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Abstract: Waterlogging poses significant abiotic stress that endangers the survival of plants, including
crops. In response, plants dramatically change their physiology to enhance their tolerance to waterlog-
ging, such as proteome reconfiguration. Here, we utilized isobaric tags for the relative and absolute
quantitation (iTRAQ)-based protein labeling technique to examine the proteomic changes induced by
waterlogging in the roots of Solanum melongena L., a solanaceous plant. The plants were subjected to
6, 12, and 24 h of waterlogging stress at the flowering stage. Of the 4074 identified proteins, com-
pared to the control, the abundance of the proteins increased and decreased in 165 and 78 proteins,
respectively, in 6 h of treatments; 219 and 89 proteins, respectively, in 12 h of treatments; and 126 and
127 proteins, respectively, in 24 h of treatments. The majority of these differentially regulated proteins
participated in processes such as energy metabolism, amino acid biosynthesis, signal transduction,
and nitrogen metabolism. Fructose-bisphosphate aldolase and three alcohol dehydrogenase genes, in
particular, were up- or down-regulated in waterlogging-treated Solanum melongena roots, suggesting
that some proteins related to anaerobic metabolism (glycolysis and fermentation) may play vital roles
in protecting its roots from waterlogging stress to enable long-term survival. Overall, this research
not only offers a comprehensive dataset of protein alterations in waterlogged Solanum melongena roots
but also insights into the mechanisms by which solanaceous plants adapt to waterlogging stress.

Keywords: Solanum melongena L.; proteome; iTRAQ); waterlogging; anaerobic metabolism

1. Introduction

Waterlogging, a condition that arises from poor drainage, partial or complete flooding,
and extended periods of rainfall has been recognized to have negative impacts on the
growth and yield of numerous vegetable crops [1,2]. This issue is becoming more and
more prevalent as there is an increase in the number of plants exposed to flooding, largely
due to erratic and unpredictable rainfall patterns globally. Excessive water accumulation
in the soil can lead to hypoxic (low-oxygen) and anoxic (absence of oxygen) conditions
within a few hours [3]. The hypoxic conditions hinder root respiration, which is vital for
nutrient uptake and overall plant health and thus leads to reduced plant growth, epinasty
(downward bending of leaves and stems), leaf chlorosis (yellowing), necrosis (cell death),
and a decreased fruit yield [4]. In response to hypoxic conditions, plants employ various
strategies to adapt and survive. One such strategy involves activating anaerobic pathways,
with glycolysis being the primary pathway. Additionally, plants undergo morphological
adaptations, including the formation of aerenchyma and adventitious roots [5]. Excess soil
water not only impacts root respiration but also affects various physiological processes
that are crucial for plant growth and yield. These processes include water relations (bal-
ance between water uptake and loss), the photosynthetic rate (PN) [6], stomatal opening
(regulation of gas exchange) [7], assimilating translocation (movement of nutrients within
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the plant) [8], and nutrient uptake [9,10]. Furthermore, plants exposed to prolonged low-
oxygen stress experience an increased accumulation of reactive oxygen species (ROS). While
ROS plays an important role in normal plant physiology, excessive quantities can result in
oxidative damage in plant cells, causing cellular dysfunction and potentially leading to cell
death [11]. Therefore, plants have evolved regulatory mechanisms to withstand waterlog-
ging stress. CmERF5 activates the ethylene-responsive VII transcription factor CmRAP2.3
to enhance the tolerance of Chrysanthemum morifolium to waterlogging stress via the ROS
pathway [12]. Overexpression of the sunflower transcription factor HitHB11 enhanced the
tolerance of maize to waterlogging and defoliation stress [13]. Overexpression of pyruvate
decarboxylase 1 (AdPDC1) from Actinidia deliciosa enhanced the tolerance of Arabidopsis
thaliana to waterlogging stress [14]. The waterlogging-responsive ERF transcription fac-
tor MaRAP2-4 from Mentha arvensis enhanced the tolerance of Arabidopsis thaliana to
waterlogging stress via regulating the expression of the bidirectional sugar transporter
AtSWEET10 [15]. These reports indicate that different regulatory mechanisms, such as ROS
metabolism and glycometabolism, were activated in the plant response to waterlogging
stress. However, these regulatory mechanisms in the plant response to waterlogging stress
are largely unclear.

Proteomic methodologies offer a robust means for examining changes in plant pro-
teomes as they respond to abiotic stress [16], as well as investigating various dimensions of
plant physiology [17]. Comparative proteomics has been reported as an effective method
for systematically exploring protein modifications in relation to a diverse array of abiotic
stressors, such as salt stress [18], water stress [19-22], and temperature variations [23-25].
Among the proteomic techniques, isobaric tags for the relative and absolute quantitation
(iTRAQ)-based proteomic method is particularly popular for conducting comparative
analyses of multiple samples [26,27]. This approach is advantageous because it enables
simultaneous peptide identification as well as quantification. This is achieved by labeling
the peptides with isobaric tags and then analyzing them using tandem mass spectrometry
(MS/MS) to measure the peak intensities of reporter ions. Consequently, iTRAQ allows
researchers to draw meaningful comparisons and gain valuable insights into the proteomic
changes under various abiotic stress conditions [28-30].

