ADF gene family has been
differentiated in expression pattern and function during a long
evolutionary process (Kijima et al, 2016). The angiosperm ADF
gene family consists of four very conserved subfamilies, which are
divided into two classes: reproductive or constitutive/vegetative
(Ruzicka et al, 2007). In our study, tissue expression patterns of
ADFs in melon were similar to those in Arabidopsis. CmADFs in
Subclass I, III, and IV are expressed in all tissues examined and may
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play a critical role in growth and development (Figure 2). CmADFs in
Subclass II specifically expressed in flowers may contribute to
reproductive development (Figure 2). Unlike AtADFS8, which is
mainly expressed in roots and root hairs, CmADF8 is specifically
expressed in flowers, indicating that different species are relatively
independent in the subsequent evolutionary process. In general, ADF
family genes were quite conserved in the long-term evolution
of plants.

A large number of CmADFs respond to
temperature stress and hormone signals

Expression analysis of ADF gene families in tomato, maize,
wheat and soybean revealed that the expression of ADFs would
change significantly under abiotic stresses such as heat, cold,
drought, high salt, abscisic acid (ABA), jasmonic acid (JA) and
injury (Khatun et al., 2016; Huang et al., 2020; Xu et al.,, 2021; Sun
et al,, 2023). Many ADFs in tomatoes were induced by cold, heat,
drought, NaCl, ABA, JA, and injury treatment (Khatun et al., 2016).
In maize, ZmADF1 was significantly up-regulated under all abiotic
stresses, and ZmADF2 and ZmADF3 were significantly induced
under high temperature, drought and ABA treatment (Huang et al.,
2020). The expression of GmADFs in soybean changed under high
temperature, low temperature, drought and salt stresses, and
GmADF2/5/9/12/13/16/18 were significantly induced by heat
stress (Sun et al., 2023). TaADF16/17/18 in wheat promoted the
freezing resistance of wheat plants acclimated to the cold (Xu et al,
2021). ADF1 in Arabidopsis has been shown to participate in high
temperature and salt stresses, and is also the most important
member of Arabidopsis ADF family involved in stress.

In present study, CmADFI was significantly induced in all
treatments (Figures 3, 4), suggesting that, similar to Arabidopsis,
ADF1 in melon may have an important effect on stress tolerance.
Under low temperature, CmADFI was stably and highly expressed
(Figure 3), while AtADFI was not induced, but AtADF5 and AtADF9
in Subclass III were significantly up-regulated (Fan et al., 2016). This
indicates that ADF genes in different plants are functionally
differentiated. Members of a gene family from the same group may
have similar functions (Huang et al, 2020). CmADFI1/3/4 from
Subclass I and CmADF7/8/10 from Subclass II were both
significantly induced under high temperature, ABA, and SA
treatments (Figures 3, 4), suggesting that they may confer plants
tolerance to these stresses. Studies have shown that actin
depolymerization can increase plant resistance to pathogens, and
that SA is crucial to this process (Leontovycova et al, 2019). The
expression of CmADFs was increased several hundred-fold under SA
treatments, which may enhance resistance to biotic stress by
depolymerizing actin filaments dependent on SA signaling
pathway. CmADF2 was sensitive to high temperature and ABA
treatments, indicating the diversity and complexity of functions
among family members in resistance to stress. A large number of
ADFs respond to different abiotic stresses, and the function of some of
them in stresses has been proven, so it is necessary for us to further
study ADFs.
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CmADF1 plays an important role in plant
low temperature tolerance

Low temperature is an important factor affecting the yield of
Oriental melon. The detail molecular mechanism of dynamic
changes of actin filaments under low temperature is still
uncovered, the only thing we know is that low temperature
treatment leads to the depolymerization of actin filaments like the
other abiotic stresses do, such as salt, high temperature, and osmotic
stress (Pokorna et al., 2004; Wang et al., 2011; Fan et al., 2015).
Byun et al. (2021) found that DaADF3 functions to depolymerize F-
actin into G-actin in transgenic rice plants overexpressing DaADF3,
and observed cytoskeleton structural changes in D. antarctica
seedlings in response to cold stress treatment, which imply that
DaADF3 regulates the cytoskeleton structure to adapt to changing
environmental conditions, especially cold stress in D. antarctica.
ADF members in Subclass I have functions in resisting biotic/
abiotic stresses (Huang et al., 2020). ADFI in Subclass I is highly
expressed in all tissues and is most closely related to salt stress and
high temperature stress (Wang et al., 2021, 2023).

