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Abstract: Waterlogging is a serious abiotic stressor that drastically hinders the growth and productiv-
ity of melon (Cucumis melo) around the world, due to the reduction in available oxygen levels in the
waterlogged tissues. However, the mechanism underlying the responses to waterlogging stress in
melon is largely unknown. In this study, physiological and transcriptome data of the waterlogging-
sensitive accession ‘L39’ and the waterlogging-tolerant accession ‘L45’ were investigated under
conditions of normal water supply and waterlogging stress. The results showed that ‘L45’ exhibited
higher chlorophyll contents and lower REL (relative electrolyte leakage) and MDA (malondialdehyde)
contents compared with ‘L39’ under waterlogging stress. Additionally, waterlogging stress only
led to the stomatal closure and chloroplast damage of ‘L39’. In total, 1748 genes were differentially
expressed in the leaves of waterlogging-stressed ‘L45’ compared with control, whereas 3178 genes
were differentially expressed in ‘L39’. Further analysis indicated that genes related to chlorophyll
synthesis and photosynthesis were more depressed in ‘L39’, while sugar cleavage, glycolysis, and
fermentation genes were highly induced in ‘L39’ compared with ‘L45’. The expression of genes
involved in ROS (reactive oxygen species) scavenging and hormone signaling significantly differed
between ‘L39’ and ‘L45’ in their response to waterlogging stress. Moreover, a total of 311 differentially
expressed transcription factors were waterlogging-responsive, among which members of the ERF
(ethylene response factor), bHLH (basic helix-loop-helix), and WRKY families might play crucial
roles in waterlogging tolerance in melon. This study unraveled the molecular responses to waterlog-
ging stress in melon and could provide helpful candidate genes for further molecular breeding of
waterlogging-tolerant melon varieties.

Keywords: Cucumis melo; waterlogging; transcriptome; molecular response

1. Introduction

Due to global climate change, flooding has become one of the most widespread
stressors threatening crop production and food security worldwide. Flooding can be
classified either as waterlogging, when water only covers the root zone of the plant, or
as submergence, when the water fully covers the aerial plant tissues [1,2]. Waterlogging
is a more common problem than submergence in dryland plants since soil can become
easily waterlogged because of poor drainage after a prolonged period of excessive rainfall
or irrigation [3–5]. The oxygen starvation caused by waterlogging in the root zone arises
from an imbalance between the slow gas diffusion rate in water compared with air and the
rapid consumption rate of oxygen by plant roots and microorganisms [6]. This leads to an
energy crisis in the plant caused by the suppression of oxidative phosphorylation, impaired
root hydraulic conductivity, reduced ion absorption and water uptake, decreased stomatal
conductance, transpiration, and photosynthesis, and an imbalance in the phytohormones,
which manifest as growth arrest and biomass and yield reduction [4,7–9].
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To survive this state of restricted oxygen supply, plants have evolved an array of
strategies to modulate their transcription, translation, and metabolite levels, resulting
in modifications of morphology, physiology, and metabolism. It has been reported that
several morphological changes, including aerenchyma development, adventitious root
formation, shoot elongation, and leaf epinasty can mitigate the negative effects of the
hypoxic environment caused by waterlogging stress [10–12]. A prominent response to
oxygen deficiency is an energy metabolism shift from aerobic respiration to anaerobic
respiration via the activation of genes that participate in glycolysis and fermentation,
which results in a rapid reduction in ATP level and the accumulation of acetaldehyde,
acetate, ethanol, and other harmful substances [13–15]. Plant hormones, as the crucial
regulators of the signaling transduction pathway, act prominently in both developmental
processes and against various biotic and abiotic stresses throughout the whole lifespan of
plants. It has been reported that ethylene, auxin, gibberellin, abscisic acid, salicylic acid,
and jasmonic acid are involved in the responses to waterlogging stress and contribute
to mediating many pathways required for waterlogging tolerance [16–19]. Furthermore,
several families of transcription factors, such as ERF (ethylene response factor), MYB
(v-myb avian myeloblastosis viral oncogene homolog), WRKY, bHLH (basic helix-loop-
helix) and bZIP (basic leucine zipper), have also been described as playing critical roles in
response to waterlogging stress-induced gene regulation [20–22].

Melon (Cucumis melo L.) is an economically important fruit crop that has a sweet
aromatic taste and high nutritional value [23,24], with an estimated production of more than
42 million tons worldwide in 2020, according to the United Nations Food and Agriculture
Organization (FAO) (http://faostat.fao.org, accessed on 20 June 2020). Waterlogging
stress can disturb the normal growth and development of melon and may even lead to
the death of plants, which seriously influences the quality and yield of melon in rainy
regions [17]. Nevertheless, there has been relatively little research into the waterlogging
response mechanism of melon until now. In the present study, two melon accessions,
i.e., ‘L39’ (waterlogging-sensitive) and ‘L45’ (waterlogging-tolerant), were investigated to
explore the possible difference in their molecular responses to waterlogging stress, with
the assistance of RNA-seq-based comparative transcriptome analysis. Our results will
provide insights into the regulatory networks and tolerance mechanisms underlying the
responses of melon to waterlogging stress, which may contribute to the future molecular
stress resistance breeding of melon.

2. Materials and Methods
2.1. Plant Materials and Waterlogging Stress Treatment

Two melon accessions, ‘L39’ (waterlogging-sensitive) and ‘L45’ (waterlogging-tolerant),
cultivated by the Jiangxi Academy of Agricultural Sciences (Nanchang, China), were used
in this study. Seeds of ‘L39’ and ‘L45’ were soaked in distilled water for 5 h and sown in
7-cm-wide plastic pots under natural temperature and lighting (28 ◦C/20 ◦C, 12 h/12 h)
and a relative humidity ranging from 70% to 85% in a ventilated greenhouse. The cultured
soil was a 3:1:1 (v/v/v) mixture of peat, vermiculite, and perlite. Healthy and uniform
seedlings with three true leaves were selected for waterlogging stress treatment. The pots
were placed into plastic containers filled with tap water to the top of the hypocotyls. Water-
logging stress treatment was maintained for four days, and the flooding depth was kept
constant throughout the experiment. The control plants without waterlogging remained
well-watered as normal, in plastic containers. For RNA-seq and physiological analysis, the
leaves were collected after four days of waterlogging stress and the leaves of the control
plants were sampled simultaneously. The samples under control conditions were desig-
nated as L39_C and L45_C, while samples under waterlogging stress were designated as
L39_W and L45_W. There were two biological replicates, with 15 seedlings per replicate.
The samples were placed into liquid nitrogen immediately and then kept at −80 ◦C until
further analyses.

http://faostat.fao.org
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2.2. Leaf Chlorophyll Content, Malondialdehyde Content, and Relative Electrolyte Leakage
(REL) Determination

The contents of leaf chlorophyll and malondialdehyde (MDA) were determined using
a plant chlorophyll content detection kit (Solarbio, Beijing, China) and an MDA assay
kit (Solarbio, Beijing, China), as described previously [25–27]. For chlorophyll content
determination, 0.1 g of leaf samples was ground in liquid nitrogen and extracted by
extraction buffer for 3 h, under dark conditions. After centrifugation at 10,000× g for 10 min,
the supernatants were detected by spectrophotometer at the absorption wavelengths of 645
and 663 nm. For MDA content quantification, 0.1 g of leaf samples was ground in liquid
nitrogen, extracted with an extraction buffer, and centrifuged at 8000× g for 10 min at 4 ◦C.
After the addition of MDA test solution to the supernatants, the mixture was kept in a
boiling water bath for 60 min, cooled to room temperature in an ice bath, and centrifuged
at 10,000× g for 10 min. The absorbance of the obtained supernatants was measured at 450,
532, and 600 nm. For the REL analysis, 10 leaf discs were collected from freshly harvested
leaf samples using a 1 cm punch. Each leaf disc from every sample was put into a covered
test tube containing 10 mL of distilled water. After being shaken for 3 h, the conductivity
was measured with a conductivity meter. Then, the tubes were stored in a boiling water
bath for 30 min and cooled to room temperature. The conductivity was detected again; the
REL was the ratio of the measured conductivity.