Solanum melongena (Solanaceae), commonly known as the eggplant, is a commercially
significant and diversely cultivated vegetable throughout China [31,32]. Although these
plants can flourish and grow in a variety of climates, they are particularly susceptible to
excessive soil moisture. In southern China, Solanum melongena production faces significant
challenges during the rainy season (May to July), when heavy and persistent rainfall is
common. The excessive rainfall, coupled with inadequate drainage systems, results in
waterlogging, which can, in turn, result in a reduction in oxygen levels in the soil, making
it difficult for the plants to survive and potentially causing their sudden death. Given the
importance of Solanum melongena as a vegetable crop, it is crucial to develop strategies to
enhance its tolerance to waterlogging stress. Here, we waterlogged Solanum melongena
plants for 6, 12, and 24 h, and the roots were used for an iTRAQ-based proteomic analysis.
After exposing the plants to waterlogging stress, we collected root samples and analyzed
them using iTRAQ-based proteomic techniques. This comprehensive methodology allowed
us to identify specific proteins and molecular pathways that are potentially associated with
the plant’s response to stress by waterlogging stimuli. By better understanding these
proteomic-level physiological adaptations in Solanum melongena roots, researchers and
agricultural experts can devise targeted interventions and breeding strategies to improve
the waterlogging tolerance of this economically important crop.

2. Materials and Methods
2.1. Plant Sources, Cultivation Conditions, and Waterlogging Stress Interventions

Our study employed XN, a cultivated eggplant variety known for its high tolerance
to waterlogging stress. The germination and seedling growth of XN were conducted in
plugs containing a 1:1:1 mixture of vermiculite, loam, and perlite at 25 °C, under a 16 h
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light and 8 h dark cycle, with a relative humidity of 75-85%. Upon the development of
four true leaves, the seedlings were categorized into four groups: Group 1 (acted as the
control), Group 2 (plants underwent 6 h of waterlogging), Group 3 (plants experienced 12 h
of waterlogging), and Group 4 (plants were subjected to 24 h of waterlogging). The latter
three groups were submerged in a tank with the water level maintained at 1.0 cm in the
plugs above the soil surface. For physiological and proteomic analyses, roots from both
waterlogged and control condition plants were collected. The roots of 10 seedlings from
the same replicate were combined, instantly frozen in liquid nitrogen, and stored at —80 °C
for subsequent use.

2.2. Protein Isolation

The roots of Solanum melongena were finely ground in liquid nitrogen utilizing a pestle
and mortar. The resulting powder was shifted to a 50 mL tube, and 25 mL of acetone/TCA
(9:1) along with 65 mM DTT were added. The mixture was mixed and stored at —20 °C for
1 h. Following centrifugation at 10,000 g for 45 min, the supernatant was carefully removed.
The residues were then suspended in STD buffer (1 mM DTT, 4% SDS, 150 mM Tris-HCl
pH 8.0) in a volume of 10:1. The samples underwent ultrasonic disruption (80 watts, 10 s per
cycle, 10 cycles). After centrifugation, the supernatants were stored at —80 °C for future use.

2.3. Protein Quantification and Proteolysis

The Bradford method was employed to determine total protein concentrations [33]. For
each sample, 200 ug of protein was mixed with 200 uL of UA buffer (150 mM Tris-HCI
pH 8.0, 8 M Urea) and transferred into a 10 kDa ultrafiltration centrifuge tube. The tube
was centrifuged at 14,000 g for 15 min to remove impurities and concentrate the protein
solution. Subsequently, 100 uL indoleacetic acid (IAA) (50 mM IAA in UA) was added to the
concentrate, and the tube was centrifuged once again to promote the reduction and alkylation
of proteins. Afterwards, the concentrate was diluted using 100 uL. UA buffer and concentrated
with another round of centrifugation. This dilution and concentration process was repeated
twice to ensure the removal of residual contaminants. Next, 40 pL of trypsin buffer (2 ug
trypsin in 4 uL dissolution buffer) was added to the proteins, which were then incubated at
37 °C overnight to enable efficient protein digestion into peptides. An equal volume of 0.1%
formic acid (FA) was added to the mixture to halt enzymatic activity. The digested peptides
were then purified using a Strata-XC18 column, washed with 5% acetonitrile (ACN) and 0.1%
FA twice, and eluted with 1 mL 80% ACN and 0.1% FA. The eluted peptides were dried in
a vacuum concentrator and redissolved in 500 pL of 0.5 M tetraethylammonium bromide
(TEAB), which served as the buffer for the subsequent peptide labeling step.

2.4. iTRAQ Tagging and Separation

Samples were tagged using the iTRAQ Reagent-8 plex Multiplex Kit (AB Sciex,
Cheshire, UK) as per the manufacturer’s guidelines. After labeling and quenching, the
labeled samples were combined, lyophilized to remove solvents, and then reconstituted
in 4 mL of 25% (v/v) ACN + 25 mM NaH;POy (pH 3.0) to prepare them for fractionation.
Strong cation exchange (SCX) chromatography was conducted on a polysulfoethyl column
(5 um, 200 A, 4.6 x 100 mm) (PolyLClInc, Columbia, MD, USA) using an AKTA Purifier 100
system (GE Healthcare, Danderyd, Sweden) with gradient elution to separate the peptides
into eight distinct fractions based on their charge properties.