Our study found that CmADFI is the only gene in the melon
ADF family with highly stable up-regulated under low temperatures
(Figure 3A), and GUS staining (Figure 6) confirmed this result.
Therefore, CmADF1 may be a primary protein responding to low
temperature stress in the CmADF family. Previous studies have
found that some ADFs are involved in responding to low
temperature, however there is still a lack of in-depth study on
actin filament dynamics. Our studies revealed that low temperature
stress induced actin filaments instability (Figure 8), which is
consistent with the ADF family that is functionally characterized
by depolymerization and cutting actin filaments. Our results further
indicated that CmADFI-OE transgenic seedlings with low
temperature-promoted the depolymerization of actin filaments
showed more resistant to low temperature (Figure 7A). These
suggests that the actin filaments morphology of CmADFI-OE
under low temperature is directly caused by the function of
CmADF1 to depolymerize and cut single actin filament, and
CmADF1 regulates remodeling of the actin cytoskeleton to adapt
to low temperature stress in melon.

Actin filaments depolymerization have been proved to play a
positive regulatory role in salt, osmotic, high temperature and drought
stress (Wang et al., 2011; Fan et al., 2015). Xu et al. (2021) found that
TaADF16-OF transgenic Arabidopsis plants suffered less freezing
damage in comparison with WT, and had higher POD and SOD
activities and more soluble sugar accumulation after a 24h incubation
at 4°C. They believed that overexpression of TaADF16 may
contributes to the positive effects on ROS scavenging and osmotic
regulation, and enhances the freezing resistance of Arabidopsis plants.
In our experiment, CmADFI-OE conferred Arabidopsis better growth
status under low temperature compared with WT and Atadfl,
demonstrating that CmADFI enhanced the low temperature
tolerance of seedlings and promoted seedlings growth. Meanwhile,
CmADF]I-silenced oriental melon seedlings showed that the contents
of soluble protein and proline, and the activities of superoxide
dismutase (SOD), peroxidase (POD) and Catalase (CAT) were
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significantly lower than those in the control. Thus, CmADF1 is a key
protein that triggers low-temperature induced actin filament
depolymerization in melon, which improves the plant’s low-
temperature tolerance. Zhang et al. (2021) found that AtADF5, as a
downstream target gene of C-repeat binding factor (CBF) signaling
pathway, is involved in plant response and resistance to low
temperature stress by regulating the dynamics of actin filaments.
Overexpression of TaADFI6 induces the expression of cold-
responsive genes, which may regulate cold tolerance through
interaction with ICE (inducer of CBF expression)-CBF-related genes
(Xu et al,, 2021). Synthetic nucleotides designed based on the DRE
element contained in the DaADF3 promoter have a high binding
affinity with DaCBF7 (Byun et al, 2015, 2021). We also found the
DRE binding site in the CrnADFI promoter (Supplementary Figure 3).
Whether the CBF protein is an important factor affecting the
transcription level of CmADF1 in oriental melon with low
temperature tolerance will be our next work. Together, our results
demonstrate that CmADF1 plays an important role in plant
adaptation to low temperature by leading to depolymerization of
actin filaments, providing breakthrough insights into the molecular
basis for melon adaptation to low temperature stress.

Conclusion

In this study, 9 ADF genes were identified in Oriental melon, which
were clustered into four subfamilies and their proteins contain one
conserved ADF-H domain specific to ADF family genes by phylogenetic
tree and conserved domain analysis (Figures 1A, C). The comparative
analysis of ADFs in Arabidopsis and melon showed that ADFs of these
two species were highly similar in phylogenetic evolution, tertiary
structure, conserved motifs and key conserved sites binding to actin,
indicating that plant ADF genes are very conserved in the long-term
evolution process (Figures 1A, C, D; Supplementary Figures 1, 2).
Various CmADFs displayed specific tissue expression patterns
(Figure 2), some were induced by temperature and hormone signals
(Figures 3, 4). CmADF1/2/4/5/6/10 and CmADF1/3/4/7/8/10 were
induced under low/high temperature stress, respectively (Figure 3).
All CmADFs responded to SA and ABA signals (Figure 4). These results
suggested that CmADFs may be involved in melon response to stress.
CmADFI had high and stable expression levels under low temperature
stress (Figure 3A). CmADFI overexpressing plants promoted the
instability of actin filaments and enhanced the resistance growth to
low temperature treatments (Figures 7, 8), suggesting that CmADF1
plays an important role in low temperature stress in melon. Because the
expression of CmADFI gene was significant induced by low
temperature, and the CmADFI gene promoter contained the binding
sites of MYB and CBF (Supplementary Figure 3), the key transcription
factors in plants tolerance low temperature stress, we speculate the role
of CmADF1 in low temperature may be regulated by MYB and/or CBF
class transcription factors. We will look for upstream transcription
factors of the CmADFI gene to explore the molecular mechanisms of
CmADFI in low temperature in future research.
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