2.3. Ultrastructure Analysis

Ultrastructure observation was performed according to previous reports, with minor
modifications [28,29]. For scanning electron microscopy (SEM), the leaves of ‘L39’ and ‘L45’
plants under waterlogging stress for four days were fixed in 2.5% (v/v) glutaraldehyde
solution (Solarbio, Beijing, China) for 24 h and rinsed with 0.1 M phosphate buffer (pH
7.2, Sigma-Aldrich, St. Louis, MO, USA) for 3 times. After being fixed in 1% (v/v) OsO4
(Aladdin, Shanghai, China) for 2 h, the samples were dehydrated with a gradient ethanol
solution, sputter-coated with gold, and observed under a HITACHI S-3400N scanning
electron microscope (Hitachi Ltd., Tokyo, Japan). The stomatal aperture was evaluated by
the level of stomatal opening, including completely open, partially open, and completely
closed stomata [30]. The number of evaluated stomata for each accession was approximately
50. For transmission electron microscopy (TEM), the leaf samples were fixed in 2.5% (v/v)
glutaraldehyde solution for 24 h and post-fixed overnight in 1% (v/v) OsO4. After rinsing
3 times in phosphate buffer, the samples were dehydrated with gradient ethanol series and
then embedded in London Resin White (Aladdin, Shanghai, China). A series of ultrathin
sections cut by a Leica ultramicrotome (Leica, Wetzlar, Germany) were treated with 2%
(v/v) uranyl acetate and 10 mM lead citrate (Aladdin, Shanghai, China) before observation
with a HITACHI-H7500 transmission electron microscope (Hitachi Ltd., Tokyo, Japan).

2.4. RNA Extraction and Transcriptome Sequencing

The total RNA was extracted by Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The RNA quantity and quality were detected
by a NanoDrop 2000 (ThermoFisher, Waltham, MA, USA) and the Agilent Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA). High-quality RNA samples with an OD260/280
value ranging from 1.8 to 2.2 and an RNA integrity number ranging from 7.0 to 10.0 were
used. After a series of operations, including mRNA purification, fragmentation, cDNA
synthesis, adapter ligation and PCR amplification, 8 RNA-seq libraries (L39_C1, L39_C2,
L39_W1, L39_W2, L45_C1, L45_C2, L45_W1 and L45_W2) were constructed. The quantity
and quality of these libraries were evaluated with an Agilent Bioanalyzer 2100. The high-
quality libraries were used to perform paired-end sequencing on an Illumina HiSeqTM 4000
platform (Illumina, San Diego, CA, USA) by the LC-Biotechnology Co. (Hangzhou, China).
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2.5. Analysis of Transcriptome Data

To obtain clean reads, the adaptor sequences, those reads with unknown bases of more
than 5%, and low-quality reads were removed from the raw reads. Afterward, the clean
reads were mapped to the reference genome of melon (http://cucurbitgenomics.org/v2
/ftp/genome/melon/DHL92/v4.0/, accessed on 20 June 2020) using HISAT2 (Version
2.1.0) [31]. The mapped reads of each sample were assembled using StringTie software
(Version 2.0) [32]. Subsequently, the transcript abundance of each gene was measured
by fragment per kilobase of transcript per million mapped reads (FPKM) using StringTie
software. The identification of differentially expressed genes (DEGs) was conducted using
DESeq2 [33]; among them, genes with |log2 (fold change)| > 1 and a false discovery
rate (FDR) < 0.05 were designated as DEGs. To inspect the functional classifications and
metabolic pathways, GO enrichment and KEGG pathway enrichment analyses of the DEGs
were conducted using topGO from the Bioconductor package (Version 1.7) [34] and KOBAS
software (Version 2.0) [35], with the criterion of FDR < 0.05.

2.6. Quantitative Reverse Transcription-PCR (qRT-PCR) Verification

To verify the reliability of our RNA-seq results, the transcription levels of 26 DEGs
were detected by qRT-PCR, using the same RNA samples for RNA-seq library construction.
The synthesis of first-strand cDNA was performed using a reverse transcription system
(Promega, Madison, WI, USA). The qRT-PCR reaction was conducted on a LightCycler®96
System (Roche, Mannheim, Germany) in a 20 µL reaction system which contained 10 µL of
Top Green qPCR SuperMix (TransGen Biotech, Beijing, China), 0.5 µL of cDNA template,
0.5 µL of each primer (10 µmol·L−1, Table S1 in the Supplementary Materials), and 8.5 µL
of ddH2O. The thermal cycler procedure was set as previously described [36] and each
sample was run in triplicate. The housekeeping gene CmACT was used as an internal
control [37]. The 2−∆∆Ct method was used to calculate the relative transcription level of
each gene [38].

2.7. Statistical Analysis

Data were analyzed by SAS 9.1.3 (SAS Inc., Cary, NC, USA). The analysis of significant
differences was performed by an ANOVA with an LSD test at the level of p < 0.01.

3. Results
3.1. Physiological Responses to Waterlogging Stress

Here, we compared the physiological changes in two melon accessions, ‘L39’ and
‘L45’, in control and waterlogged plants after four days of waterlogging stress. Both ‘L39’
and ‘L45’ showed vigorous development under well-watered control conditions (Figure
S1A,B in the Supplementary Materials). The leaves of ‘L39’ became withered and chlorotic
after waterlogging stress (Figure S1C), whereas no remarkable changes were observed in
‘L45’ (Figure S1D). Thus, ‘L45’ was more tolerant than ‘L39’ to waterlogging stress. Under
control conditions, there was no significant difference in chlorophyll contents between
‘L39’ and ‘L45’ (Figure 1A–C). However, under waterlogging stress, the chlorophyll a,
chlorophyll b, and total chlorophyll contents of ‘L45’ were significantly higher than those of
‘L39’ (Figure 1A–C). Similarly, no significant differences were observed in terms of relative
electrolyte leakage (REL) and malondialdehyde (MDA) content between ‘L39’ and ‘L45’,
under control conditions (Figure 1D,E). However, under waterlogging stress, both the REL
and MDA contents of ‘L45’ were significantly lower than those of ‘L39’ (Figure 1D,E).

http://cucurbitgenomics.org/v2/ftp/genome/melon/DHL92/v4.0/
http://cucurbitgenomics.org/v2/ftp/genome/melon/DHL92/v4.0/
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Figure 1. Effects of waterlogging on chlorophyll a content (A), chlorophyll b content (B), total
chlorophyll content (C), relative electrolyte leakage (D), and malondialdehyde (MDA) content (E) in
‘L39’ and ‘L45’. Data are presented as means ± standard deviation. Significant differences at p < 0.01
with an LSD test are indicated by different letters.