2.5. Capillary Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS)

For capillary LC-MS/MS analysis of the collected peptide fractions, the Thermo Finni-
gan Q-Exactive Easy nLC-MS/MS system was utilized. Each peptide fraction was chro-
matographed using a carefully designed 60 min gradient elution, progressing from 0 to 35%
(mobile phase A: 0.1% [v/v] FA in water; B: 0.1% [v/v] FA in 84% [v/v] ACN), ensuring optimal
separation of peptides. The samples were first injected onto a Thermo Scientific EASY C18
trap column (2 cm x 100 pm, 5 um), which served to desalt and concentrate the peptides
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before analysis. Following this, the peptides were subjected to separation using an analytical
Thermo Scientific EASY C18 column (75 pm x 100 mm, 3 pm), maintaining a flow rate of
300 nL/min to achieve high-resolution separation. The precursor ion scan spectra were col-
lected within a range of 3001800 m1/z, with MS1 acquisition settings configured as follows:
spectrum resolution of 70,000 at m1/z 200; AGC target: 3 x 106; maximum IT: 10 ms; number of
scan ranges: 1; and dynamic exclusion: 40.0 s. After each full MS scan, the instrument collected
10 data-dependent MS2 spectra to provide in-depth information about the peptide fragments.
The MS2 acquisition settings were optimized for detailed analysis, including activation type;
isolation window: 2 m/z; HCD; spectrum resolution: 17,500 at 1/z 200; maximum IT: 60 ms;
microscans: 1; underfill ratio: 0.1%; and normalized collision energy: 30 eV.

2.6. Statistical Analysis

The raw MS/MS data files produced through the capillary LC-MS/MS method were
processed and examined using the advanced Mascot 2.2 and Proteome Discoverer 2.5
(Thermo Scientific, Waltham, MA, USA) software tools. To identify proteins, the acquired
MS/MS spectra were subjected to a search against the comprehensive Eggplant Genome
Database (http://eggplant-hq.cn/Eggplant/home/index (16 April 2023)) [32], with pa-
rameters set as biological modifications of ID focus, trypsin digestion, the Quantitate. Bias
and background correction were checked for protein quantification and normalization.
Generation of peak lists was performed with the Proteome Discoverer 2.5 software (Thermo
Fisher Scientific, Waltham, MA, USA) [34]. Protein quantification and identification were
carried out utilizing the Mascot software (V2.2, Matrix Science Inc., Boston, MA, USA). For
the iTRAQ labeling quantification analysis, only unique peptides exhibiting a confidence
level higher than 95% were included, ensuring the reliability of the results. Proteins with an
unused value surpassing 1.2 were considered worthy of further investigation. To accurately
evaluate the differences between the samples being compared, the fold change was calcu-
lated by considering the median abundance of replicate samples. Additionally, the p-values
were determined using a rigorous Student’s t-test, which helped minimize false positives
in the analysis. Proteins that exhibited a fold change greater than 1.5 and a p-value of
less than 0.05 were considered to be a significantly different protein abundance. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD041747 [35,36].

2.7. Bioinformatics and Annotations

Gene Ontology (GO) terms (http:/ /geneontology.org/ (16 April 2023)) are a set of
standardized vocabularies that categorize gene products according to their related molecu-
lar functions, cellular components, and biological processes. These terms provide a unified
language for describing and comparing genes and their products across different species.
In this study, the identified protein sequences were mapped to their corresponding GO
terms to gain a deeper understanding of their biological and functional properties [37].
Initially, a homology search was conducted for all the identified protein sequences using
a local NCBI BLASTp program against the NCBI non-redundant (nr) database. The e-
value threshold was set to less than 1 x 10~°. For each query sequence, the best match
was selected for further GO term matching. The GO term matching was performed with
blast2go and go2protein [https:/ /www.blast2go.com/ (16 April 2023)] website [38]. To
identify candidate biomarkers, we employed a hypergeometric test to perform GO and
KEGG pathway enrichment [39].

3. Results
3.1. Stress Symptoms in Eggplant Seedlings during Waterlogging

Identification of waterlogging tolerance conducted with morphological indexes was
intuitive, simple, and fast. In this study, waterlogging conditions were applied to eggplant
seedlings with four main leaves for 24 h. As shown in Figure 1, symptom changes were
displayed at four different time points (0, 6, 12, and 24 h). Notably, a significant symptom was
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that some litter white adventitious roots on the surface of the eggplant stem above substrates
had taken shape after a 12 h waterlogging treatment (Figure 1C), but no obvious changes
could be found after 6 h (Figure 1B). The average length of the adventitious roots measured at
6, 12 (Figure 1B,C), and 24 h (Figure 1D) was 0, 0.5, and 1.0 mm, respectively. Interestingly,
the number of roots did not change between the 12 and 24 h treatments. This consistency
might result from the short waterlogging times used in this experiment. In addition, we
selected some genes induced by waterlogging stress from the data of protein quantification
and the differential analysis of the eggplant with a real-time quantitative PCR assay at the
time points of 0, 6, 12, and 24 h post waterlogging treatment (Supplementary Table S1), and
the results show that the relative transcript expression levels of selected genes including
galactoside 2-alpha-L-fucosyltransferase (SmFUT1, Smechr0101652.1) [40], peptidyl-prolyl
cis-trans isomerase FKBP42 (SmFKBP42, Smechr0102011.1) [41,42], novel plant SNARE 13
(SmSNARE13, Smechr0502662.1) [43,44], the NAD-dependent protein deacylase SRT2 (Sm-
SRT2, Smechr1102733.1), and the ultraviolet-B receptor UVRS8 (SmUVRS, Smechr0300744.1)
were significantly up-regulated under the condition of waterlogging stress (Figure S1,
Table S4). Our results reveal that the effects of waterlogging stress on eggplant seedlings
appeared at an early stage.

Figure 1. Different responses of eggplant seedlings to waterlogging treatments. (A) No waterlogging;
(B) 6 h, (C) 12 h, and (D) 24 h waterlogging treatments. Bar = 10 mm. (E) The new root length of eggplant
with the waterlogging stress treatment at the time points of 0, 6, 12, and 24 h post treatment. Different
capital letters between samples represent significant differences—one-way ANOVA test (p < 0.01).

3.2. Protein Response to Waterlogging Stress in the Root of Solanum Melongena Identified with
GO Analysis

To establish the changes in proteins in the roots of Solanum melongena, the gel-free iTRAQ
analysis was employed. Expression profiles of the proteins of plants under waterlogging
stress conditions for 0, 6, 12, and 24 h were assessed in two independent iTRAQ experiments.
The ProteinPilot cut-off score for identifying proteins was set at 1.3, which corresponded
to a confidence level of 95%. The data collected from the roots of Solanum melongena were
assessed using Mascot software vs. 2.2 (Matrix Science, London, UK, which resulted in a
total of 4074 proteins in these samples (Supplementary Table S1).

Compared with the control, we found that for Group 2, 165 proteins increased (Group 2:
Group 1 ratio greater than 1.2, g-value less than 0.05) and 78 decreased (Group 2: Group 1
ratio less than 0.83, g-value less than 0.05). In addition, for Groups 3 and 4, 219 and
89 proteins exhibited increased levels, and 126 and 127 proteins exhibited decreased lev-
els, respectively. Using the WEGO (Web Gene Ontology Annotation Plot) online website
(https:/ /wego.genomics.cn/) [45], we sorted all the discovered proteins into three major
classes based on their GO annotations: molecular functions, cellular components, and
biological processes. The GO analysis depicted that many different abundance proteins
in Groups 2, 3, and 4 were engaged in diverse cellular, single-organism, metabolic, reg-
ulatory, and stimulatory processes (Figure 2). Consequently, waterlogging stress greatly
remodels the proteome of Solanum melongena roots by influencing many dimensions of
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plant physiology. Most of the different abundance proteins were predicted to be associated
with the cell, organelle, membrane, and macromolecular complexes, all of which fall under
the umbrella of cellular components and are, therefore, likely to play a critical function in
regulating the waterlogging-induced signaling of the cellular metabolic pathways. Most
different abundance proteins in the eggplant response to waterlogging stress were classified
as having molecular functions associated with binding or catalysis.

The UniProt database (https://www.uniprot.org/ (accessed on 30 May 2023)) was
used to retrieve the GO annotations of each important protein. Using a custom Perl script,
we searched our in-house GO database to determine how many proteins were associated
with each GO item [46]. For the enrichment analysis, we calculated the p-value of each
GO item by running a hypergeometric test and then applying False Discovery Rate (FDR)
multiple adjustments. Proteins engaged in biological processes were discovered at a higher
rate than those involved in cell components or molecular function across all three treatment
groups (Supplementary Table S2 and Figure 3).