To compare the ultrastructure of chloroplasts between ‘L39’ and ‘L45’, the leaf samples
taken after four days of waterlogging stress were observed using transmission electron
microscopy. The leaf cells of ‘L45’ contained oval chloroplasts with well-organized lamellar
structures (Figure 2A,B), while most of the chloroplasts of ‘L39’ were deformed, showing
loose lamellar structures (Figure 2C,D). Additionally, we observed the stomata of the leaves
using scanning electron microscopy. The results showed that the number of stomata in ‘L45’
was greater than in ‘L39’ (Figure 3A,C), the development of stomata in ‘L45’ was relatively
normal, and most of the stomata were open (Figures 3A,B and S2). However, the epidermal
cells of the ‘L39’ leaves were distorted, and some stomata were trapped in the epidermal
cells. In addition, most of the stomata became closed (Figures 3C,D and S2).

3.2. Transcriptome Data Analysis

To examine the transcriptional differences between ‘L39’ and ‘L45’ under control
and waterlogged conditions, eight RNA-seq libraries, including L39_C1, L39_C2, L39_W1,
L39_W2, L45_C1, L45_C2, L45_W1, and L45_W2, were used to perform paired-end se-
quencing on the Illumina HiSeqTM 4000 platform (Illumina, San Diego, CA, USA). A total of
366.76 million raw reads and 331.65 million clean reads were taken (Table 1). After quality
filtering, the clean reads ratio exceeded 86% for each library. In total, we gained a 49.74
giga base of clean bases with a Q20 percentage over 99%, a Q30 percentage over 97%, and a
GC percentage ranging from 43.50% to 47.00% (Table 1).
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Table 1. Summary of transcriptome data after filtering.

Sample
Name

Raw Reads
Number

Clean Reads
Number

Clean Bases
(Gb) Q20 (%) Q30 (%) GC (%) Clean Reads

Ratio (%)

L39_C1 47,362,356 43,584,000 6.54 99.98 97.97 45.00 92.02
L39_C2 45,108,810 41,493,278 6.22 99.98 98.08 44.00 91.98
L39_W1 47,284,196 41,121,986 6.17 99.99 97.90 45.00 86.97
L39_W2 45,691,524 41,184,558 6.18 99.98 98.07 43.50 90.14
L45_C1 44,275,178 38,287,494 5.74 99.98 97.98 47.00 86.48
L45_C2 46,621,728 42,792,352 6.42 99.98 98.03 45.00 91.79
L45_W1 45,658,890 42,021,172 6.30 99.98 98.03 44.00 92.03
L45_W2 44,756,744 41,165,862 6.17 99.98 98.06 44.00 91.98

The transcription level of each gene was calculated as FPKM after mapping the clean
reads to the melon reference genome. The results showed that 19,334, 19,369, 19,120, and
19,525 genes were expressed in L45_C, L45_W, L39_C, and L39_W, respectively. A total of
21,205 genes were expressed, among which 17,577 genes were shared in different samples
(Figure 4A). The common set of genes was enriched in 224 GO terms, among which 28 were
associated with a cellular component, 69 were relevant to molecular function, and 127 were
related to biological processes (Table S2). In the category of cellular components, the top
five enriched GO terms were intracellular (GO:0005622), cell (GO:0005623), intracellular
part (GO:0044424), cell part (GO:0044464) and intracellular organelle (GO:0043229). In
the category of molecular function, the top five enriched GO terms were RNA binding
(GO:0003723), purine ribonucleoside triphosphate binding (GO:0035639), small molecule
binding (GO:0036094), carbohydrate derivative binding (GO:0097367) and nucleotide bind-
ing (GO:0000166). In the category of biological processes, the top five enriched GO terms
were cellular process (GO:0009987), cellular metabolic process (GO:0044237), cellular macro-
molecule metabolic process (GO:0044260), macromolecule modification (GO:0043412), and
cellular protein metabolic process (GO:0044267) (Table S2).Horticulturae 2022, 8, 891 8 of 21 
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3.3. Identification and Functional Classification of DEGs

In the waterlogging-tolerant accession ‘L45’, under waterlogging stress, 1748 genes
were differentially expressed compared with control plants, including 1289 up-regulated
and 459 down-regulated genes. In the case of the waterlogging-sensitive accession ‘L39’,
3178 (1991 up-regulated and 1187 down-regulated) genes were differentially expressed
compared with control (Figure 4B). Next, to validate the results of the RNA-seq, 26 DEGs
were selected randomly and subjected to qRT-PCR analysis. As shown in Figure 5, a strong
positive correlation (two tailed, R2 = 0.9735) was observed between the RNA-seq and
qRT-PCR results, which indicated the credibility of RNA-seq results.
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Venn diagrams of the DEGs mentioned above were constructed. In the comparison
between waterlogging stress and control conditions, 357 up-regulated DEGs were com-
mon to both accessions, and the pathways of ‘glutathione metabolism’, ‘plant-pathogen
interaction’, and ‘metabolic pathways’ (Figure 6A) were highly enriched in these DEGs.
The waterlogging-sensitive accession ‘L39’ possessed a higher number of uniquely up-
regulated DEGs (1634 genes) when compared to the waterlogging-tolerant accession,
‘L45’ (932 genes). Pathways of ‘ubiquitin mediated proteolysis’, ‘metabolic pathways’,
‘glutathione metabolism’, and ‘homologous recombination’ were highly enriched in the
1634 DEGs of ‘L39’, whereas ‘plant-pathogen interaction’ and ‘flavone and flavonol biosyn-
thesis’ were highly enriched in the 932 DEGs of ‘L45’ (Figure 6A). Among the down-
regulated DEGs, 118 DEGs were common to both accessions, and the pathways of ‘nitrogen
metabolism’ were highly enriched (Figure 6B). A total of 341 DEGs were specific to ‘L45’.
In ‘L39’, 1069 DEGs were uniquely down-regulated; these were highly enriched in the
pathways of ‘plant hormone signal transduction’, ‘photosynthesis-antenna proteins’, ‘pho-
tosynthesis’, ‘metabolic pathways’, and ‘sulfur metabolism’ (Figure 6B).

3.4. Analysis of DEGs Related to Chlorophyll Metabolism and Photosynthesis

The chlorophyll metabolic pathway consists of chlorophyll a synthesis from gluta-
mate, the interconversion of chlorophyll a and chlorophyll b, and chlorophyll degrada-
tion. In ‘L39’, five genes involved in chlorophyll a synthesis were significantly down-
regulated in waterlogged leaves compared with control, including glutamyl-tRNA re-
ductase (MELO3C011113), magnesium-chelatase subunit H (MELO3C023131), magnesium-
protoporphyrin IX monomethylester oxidative cyclase (MELO3C026802), protochlorophyllide oxi-
doreductase (MELO3C016714) and geranylgeranyl reductase (MELO3C017176). The expression
of MELO3C023131 in ‘L39’ was down-regulated 6.58-fold under waterlogging stress, com-
pared with that under control conditions (Figure 7). In L45_W vs L45_C, MELO3C023131
and MELO3C026802 were down-regulated, whereas MELO3C018565 was up-regulated
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(Figure 7). Chlorophyllide a oxygenase (CAO) catalyzes the interconversion of chloro-
phyll a and chlorophyll b. The expression of the CAO encoding gene MELO3C010614
was significantly down-regulated in L39_W vs L39_C; however, there was no significant
change in L45_W vs. L45_C (Figure 7). In addition, the expression of the pheophorbide
a oxygenase (PAO) encoding gene MELO3C004867, involved in chlorophyll degradation,
was up-regulated in L39_W vs L39_C but not significantly up-regulated in L45_W vs L45_C
(Figure 7). In the photosynthesis pathway, numerous genes were down-regulated in ‘L39’
under waterlogging stress compared with control, including eight photosystem I, nine
photosystem II, one cytochrome b6/f complex, two ferredoxin, one plastocyanin, twelve
chlorophyll a-b binding proteins and three oxygen-evolving enhancer protein encoding
genes, while in ‘L45’, seven photosystem I, six photosystem II and four chlorophyll a-b
binding protein-encoding genes were down-regulated (Table S3 in the Supplementary Ma-
terials).
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3.5. Analysis of DEGs Related to Energy Generation

The changes in the expression of starch and sugar cleavage, glycolysis, and fermentation-
related genes were examined in this study (Figure 8). One of the most significant changes
upon waterlogging stress was the up-regulation of 12 starch and sugar cleavage-related
genes in ‘L39’, but only five were up-regulated in ‘L45’. Among these genes, α-amylase
(MELO3C012071 and MELO3C017002), β-amylase (MELO3C014105 and MELO3C023067),
α-glucan phosphorylase (MELO3C018948), phosphoglucan phosphatase (MELO3C009960), sucrose
synthase (MELO3C015552, MELO3C017942 and MELO3C025101) and invertase
(MELO3C004170) were uniquely up-regulated in ‘L39’, whereas β-amylase (MELO3C006362
and MELO3C021362) and invertase (MELO3C006727) were specifically up-regulated in ‘L45’.
The expression of α-glucan phosphorylase (MELO3C025876) and invertase (MELO3C013379)
were commonly up-regulated in both accessions; however, the up-regulation multiples in
‘L39’ were higher than in ‘L45’, among which MELO3C013379 was up-regulated 21.03-fold
in ‘L39’ but 4.53-fold in ‘L45’. In addition, we found that seven genes involved in glycolysis
significantly and specifically accumulated in ‘L39’, including hexokinase (MELO3C003755),
phosphofructokinase (MELO3C018966), phosphoglycerate mutase (MELO3C003497,
MELO3C005698 and MELO3C007772), enolase (MELO3C017268), and pyruvate kinase
(MELO3C024508), among which MELO3C024508 was up-regulated 7.75-fold compared
with the control. Interestingly, only one gene (MELO3C004591) encoding hexokinase was
significantly induced in ‘L45’ (Figure 8).
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Figure 8. Expression of genes associated with sugar cleavage, glycolysis, and fermentation in ‘L39’
and ‘L45’, under control and waterlogging stress conditions. The levels of gene expression are
shown by log10(FPKM+1). AMY, α-amylase; BAM, β-amylase; PP, phosphoglucan phosphatase; PHS,
α-glucan phosphorylase; SS, sucrose synthase; INV, invertase; HXK, hexokinase; PFK, phosphofruc-
tokinase; TPI, triosephosphate isomerase; GAPD, glyceraldehyde-3-phosphate dehydrogenase; PGK,
phosphoglycerate kinase; PGM, phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; PDC,
pyruvate decarboxylase; AlaAT, alanine aminotransferase; ALDH, aldehyde dehydrogenase; ADH,
alcohol dehydrogenase.

Fermentation converts the pyruvate produced by glycolysis into other metabolites,
such as alanine, acetate, and ethanol. Alanine aminotransferase (AlaAT), pyruvate decar-
boxylase (PDC), aldehyde dehydrogenase (ALDH), and alcohol dehydrogenase (ADH) are
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enzymes that participate in fermentation (Figure 8). In the present study, we found that
the PDC-encoding gene MELO3C009145 was significantly and specifically induced after
waterlogging in ‘L45’ but not in ‘L39’, whereas the AlaAT encoding gene MELO3C024307,
ALDH encoding gene MELO3C017542, and ADH encoding gene MELO3C026552 were
uniquely induced in ‘L39’ but not in ‘L45’ (Figure 8). Two genes (MELO3C004383 and
MELO3C024345) that encoded ALDH were commonly up-regulated in both accessions;
however, they were more strongly induced in ‘L39’, among which MELO3C004383 was
up-regulated 9.24- and 2.63-fold in ‘L39’ and ‘L45’, respectively (Figure 8).

3.6. Analysis of DEGs Related to Reactive Oxygen Species Scavenging

The generation and quenching of reactive oxygen species (ROS) are one of the most
central responses to waterlogging stress in plants. In our data, four ROS-generating
genes, RBohC (MELO3C000378, MELO3C015312, MELO3C025712, and MELO3C029753)
were significantly induced in ‘L39’ upon waterlogging stress, whereas only one RBohC
gene (MELO3C026754) was up-regulated in ‘L45’. Interestingly, the transcript level of the
RBohC gene MELO3C016333 was significantly repressed in ‘L45’ upon waterlogging stress
(Table S4). Antioxidant enzymes have evolved to alleviate the side effects of ROS in plants.
The transcripts of one superoxide dismutase (SOD) gene, four peroxidase (POD) genes, one
monodehydroascorbate reductase gene and one catalase (CAT) gene accumulated significantly
in ‘L39’ upon waterlogging stress, while five POD genes, one monodehydroascorbate reductase
gene, and one polyphenol oxidase (PPO) gene were induced in ‘L45’ (Table S4).

3.7. Analysis of DEGs Related to Hormone Metabolism

Ethylene is a primary hormone controlling the waterlogging response in plants. S-
adenosylmethionine (SAM), the precursor of ethylene biosynthesis, is formed by methio-
nine and ATP, catalyzed by SAM synthase (SAMS). In this study, the gene that encoded
SAMS, MELO3C012911, was significantly up-regulated in ‘L39’ but not in ‘L45’ (Table S5).
The first step of ethylene biosynthesis involves 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase (ACS), which converts the SAM into ACC, while the second step is cat-
alyzed by ACC oxidase (ACO) converting ACC to ethylene. We found that one ACS-
encoding gene, MELO3C016340, was accumulated in both ‘L39’ and ‘L45’, while another
gene, MELO3C021182, was uniquely induced in ‘L39’, which was up-regulated 17.75-fold
under waterlogging stress compared with control. MELO3C010508, which encodes ACO,
was uniquely accumulated in ‘L39’, while MELO3C014437 was uniquely induced in ‘L45’
upon waterlogging stress (Table S5).

Abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA) are involved in
the plant’s response to various abiotic or biotic stresses. Our data showed that the
transcript levels of two genes (MELO3C023086 and MELO3C027057) that encoded 9-cis-
epoxycarotenoid dioxygenase (NCED), which is one of the rate-limiting enzymes in ABA
biosynthesis, increased significantly and uniquely in ‘L39’, whereas one NCED gene was
down-regulated in ‘L45’ under waterlogging stress. Additionally, an ABA 8′-hydroxylase
gene (MELO3C018449), which is involved in ABA inactivation, was down-regulated 5.19-
fold in ‘L39’ but was not significantly regulated in ‘L45’. In the ABA signal transduction
pathway, five ABA receptor PYL-encoding genes were significantly down-regulated upon
waterlogging stress in ‘L39’, while two PYL encoding genes were down-regulated in ‘L45’,
among which MELO3C008314 was commonly regulated in the two accessions. The tran-
script level of one ABF-encoding gene (MELO3C018458) was uniquely induced in ‘L39’
(Table S5). These results revealed that the waterlogging response of ABA is up-regulated in
‘L39’. Phenylalanine ammonia-lyase (PAL) is one of the key enzymes in SA biosynthesis.
In our data, the transcript levels of nine and five PAL genes increased significantly in ‘L39’
and ‘L45’, respectively, among which, four PAL genes were commonly up-regulated. In the
SA signal transduction pathway, two NPR genes (MELO3C016187 and MELO3C021795)
were uniquely induced in ‘L45’, while one NPR gene (MELO3C009778) was uniquely
repressed in ‘L39’. The transcript level of MELO3C018539, encoding the pathogenesis-
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related protein, was up-regulated in both ‘L39’ and ‘L45’ (Table S5). In the process of
JA biosynthesis, numerous DEGs were identified in both accessions upon waterlogging
stress, including phospholipase A, lipoxygenase, allene oxide synthase, allene oxide cy-
clase, 12-oxo-phytodienoic acid reductase, acyl-activating enzyme, acyl-CoA oxidase, and
multi-functional protein- and 3-keto-acyl-CoA thiolase-encoding genes (Table S5). We
found that 13 genes that participated in JA biosynthesis were induced and 10 genes were
repressed in ‘L39’, whereas 15 genes involved in JA biosynthesis were up-regulated and
one gene was down-regulated in ‘L45’. In the JA signal transduction pathway, five TIFY
protein-encoding genes were substantially repressed upon waterlogging stress in ‘L39’,
among which two genes (MELO3C015538 and MELO3C022678) were significantly induced
in ‘L45’. The transcript level of MELO3C013851, encoding transcription factor MYC2, was
significantly and uniquely up-regulated in ‘L45’ (Table S5).