3.3. Analysis of KEGG Pathway Enrichment of Eggplant Treated with Waterlogging Stress

For an outline of the primary biochemical metabolic and signal transduction pathways
that are affected by waterlogging stress in Solanum melongena roots, different abundance
proteins were analyzed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG;
http:/ /www.genome.jp (16 April 2023)), which according to the related biochemical path-
ways, provides an alternative functional annotation of the proteins (Supplementary Table 53
and Figure 4) [47]. Compared to the control group (0 h), the differentially abundant an-
notated proteins of the top 10 enrichment pathways in the 6 h/0 h group were related
to tyrosine metabolism; phenylalanine, tyrosine, and tryptophan biosynthesis; fatty acid
elongation; isoquinoline alkaloid biosynthesis; butanoate metabolism; the biosynthesis
of unsaturated fatty acids; phenylpropanoid biosynthesis; phenylalanine metabolism;
ubiquinone and other terpenoid—quinone biosynthesis; and tropane, piperidine, and
pyridine alkaloid biosynthesis (Figure 4A). In the 12 h/0 h group, the different abun-
dance proteins were associated with N—Glycan biosynthesis; tropane, piperidine, and
pyridine alkaloid biosynthesis; fatty acid elongation; isoquinoline alkaloid biosynthesis;
the biosynthesis of unsaturated fatty acids; phenylpropanoid biosynthesis; starch and
sucrose metabolism; phenylalanine metabolism; phenylalanine, tyrosine, and tryptophan
biosynthesis; and ubiquinone and other terpenoid —quinone biosynthesis (Figure 4B). In
the 12 h/6 h group, differentially abundant proteins in the top eight enrichment pathways
were related to carbon metabolism; amino acid biosynthesis; protein processing in the
endoplasmic reticulum; pentose and glucuronate interconversions; cysteine and methio-
nine metabolism; photosynthesis; cyanoamino acid metabolism; and sulfur metabolism
(Figure 4C). The different abundance proteins in the 24 h/0 h group of the top 10 enrich-
ment pathways were involved in N—Glycan biosynthesis; tropane, piperidine, and pyridine
alkaloid biosynthesis; fatty acid elongation; various types of N—Glycan biosynthesis; iso-
quinoline alkaloid biosynthesis; the biosynthesis of unsaturated fatty acids; riboflavin
metabolism; protein processing in the endoplasmic reticulum; phenylpropanoid biosyn-
thesis; and phenylalanine metabolism (Figure 4D). Further comparison showed that the
differentially abundant proteins in the 24 h/6 h group were related to fatty acid biosynthesis
and degradation; alanine, aspartate, and glutamate metabolism; tropane, piperidine, and
pyridine alkaloid biosynthesis; cyanoamino acid metabolism; sulfur metabolism; various
types of N—Glycan biosynthesis; protein processing in the endoplasmic reticulum; the
peroxisome; and N—Glycan biosynthesis (Figure 4E). In the 24 h/12 h group, the differ-
entially abundant proteins in the top 10 enrichment pathways were related to nucleotide
metabolism; the biosynthesis, metabolism, and degradation of fatty acids; glycerolipid
metabolism; the phosphatidylinositol signaling system; pyrimidine metabolism; various
types of N—Glycan biosynthesis; protein processing in the endoplasmic reticulum; and
N—Glycan biosynthesis (Figure 4F). Our analysis revealed that different KEGG pathways
were implicated in different waterlogging-treatment times.
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Figure 4. KEGG pathway analysis for different abundance proteins in 6 h/0 h (A), 12 h/0 h (B),
12h/6h (C),24h/0h (D), 24 h/6 h (E), and 24 h/12 h (F) groups.

3.4. Protein—Protein Interaction Analysis

STRING, a free tool available at http:/ /string-db.org/ (16 April 2023), was used to ex-
amine the protein—protein interaction network. Using sequence alignment, the significantly
different abundance proteins were mapped to the STRING database using the standalone
BLAST program (version 2.2.27) (NCBI, Bethesda, MD, USA). A molecular network among
these proteins was constructed according to the protein—protein interactions from STRING.
The network was then visualized using Cytoscape (version 2.8.3) software. Figure 5 dis-
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plays the important protein interactions between different abundance proteins. In Group 2,
these protein interactions included FEY (Forever young oxidoreductase), Mavicyanin
(Cupredoxin superfamily protein), AMT1-1 (Ammonium transporter 1 member 1), PP2Ac2
(Serine/threonine—protein phosphatase), AGP-S1 (Glucose-1-phosphate adenylyltrans-
ferase), sps (Sucrose phosphate synthase), MAPK14 (Mitogen-activated protein kinase 14),
and ndhB1 (NAD(P)H-quinone oxidoreductase subunit) (Figure 5A). In Group 3, these
protein interactions included TBG7 (Beta-galactosidase), SIFBA7 (fructose-bisphosphate
aldolase), ribA (GTP cyclohydrolase), ispE (4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase), ACO1 (1-aminocyclopropane-1-carboxylate oxidase 1), PME2.1 (Pectinesterase 2.1),
Glb1 (Non-symbiotic hemoglobin class 1), IDI1 (Plastid isopentenyl diphosphate isomerase),
P18 (Deoxyuridine 5’-triphosphate nucleotidohydrolase), FTA (Protein farnesyltransferase),
H2B-3 (Histone H2B.3), PHOT1 (Phototropin 1), and SFP4 (Sugar transporter) (Figure 5B).
In Group 4, ADH2 was included in the following protein interactions: catl (Catalase
isozyme 1), TBG1 (Beta-galactosidase), DAD1 (Dolichyl-diphosphooligosaccharide-protein
glycosyltransferase subunit DAD1), and CCR1 (Cinnamoyl-CoA reductase) (Figure 5C).
These proteins have critical roles in cellular signaling, energy and lipid metabolism, and
immune system function. For example, by converting nicotinamide adenine dinucleotide
(NAD+) to nicotinamide adenine dinucleotide (NADH), alcohol dehydrogenase enables
the interconversion of alcohols to aldehydes or ketones. Under normal physiological con-
ditions, young plants grown in agar show low-level, constitutive expression of ADH in
their root systems [48]. Under the condition of oxygen deprivation, dehydration, and low
temperatures, the protein abundance of ADH is significantly increased [49]. In addition, we
provided a simplified interacting net of some critical proteins based on the protein—protein
interaction analysis in the eggplant response to waterlogging stress at 6, 12, and 24 h post
treatment comparing to 0 h (Figure S2).