3.8. Analysis of Differentially Expressed Transcription Factors

To analyze the different responses of transcription factors to waterlogging stress in
two accessions, all the DEGs obtained in this study were categorized according to the
Plant Transcription Factor Database, version 3.0 [39]. A total of 311 waterlogging-regulated
transcription factors were identified (Table S6). Of these, 39 transcription factors (27 up-
regulated and 12 down-regulated) were commonly regulated in ‘L39’ and ‘L45’, whereas
155 transcription factors (87 up-regulated and 68 down-regulated) were regulated in ‘L39’
only, and 97 transcription factors (82 up-regulated and 15 down-regulated) were regulated
in ‘L45’ only. In addition, 15 transcription factors were down-regulated in ‘L39’ but were
up-regulated in ‘L45’, while 5 transcription factors were up-regulated in ‘L39’ but down-
regulated in ‘L45’ (Figure 9A).

The ERF (43 DEGs), bHLH (26 DEGs), WRKY (24 DEGs), MYB (22 DEGs), NAC
(19 DEGs), C2H2 (18 DEGs), GRAS (13 DEGs), HD-ZIP (12 DEGs), MYB_related (12 DEGs),
bZIP (11 DEGs), Dof (11 DEGs), G2-like (11 DEGs), C3H (7 DEGs), HSF (7 DEGs) and
LBD (7 DEGs) families were the top 15 differentially expressed categories (Figure 9A). A
heatmap analysis of the ERF, bHLH, and WRKY families was performed (Figure 9B–D).
In the ERF family, 13 members were significantly and specifically induced after water-
logging in ‘L45’ but not in ‘L39’, and two members were specifically suppressed in ‘L45’.
The expression of MELO3C013916, MELO3C019506 and MELO3C022985 was greatly up-
regulated in ‘L45’ but was down-regulated in ‘L39’ (Figure 9B and Table S6). It has been
reported that VII ERF plays a crucial role in controlling waterlogging and hypoxia toler-
ance [40]. In the melon genome, we previously identified five group-VII ERF genes [17].
In the current study, three members of VII ERFs (MELO3C017940, MELO3C021306 and
MELO3C024315) responded to waterlogging stress. Of these, MELO3C017940 was specifi-
cally induced in ‘L45’ and MELO3C024315 was specifically suppressed in ‘L39’, whereas
MELO3C021306 was induced more strongly in ‘L45’ than in ‘L39’ after waterlogging
stress (Figure 9B and Table S6). In the bHLH family, the expression of MELO3C002383,
MELO3C011110, MELO3C013851, and MELO3C015488 was specifically up-regulated in
‘L45’, and MELO3C006016 and MELO3C017424 were greatly up-regulated in ‘L45’ but
were down-regulated in ‘L39’ (Figure 9C and Table S6). In the WRKY family, eight, four,
and five members were specifically induced in ‘L45’, specifically suppressed in ‘L45’,
and up-regulated in ‘L45’, but were down-regulated in L39’, respectively, among which
MELO3C007470 was up-regulated 10.53-fold in ‘L45’ but was not significantly regulated in
‘L39’ (Figure 9D and Table S6).
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4. Discussion

Waterlogging stress has become one of the most severe abiotic stressors facing agricul-
ture worldwide; it leads to hypoxia stress and upsets the normal growth and development
of crops. The development of crop cultivars with resistance to waterlogging stress is an
economic and effective method by which to reduce the damage of waterlogging stress
to crop production. Understanding the genes that respond to waterlogging stress could
contribute to developing waterlogging-tolerant cultivars. Although the gene regulation and
adaptive mechanism have been reported in rice [41], wheat [42], sesame [43], peanut [44],
zombi pea [3], alfalfa [22], chrysanthemum [45], and cucumber [46], limited candidate
genes and knowledge of the molecular mechanism of melon to waterlogging stress are
available. In the present study, to explore the molecular responses to waterlogging stress
in melon, we performed an RNA-seq-based comparative transcriptome analysis between
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waterlogging-tolerant and waterlogging-susceptible accessions and analyzed the transcrip-
tomic differences between these two contrasting melon accessions.

In the present study, we first investigated the morphological and physiological changes
in ‘L39’ and ‘L45’ after waterlogging stress. After four days of waterlogging stress treat-
ment, ‘L39’ displayed a waterlogging-sensitive phenotype with withered and chlorotic
leaves, while ‘L45’ showed a waterlogging-tolerant phenotype with vigorous growth
(Figure S1). In agreement with this, the chlorophyll contents of ‘L39’ decreased significantly
under waterlogging stress, compared with control plants, while ‘L45’ contents did not
change upon waterlogging stress (Figure 1A–C). Previous studies have reported that the
hypoxia environment caused by waterlogging stress has adverse effects on membrane
stability [47–49]. In our present study, we found that under waterlogging stress, ‘L45’
exhibited lower REL and content of MDA than ‘L39’ (Figure 1D,E), indicating that the
waterlogging-tolerant accession suffers less oxidative stress and a lower degree of mem-
brane lipid peroxidation and electrolyte leakage; thus, it can better maintain the stability of
the cell membrane.

A global analysis of transcriptome could contribute to the identification of genes
that respond to waterlogging stress. In this study, gene transcriptional profiles of the
waterlogging-sensitive accession ‘L39’ and waterlogging-tolerant accession ‘L45’ under
waterlogging stress and control conditions were performed. A total of 1748 DEGs were
identified in ‘L45’ under waterlogging stress, compared with the control, whereas 3178
DEGs were found in ‘L39’ (Figure 4B). The accession that was indicated as sensitive (‘L39’)
demonstrated notably more genes with differential expression than the tolerant accession
(‘L45’), indicating more extensive transcriptomic reprogramming in sensitive accessions,
which is analogous to previous reports on cucumber [46,50], zombi pea [3], and alfalfa [22].
It has been reported that ubiquitination plays a critical role in regulating the transcriptional
changes required for adaption to abiotic stresses by modulating the amount and activity
of regulatory proteins [51]. Interestingly, we found the KEGG pathway of ‘ubiquitin-
mediated proteolysis’ was significantly and uniquely enriched in the up-regulated DEGs
of ‘L39’ (Figure 6A), which might partially explain the possible reasons for extensive
transcriptomic changes in ‘L39’. Simultaneously, considering the dramatic morphological
and physiological changes of ‘L39’, we speculate that the waterlogging-sensitive accession
might undergo more profound cellular and metabolic reorganization under waterlogging
stress than waterlogging-tolerant accession.

Stomata have been described as windows for gas exchange between the plants and the
outside environment [52]. Previous studies have reported that waterlogging stress could
induce the closing of stomata due to the decreased oxygen supply and hydraulic conduc-
tance of waterlogged roots [53–56]. In our present study, we found that most of the stomata
of ‘L39’ became closed (Figures 3C,D and S2), while the stomata of ‘L45’ remained open
(Figures 3A,B and S2), which is consistent with the observations on waterlogging-sensitive
and waterlogging-tolerant Citrus accessions under waterlogging stress [53]. It is presumed
that the stomata of waterlogging-sensitive accession might close as a response to the water
deficit in leaves. In addition, the results of transmission electron microscopy showed that
most of the chloroplasts of ‘L39’ exhibited deformation, with loose lamellar structures (Fig-
ure 2C,D), while the chloroplasts of ‘L45’ were oval-shaped, with normal lamellar structures
(Figure 2A,B), indicating that waterlogging stress leads to more detrimental effects in ‘L39’.
In grapevines, a number of genes related to chlorophyll synthesis were down-regulated un-
der waterlogging stress [57]. Similarly, in this study, we found that in ‘L39’, the expression
of five genes that participated in chlorophyll a synthesis was down-regulated, one gene
involved in the interconversion of chlorophyll a and chlorophyll b was down-regulated,
and one gene associated with chlorophyll degradation was up-regulated, whereas in ‘L45’,
two genes and one gene involved in chlorophyll a synthesis were down-regulated and
up-regulated, respectively (Figure 7). This suggested that waterlogging stress inhibited
chlorophyll synthesis and induced chlorophyll degradation of ‘L39’, while, it had less
effect on the chlorophyll metabolism of the waterlogging-tolerant accession ‘L45’, which is
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confirmed by the results of the chlorophyll contents (Figure 1A–C). It has been reported
that waterlogging stress can reduce the plant’s photosynthetic capabilities [52,53,56]. In
agreement with previous studies, we found that ‘photosynthesis-antenna proteins’ and
‘photosynthesis’ pathways were significantly enriched in the DEGs that were uniquely
down-regulated in ‘L39’ (Figure 6B). Simultaneously, more genes associated with photo-
synthesis were down-regulated in ‘L39’ than in ‘L45’ under waterlogging stress, compared
with control (Table S3). These results indicated a deeper effect of waterlogging stress on the
waterlogging-sensitive accession, which suffered stomatal closure, chloroplast distortion,
and chlorophyll degradation, reducing its photosynthetic capability, thereby increasing its
vulnerability to waterlogging stress.

During waterlogging stress, the switch from aerobic respiration to anaerobic respi-
ration is likely to strongly influence energy and carbon metabolism [58]. In grapevine,
waterlogging stress increased the expression of genes that participated in sugar and starch
cleavage, including α-amylase, β-amylase and sucrose synthase [57]. In rice, it has been
reported that starch breakdown-related genes were induced to a greater degree in the
flooding-intolerant variety, compared with the flooding-tolerant variety [59]. In the present
study, we found that a total of 12 starch and sugar cleavage-related genes were significantly
induced by waterlogging stress in ‘L39’, while only five genes were up-regulated in ‘L45’
(Figure 8). Remarkably, most of the above-mentioned genes were differentially expressed
at a higher level and were more strongly induced in ‘L39’ than in ‘L45’ (Figure 8). Pre-
vious studies have reported that numerous genes related to glycolysis and fermentation
were significantly accumulated under waterlogging stress [7,19,46,57]. In this study, seven
genes involved in glycolysis were induced in ‘L39’, which included genes encoding the
rate-limiting enzyme hexokinase, phosphofructokinase, and pyruvate kinase, whereas in
‘L45’, only one gene encoding hexokinase was induced by waterlogging stress (Figure 8).
In addition, our data showed that the number of induced fermentation genes was higher in
‘L39’, and these genes were more strongly induced in ‘L39’ compared with ‘L45’ (Figure 8).
These results were consistent with previous findings wherein those genes that participated
in starch-sugar cleavage, glycolysis, and fermentation are more strongly induced in the
sensitive variety than in the tolerant variety [3,60]. We speculate that the waterlogging-
tolerant accession might have a slower glycolytic process and a better ability to maintain
carbohydrate reserves than the sensitive accession, which suggests that the management of
carbohydrate reserves could be vital for the survival of plants encountering energy crises
from low oxygen conditions caused by waterlogging stress.

Under waterlogging stress, ethylene entrapment is described as the first warning
signal in plants [16,41,61]. In the zombi pea, waterlogging stress led to the stronger in-
duction of ethylene synthesis and perception in the waterlogging-sensitive variety than in
the waterlogging-tolerant variety [3]. Similarly, in this study, our analysis demonstrated
that the transcript of SAMS was uniquely accumulated in ‘L39’ (Table S5). In addition,
two genes encoding ACS, the rate-limiting enzyme of ethylene biosynthesis, were sub-
stantially induced in ‘L39’, while only one was up-regulated in ‘L45’ (Table S5). These
results indicated that the waterlogging response of ethylene might be more pronounced
in the waterlogging-sensitive accession, ‘L39’ than in the waterlogging-tolerant accession,
‘L45’. Although ethylene plays a vital role in plants under waterlogging stress, excessive
accumulation may lead to negative effects, such as the enhancement of chlorophyll degra-
dation and carbohydrate reserves consumption [59,62,63], which was in accordance with
our results described above (Figures 1A–C, 7,8), thereby resulting in the sensitivity to wa-
terlogging stress of ‘L39’. In sesame plants, 10 abscisic acid pathway genes were responsive
to waterlogging stress [43]. It has been reported that most key enzyme encoding genes for
ABA biosynthesis were greatly up-regulated in grapevines [57]. In this study, two genes
encoding NCED, a rate-limiting enzyme in ABA biosynthesis, were significantly induced,
while one gene encoding ABA 8′-hydroxylase, which is involved in ABA inactivation, was
substantially and uniquely repressed in ‘L39’, whereas one NCED gene was down-regulated
in ‘L45’ under waterlogging stress (Table S5). Additionally, more genes related to the ABA



Horticulturae 2022, 8, 891 16 of 20

signal transduction pathway changed transcript level in ‘L39’ compared with ‘L45’ (Table
S5). These results suggest that the waterlogging response of ABA is more prominent in
‘L39’, which is in line with the results of stomatal closure in ‘L39’ (Figure 3C,D). Moreover,
many genes associated with the SA and JA signaling pathways were identified under
waterlogging stress (Table S5). These waterlogging-responsive hormone genes might help
increase the endurance of waterlogging stress in melon and need to be studied further.