3.5. Analysis of Waterlogging-Related Proteins

Compared with the control condition, the up-regulated and annotated proteins in
Group 2 included fructose-bisphosphate aldolase, 14-3-3-like protein A, the T-complex
protein 1 subunit, DnaJ protein, Serine/threonine—protein phosphatase, alcohol dehy-
drogenase, the eukaryotic translation initiation factor 3 subunit, and 70 kDa peptidyl-
prolyl isomerase (Supplementary Table S1). The up-regulated and annotated proteins in
Group 3 included not only those in Group 2 but also multi-protein bridging factor-like,
S-adenosylmethionine synthase, Argonautel04, Triosephosphate isomerase, and 40S ribo-
somal protein, which was the 60S ribosome, actin, 60 kDa chaperonin, Serine/threonine—
protein phosphatase, fructose-bisphosphate aldolase, Triosephosphate isomerase, and
alcohol dehydrogenase in Group 4. Among these differentially abundant proteins, alcohol
dehydrogenase and fructose-bisphosphate aldolase were disclosed in the three treated
groups. Fructose-bisphosphate aldolase was the most up-regulated protein in Groups 2
(1.35-fold increase) and 3 (1.49-fold increase), suggesting that waterlogging stress may affect
gene transcription via the modification of gluconeogenesis and the glycolysis pathway.
However, three fructose-bisphosphate aldolases in Groups 2 and 3 were involved in the
waterlogging stress, and one of them was down-regulated. Strikingly, three identified
fructose-bisphosphate aldolases in Group 4 were all up-regulated, with a 1.8-fold increase.
These analyses indicate that when adapting to waterlogging stress, some types of fructose—
bisphosphate aldolase need to be reduced at some time point. Further comparisons among
the waterlogging-treated groups indicate that the abundance of fructose-bisphosphate
aldolase increased the longer the plants were waterlogged (Supplementary Table S1). Alco-
hol dehydrogenase was the most up-regulated protein in Group 4, with a 2.52-fold increase.
Moreover, its increase in Groups 2 (1.23-fold increase) and 3 (1.49-fold increase) was ob-
served. The results of the analysis on alcohol dehydrogenase suggest that it had a strong,
positive response to waterlogging stress.



Life 2023, 13, 1399 11 of 17

Figure 5. Protein—protein interaction network analyzed using STRING website: (A) network derived from
significantly altered proteins in the 6 h/0 h sample group, (B) 12 h/0 h sample group, and (C) 24h/0 h
sample group. Various line colors indicate different types of association evidence: neighborhood evidence
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is shown with the green line, experimental evidence is shown with the purple line, fusion evidence is
shown with the red line, database evidence is shown with the light blue line, co-occurrence evidence
is shown with the blue line, co-expression evidence is shown with the black line, and text-mining
evidence is shown with the yellow line.

Regarding the significantly repressed proteins under waterlogging stress, they have
a characteristic of diversity at different times. In Group 2, 10 annotated proteins were
markedly down-regulated, namely heterogeneous nuclear ribonucleoprotein A2/B1-like,
the elongation factor Tu, ATPase 3, histone deacetylase, nucleoside diphosphate kinase,
pyruvate kinase, adenosine triphosphate (ATP) synthase, ATP-dependent zinc metallopro-
tease, peptidyl-prolyl cis-trans isomerase, and RuBisCO large subunit-binding protein. In
Group 3, there were eight annotated proteins, namely heterogeneous nuclear ribonucleopro-
tein A2/B1-like, ATP synthase, aminomethyltransferase, histone deacetylase, nucleoside
diphosphate kinase, serine hydroxymethyltransferase, 12-oxophytodienoate reductase, and
Serine/threonine—protein phosphatase. In Group 4, there were six annotated proteins that
were involved, namely heterogeneous nuclear ribonucleoprotein A2 /B1-like, the elongation
factor Tu, pyruvate kinase, aminomethyltransferase, nucleoside diphosphate kinase, and
Serine/threonine—protein phosphatase. These down-regulated proteins were all negatively
affected by waterlogging stress.

4. Discussion

When the amount of water in the soil exceeds its absorption capacity, a certain amount
of water stays on the surface of the soil, which will eventually lead to the occurrence of
waterlogging stress [50]. To better understand the physiological mechanisms that underlie
plant stress responses, investigation is currently conducted on plant responses to abiotic
stress stimuli at the proteome level [16]. The iTRAQ-based proteomic assessment was con-
ducted to understand how the function of proteins changes in the roots of Solanum melongena
under stress with waterlogging and to clarify the molecular mechanisms responsible for
waterlogging tolerance. The iTRAQ-based quantitative method is a strong proteomic tool
for the identification of different abundance proteins to understand the variations in the
plant proteome in response to stress with abiotic stimuli [51]. Through iTRAQ), researchers
are able to identify five specific physiological parameters, including the concentration of
malondialdehyde (MDA), alcohol dehydrogenase activity, GSH, nicotinamide adenine
dinucleotide, and adenosine 5’-triphosphate [52]. These changes are consistent with the
proteomic changes observed in maize roots in response to waterlogging stress [52].