Transcription factors have been described as vital regulators of the response to wa-
terlogging stress, including members of the ERF, MYB, WRKY, bHLH, NAC and bZIP
families [7,64,65]. In this study, we found that 311 transcription factors were waterlogging-
responsive (Table S6), suggesting the importance of transcriptional regulation in response
to waterlogging stress in melon. Among these transcription factors, 43 ERFs exhibited
altered transcriptional levels under waterlogging stress, representing the highest number
of significantly expressed transcription factors (Figure 9A). It has been reported that the
overexpression of a waterlogging-responsive ERF from Mentha, MaRAP2-4, could enhance
the waterlogging tolerance of Arabidopsis [66]. In Arabidopsis, AtRAP2.6L, a member of the
ERF family, functions as a positive regulator of waterlogging tolerance, the overexpression
of which leads to an increase in Arabidopsis survival [67]. In this study, 13 ERFs were
uniquely up-regulated in ‘L45’, and three ERFs were induced in ‘L45’ but suppressed
in ‘L39’ (Figure 9B and Table S6), indicating the possible contributions of these ERFs in
the different waterlogging tolerance of the two melon accessions. Previous studies have
reported that members of the group-VII ERF family in Arabidopsis, including RAP2.2,
RAP2.3, RAP2.12, HRE1, and HRE2, are responsive to hypoxia and have a function in
hypoxia tolerance [68–70]. Similarly, in this study, three out of five VII ERF genes in melon
responded to waterlogging stress, among which MELO3C017940 was uniquely induced
in ‘L45’, MELO3C024315 was specifically suppressed in ‘L39’, and MELO3C021306 was
induced at a higher level in ‘L45’ than ‘L39’ (Figure 9B and Table S6), suggesting that these
VII ERF genes might act as oxygen sensors under waterlogging stress. The members of
the bHLH gene family have prominent regulatory functions in waterlogging tolerance
in barley [71], sesame [72] and Sesbania cannabina [65]. In chrysanthemum, bHLH93 and
bHLH130 were more up-regulated by waterlogging stress in the tolerant cultivar, while
bHLH25 and bHLH63 were induced more strongly in the sensitive cultivar [45]. In this
study, we also found four bHLH genes that were specifically up-regulated in ‘L45’, while
two genes were greatly up-regulated in ‘L45’ but down-regulated in ‘L39’ (Figure 9C and
Table S6), which may probably explain the certain difference between ‘L39’ and ‘L45’ in
waterlogging tolerance. Furthermore, members of the WRKY family were found to act as
master players in waterlogging response [20,73,74]. It has been reported that the ectopic
overexpression of the sunflower transcription factor HaWRKY76 in Arabidopsis could in-
crease the waterlogging tolerance of transgenic plants [21]. Our data showed that eight
genes of the WRKY family were specifically induced in ‘L45’, while five members were
up-regulated in ‘L45’ but down-regulated in ‘L39’ (Figure 9D and Table S6). The observed
differential expression of numerous transcription factors indicates a complicated transcrip-
tional regulatory network underlying melon responses to waterlogging stress. However,
it is worth noting that an in-depth functional analysis of these waterlogging-responsive
transcription factors is required to enhance resistance to waterlogging in melon.

5. Conclusions

In conclusion, we examined the differences in morphological and physiological
changes in the waterlogging-sensitive melon accession ‘L39’ and waterlogging-tolerant
accession ‘L45’ under waterlogging stress. Then, a comparative transcriptome analysis was
carried out, which showed that the DEGs between ‘L39’ and ‘L45’ varied dramatically at the
transcriptional level. Complex molecular response differences in chlorophyll metabolism,
photosynthesis, sugar cleavage, glycolysis, fermentation, reactive oxygen species scaveng-
ing, hormone signals, and transcription factors were detected. This study revealed the
pathways and genes fulfilling important roles in waterlogging tolerance of melon, which
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could provide a foundation for further understanding of the molecular response mecha-
nism against waterlogging stress and benefit the development of waterlogging resistant
varieties in melon.
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50. Kęska, K.; Szczesniak, M.W.; Makalowska, I.; Czernicka, M. Long-term waterlogging as factor contributing to hypoxia stress
tolerance enhancement in cucumber: Comparative transcriptome analysis of waterlogging sensitive and tolerant accessions.
Genes 2021, 12, 189. [CrossRef]

51. Lyzenga, W.J.; Stone, S.L. Abiotic stress tolerance mediated by protein ubiquitination. J. Exp. Bot. 2012, 63, 599–616. [CrossRef]
[PubMed]

52. Xiao, Y.; Wu, X.; Sun, M.; Peng, F. Hydrogen sulfide alleviates waterlogging-induced damage in peach seedlings via enhancing
antioxidative system and inhibiting ethylene synthesis. Front. Plant Sci. 2020, 11, 696. [CrossRef] [PubMed]

53. Pérez-Jiménez, M.; Pérez-Tornero, O. Short-term waterlogging in citrus rootstocks. Plants 2021, 10, 2772. [CrossRef] [PubMed]
54. Gao, J.; Su, Y.; Yu, M.; Huang, Y.; Wang, F.; Shen, A. Potassium alleviates post-anthesis photosynthetic reductions in winter wheat

caused by waterlogging at the stem elongation stage. Front. Plant Sci. 2021, 11, 607475. [CrossRef] [PubMed]
55. Barickman, T.C.; Simpson, C.R.; Sams, C.E. Waterlogging causes early modification in the physiological performance, carotenoids,

chlorophylls, proline, and soluble sugars of cucumber plants. Plants 2019, 8, 160. [CrossRef]
56. Jurczyk, B.; Pociecha, E.; Janowiak, F.; Kabala, D.; Rapacz, M. Variation in waterlogging-triggered stomatal behavior contributes

to changes in the cold acclimation process in prehardened Lolium perenne and Festuca pratensis. Plant Physiol. Biochem. 2016,
109, 280–292. [CrossRef]

57. Zhu, X.; Li, X.; Jiu, S.; Zhang, K.; Wang, C.; Fang, J. Analysis of the regulation networks in grapevine reveals response to
waterlogging stress and candidate gene-marker selection for damage severity. R. Soc. Open Sci. 2018, 5, 172253. [CrossRef]

58. Kreuzwieser, J.; Hauberg, J.; Howell, K.A.; Carroll, A.; Rennenberg, H.; Millar, A.H.; Whelan, J. Differential response of gray
poplar leaves and roots underpins stress adaptation during hypoxia. Plant Physiol. 2009, 149, 461–473. [CrossRef]

59. Fukao, T.; Xu, K.; Ronald, P.C.; Bailey-Serres, J. A variable cluster of ethylene response factor-like genes regulates metabolic and
developmental acclimation responses to submergence in rice. Plant Cell 2006, 18, 2021–2034. [CrossRef]

60. Sasidharan, R.; Mustroph, A.; Boonman, A.; Akman, M.; Ammerlaan, A.M.; Breit, T.; Schranz, M.E.; Voesenek, L.A.; van Tienderen,
P.H. Root transcript profiling of two Rorippa species reveals gene clusters associated with extreme submergence tolerance. Plant
Physiol. 2013, 163, 1277–1292. [CrossRef]

61. Voesenek, L.A.C.J.; Sasidharan, R.; Weber, A. Ethylene- and oxygen signalling—Drive plant survival during flooding. Plant Biol.
2013, 15, 426–435. [CrossRef] [PubMed]

62. Trebitsh, T.; Goldschmidt, E.E.; Riov, J. Ethylene induces de novo synthesis of chlorophyllase, a chlorophyll degrading enzyme, in
Citrus fruit peel. Proc. Natl. Acad. Sci. USA 1993, 90, 9441–9445. [CrossRef] [PubMed]

63. Jacob-Wilk, D.; Holland, D.; Goldschmidt, E.E.; Riov, J.; Eyal, Y. Chlorophyll breakdown by chlorophyllase: Isolation and
functional expression of the Chlase1 gene from ethylene-treated Citrus fruit and its regulation during development. Plant J. 1999,
20, 653–661. [CrossRef]

64. Valliyodan, B.; Van Toai, T.; Alves, J.; De Fátima, P.; Goulart, P.; Lee, J.; Fritschi, F.; Rahman, M.; Islam, R.; Shannon, J.; et al.
Expression of root-related transcription factors associated with flooding tolerance of soybean (Glycine max). Int. J. Mol. Sci. 2014,
15, 17622–17643. [CrossRef]

http://doi.org/10.1104/pp.15.00338
http://doi.org/10.1104/pp.17.00858
http://www.ncbi.nlm.nih.gov/pubmed/29475897
http://doi.org/10.3390/plants11010108
http://doi.org/10.1371/journal.pone.0149912
http://www.ncbi.nlm.nih.gov/pubmed/26934874
http://doi.org/10.3389/fpls.2021.601771
http://doi.org/10.3390/ijms19051455
http://www.ncbi.nlm.nih.gov/pubmed/29757964
http://doi.org/10.1186/s12870-017-1081-8
http://doi.org/10.3389/fpls.2017.01941
http://doi.org/10.3389/fpls.2021.749184
http://doi.org/10.3389/fpls.2019.00044
http://doi.org/10.3390/genes12020189
http://doi.org/10.1093/jxb/err310
http://www.ncbi.nlm.nih.gov/pubmed/22016431
http://doi.org/10.3389/fpls.2020.00696
http://www.ncbi.nlm.nih.gov/pubmed/32547587
http://doi.org/10.3390/plants10122772
http://www.ncbi.nlm.nih.gov/pubmed/34961243
http://doi.org/10.3389/fpls.2020.607475
http://www.ncbi.nlm.nih.gov/pubmed/33510750
http://doi.org/10.3390/plants8060160
http://doi.org/10.1016/j.plaphy.2016.10.012
http://doi.org/10.1098/rsos.172253
http://doi.org/10.1104/pp.108.125989
http://doi.org/10.1105/tpc.106.043000
http://doi.org/10.1104/pp.113.222588
http://doi.org/10.1111/plb.12014
http://www.ncbi.nlm.nih.gov/pubmed/23574304
http://doi.org/10.1073/pnas.90.20.9441
http://www.ncbi.nlm.nih.gov/pubmed/11607429
http://doi.org/10.1046/j.1365-313X.1999.00637.x
http://doi.org/10.3390/ijms151017622


Horticulturae 2022, 8, 891 20 of 20

65. Ren, C.G.; Kong, C.C.; Yan, K.; Zhang, H.; Luo, Y.M.; Xie, Z.H. Elucidation of the molecular responses to waterlogging in Sesbania
cannabina roots by transcriptome profiling. Sci. Rep. 2017, 7, 9256. [CrossRef] [PubMed]

66. Phukan, U.J.; Jeena, G.S.; Tripathi, V.; Shukla, R.K. MaRAP2-4, a waterlogging-responsive ERF from Mentha, regulates bidirec-
tional sugar transporter AtSWEET10 to modulate stress response in Arabidopsis. Plant Biotechnol. J. 2018, 16, 221–233. [CrossRef]
[PubMed]

67. Liu, P.; Sun, F.; Gao, R.; Dong, H. RAP2.6L overexpression delays waterlogging induced premature senescence by increasing
stomatal closure more than antioxidant enzyme activity. Plant Mol. Biol. 2012, 79, 609–622. [CrossRef]

68. Hinz, M.; Wilson, I.W.; Yang, J.; Buerstenbinder, K.; Llewellyn, D.; Dennis, E.S.; Sauter, M.; Dolferus, R. Arabidopsis RAP2.2: An
ethylene response transcription factor that is important for hypoxia survival. Plant Physiol. 2010, 153, 757–772. [CrossRef]

69. Licausi, F.; van Dongen, J.T.; Giuntoli, B.; Novi, G.; Santaniello, A.; Geigenberger, P.; Perata, P. HRE1 and HRE2, two hypoxia-
inducible ethylene response factors, affect anaerobic responses in Arabidopsis thaliana. Plant J. 2010, 62, 302–315. [CrossRef]

70. Papdi, C.; Pérez-Salamó, I.; Joseph, M.P.; Giuntoli, B.; Bögre, L.; Koncz, C.; Szabados, L. The low oxygen, oxidative and osmotic
stress responses synergistically act through the ethylene response factor VII genes RAP2.12, RAP2.2 and RAP2.3. Plant J. 2015, 82,
772–784. [CrossRef]

71. Borrego-Benjumea, A.; Carter, A.; Tucker, J.R.; Yao, Z.; Xu, W.; Badea, A. Genome-wide analysis of gene expression providesnewin-
sights into waterlogging responses in barley (Hordeum vulgare L.). Plants 2020, 9, 240. [CrossRef] [PubMed]

72. Dossa, K.; Mmadi, M.A.; Zhou, R.; Zhang, T.; Su, R.; Zhang, Y.; Wang, L.; You, J.; Zhang, X. Depicting the core transcriptome
modulating multiple abiotic stresses responses in sesame (Sesamum indicum L.). Int. J. Mol. Sci. 2019, 20, 3930. [CrossRef]
[PubMed]

73. Wang, X.; Li, J.; Guo, X.; Ma, Y.; Qiao, Q.; Guo, J. PlWRKY13: A transcription factor involved in abiotic and biotic stress responses
in Paeonia lactiflora. Int. J. Mol. Sci. 2019, 20, 5953. [CrossRef] [PubMed]

74. Li, D.; Liu, P.; Yu, J.; Wang, L.; Dossa, K.; Zhang, Y.; Zhou, R.; Wei, X.; Zhang, X. Genome-wide analysis of WRKY gene family in
the sesame genome and identification of the WRKY genes involved in responses to abiotic stresses. BMC Plant Biol. 2017, 17, 152.
[CrossRef]

http://doi.org/10.1038/s41598-017-07740-5
http://www.ncbi.nlm.nih.gov/pubmed/28835646
http://doi.org/10.1111/pbi.12762
http://www.ncbi.nlm.nih.gov/pubmed/28636266
http://doi.org/10.1007/s11103-012-9936-8
http://doi.org/10.1104/pp.110.155077
http://doi.org/10.1111/j.1365-313X.2010.04149.x
http://doi.org/10.1111/tpj.12848
http://doi.org/10.3390/plants9020240
http://www.ncbi.nlm.nih.gov/pubmed/32069892
http://doi.org/10.3390/ijms20163930
http://www.ncbi.nlm.nih.gov/pubmed/31412539
http://doi.org/10.3390/ijms20235953
http://www.ncbi.nlm.nih.gov/pubmed/31779255
http://doi.org/10.1186/s12870-017-1099-y

	Introduction 
	Materials and Methods 
	Plant Materials and Waterlogging Stress Treatment 
	Leaf Chlorophyll Content, Malondialdehyde Content, and Relative Electrolyte Leakage (REL) Determination 
	Ultrastructure Analysis 
	RNA Extraction and Transcriptome Sequencing 
	Analysis of Transcriptome Data 
	Quantitative Reverse Transcription-PCR (qRT-PCR) Verification 
	Statistical Analysis 

	Results 
	Physiological Responses to Waterlogging Stress 
	Transcriptome Data Analysis 
	Identification and Functional Classification of DEGs 
	Analysis of DEGs Related to Chlorophyll Metabolism and Photosynthesis 
	Analysis of DEGs Related to Energy Generation 
	Analysis of DEGs Related to Reactive Oxygen Species Scavenging 
	Analysis of DEGs Related to Hormone Metabolism 
	Analysis of Differentially Expressed Transcription Factors 

	Discussion 
	Conclusions 
	References