The iTRAQ-based quantitative approach led to the identification of 4235 waterlogging-
responsive proteins. The GO assessment depicted that these revealed proteins were impli-
cated in cellular components, biological processes, and molecular functions. The further
gene enrichment analysis suggested that the majority of these proteins were engaged in
biological processes, followed by molecular function and cellular components. In the
plant, the different proteins were inter-coordinated to exhibit their biological behavior, and
the analysis based on the pathway helped us understand its biological function. At the
proteome level, waterlogging has been found to induce variations in the abundance of
proteins linked to various processes, such as photosynthesis, energy metabolism, signal
transduction, redox homeostasis, RNA processing, PCD, protein biosynthesis, disease
resistance, defense, and stress mechanisms [53,54]. In this study, waterlogging stress led
to variations in the protein abundance found in Solanum melongena roots, which were
implicated in several of these processes.

Plants’ responses to stress are dynamic processes that vary with the nature and severity
of the stress they experience [55]. Various stages related to plant stress responses, which
were characterized by their unique proteome composition, have been distinguished. In
our study, Solanum melongena roots, under waterlogging stress for 6, 12, and 24 h, respec-
tively, showed dissimilar different abundance proteins, suggesting that the amount of
time the roots were placed under stress affected their response. Increased concentration of
so-called anaerobic proteins, such as alcohol dehydrogenase and fructose-bisphosphate
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aldolase, is associated with the promotion of anaerobic metabolism, especially fermentation
and glycolysis, in waterlogged plant roots [56]. The enhancement of alcohol dehydro-
genase and fructose-bisphosphate aldolase in the roots of Solanum melongena because of
waterlogging stress was also observed in this study, suggesting their strong positive re-
sponse to waterlogging stress. This result is similar to that of a report that showed the
improvement of waterlogging tolerance in plants pretreated with ALA [57]. In contrast,
Xu et al. found that the waterlogging tolerance index of Brassica napus L. was independent
of alcohol dehydrogenase [58]. Therefore, our study may provide some new insight for
understanding the response of S melongena to waterlogging stress. Interestingly, more
than one fructose-bisphosphate aldolase identified in the roots of Solanum melongena were
induced by waterlogging stress, but not all of them were up-regulated, implying that some
types of fructose-bisphosphate aldolase need to be down-regulated at some point in order
to activate adaptations to waterlogging stress. However, the increased degree of their
abundance was not significant as the highest increase observed was 2.5-fold. This may be
attributed to the short length of time the plants were placed under waterlogging stress in
this study. Apart from alcohol dehydrogenase and fructose-bisphosphate aldolase, many
other waterlogging-responsive proteins, such as T-complex protein 1, 14-3-3-like protein A,
and Serine/threonine—protein phosphatase, were up-regulated. Energy metabolism plays
an important role in the physiological regulation of plant adaptation to hypoxia [59]. In the
case of plant consumption of a carbohydrate, the ATP produced by anaerobic respiration is
far less than that produced by aerobic respiration [50].

During the waterlogging of plants, the production of ATP is limited because of anaero-
bic metabolism. In our study, the abundance of ATP synthase and pyruvate kinase under
waterlogging stress was markedly down-regulated. One molecule of ATP is produced when
phosphoenolpyruvate transfers a phosphate group to adenosine diphosphate via the latter’s
catalytic activity [60]. An analysis of tolerant and susceptible sesame revealed that waterlog-
ging stress response patterns were implicated in energy metabolism and genes in the pathway
of benzene synthesis [61]. Similar reports were made in various other studies with a variety of
plant species, including Arabidopsis (Arabidopsis thaliana) [62], barley (Hordeum vulgare) [63],
soybeans (Glycine max) [64], and potatoes (Solanum tuberosum) [65] exposed to waterlogging
conditions. Apart from energy-related proteins, proteins involved in RNA splicing (het-
erogeneous nuclear ribonucleoprotein A2/B1-like), DNA wrapping (histone deacetylase),
protein synthesis (the elongation factor Tu), carbon fixation (RuBisCO large subunit-binding
protein), and amino acid metabolism (aminomethyltransferase) were all involved, further
confirming the results of previous studies [54,66-69]. According to the KEGG analysis,
we found that waterlogging stress can induce the accumulation of protein abundance in
phenylpropanoid metabolism and the tropane, piperidine, and pyridine alkaloid biosyn-
thesis pathway. Plant roots produce a lot of ROS due to a lack of oxygen in the condition
of waterlogging stress [70]. Sucrose acted as a signaling molecule, and can directly medi-
ate the phenylpropanoid metabolism (Smechr0500713.1, Smechr0402501.1), and tropane,
piperidine, and pyridine alkaloid metabolism (Smechr0702092.1, Smechr0601455.1), which
play an important role in maintaining osmotic balance and removing ROS [71]. Previous
studies showed that the tropane, piperidine, and pyridine alkaloid biosynthesis pathway
was triggered by drought and saline-alkali stress [71,72]. However, we did not find any
reports about the tropane, piperidine, and pyridine alkaloid biosynthesis pathway’s in-
volvement in the plant response to waterlogging stress. In addition, we also found that the
peroxisome pathway (Smechr0401398.1, Smechr0102162.1) was enriched in the 24 h/6 h
group (Figure 4E), suggesting that waterlogging stress activated the gene expression of the
peroxisome pathway to eliminate excessive ROS to enhance the tolerance of the eggplant
to waterlogging stress.

This study used the iTRAQ technology to give a comprehensive analysis of protein
dysregulation in the roots of Solanum melongena during exposure to waterlogging stress and
subsequent recovery. A total of 4235 proteins that had a different abundance were identified
under waterlogging conditions. Based on the findings from this research, we propose that
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certain proteins related to anaerobic metabolism (glycolysis and fermentation) may play
vital roles in protecting the roots of Solanum melongena from waterlogging stress to enable
long-term survival. Studies on the mechanism of Solanum melongena under waterlogging
resistance could not only provide guidance for the breeding of waterlogging-tolerant va-
rieties but also be applied to the genetic improvement of other crops using the APX of
Solanum melongena to modify the rice seed germination and early seedling resistance to
waterlogging [73]. Based on these findings, the understanding of the mechanisms underly-
ing Solanum melongena’s response to waterlogging stress has been enhanced, and research
strategies can be further optimized. Subsequent research should integrate transcriptomic,
proteomic, and metabolomic methodologies to reveal the extensive molecular interactions
occurring in the roots of Solanum melongena as a response to waterlogging stress.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/1ife13061399 /51, Figure S1: Analysis of transcript expression
levels of waterlogging stress defense-related genes including galactoside 2-alpha-L-fucosyltransferase (Sm-
FUT1, Smechr0101652.1), pep-tidyl-prolyl cis-trans isomerase FKBP42 (SmFKBP42, Smechr0102011.1),
novel plant SNARE 13 (SmSNARE13, Smechr0502662.1), NAD-dependent protein deacylase SRT2
(SmSRT2, Smechr1102733.1), and ultraviolet-B receptor UVRS8 (SmUVRS, Smechr0300744.1) in egg-
plant root treated with waterlogging stress using RT-qPCR assay at 24 h post treatment. Different
capital letters between samples represent significant differences—one-way ANOVA test (p < 0.01);
Figure S2: The simplified interacting net of some critical proteins based on the protein—protein inter-
action analysis in eggplant response to waterlogging stress at 6 (A), 12 (B), and 24 h (C) post treatment
comparing to 0 h. Table S1: protein quantification and different abundance analyses of eggplant root
at 0, 6,12, and 24 h post waterlogging stress treatment; Table S2: The GO analysis of eggplant root
treated with waterlogging stress at 0, 6, 12, and 24 h; Table S3: KEGG pathway enrichment analysis of
eggplant root treated with waterlogging stress at 0, 6, 12, and 24 h; Table S4: Sequences of primer
pairs were used in this study.

Author Contributions: X.Y., Z.]. and L.S. conceived, designed, and performed the experiments; X.Y.,
L.S. and J.H. analyzed the data; X.Y., L.S. and J.H. wrote and revised the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the High-level Personnel Project Funding of
Jiangsu Province Six Talents Peak (No. 2015-NY-020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are openly available in a public repository, please visit ProteomeX-
change Consortium database (http://www.proteomexchange.org/) via the PRIDE partner repository
with the dataset identifier PXD041747.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Langan, P; Bernad, V.; Walsh, J.; Henchy, J.; Khodaeiaminjan, M.; Mangina, E.; Negrao, S. Phenotyping for waterlogging tolerance
in crops: Current trends and future prospects. J. Exp. Bot. 2022, 73, 5149-5169. [CrossRef] [PubMed]

2. Bailey-Serres, J.; Lee, S.C.; Brinton, E. Waterproofing crops: Effective flooding survival strategies. Plant. Physiol. 2012, 160, 1698-1709.
[CrossRef] [PubMed]

3.  Pedersen, O.; Perata, P.; Voesenek, L. Flooding and low oxygen responses in plants. Funct. Plant. Biol. 2017, 44, iii—vi. [CrossRef]
[PubMed]

4. Jackson, M.B.; Ishizawa, K.; Ito, O. Evolution and mechanisms of plant tolerance to flooding stress. Ann. Bot. 2009, 103, 137-142.
[CrossRef]

5. Bailey-Serres, ].; Voesenek, L.A. Flooding stress: Acclimations and genetic diversity. Annu. Rev. Plant. Biol. 2008, 59, 313-339. [CrossRef]

6.  Gimeno, V,; Syvertsen, ].P; Simon, I.; Martinez, V.; Garcia-Sanchez, F. Interstock of “Valencia’ orange affects the flooding tolerance
in ‘Verna’ lemon trees. HortScience 2012, 47, 403—409. [CrossRef]

7. Else, M.A,; Coupland, D.; Dutton, L.; Jackson, M.B. Decreased root hydraulic conductivity reduces leaf water potential, initiates

stomatal closure and slows leaf expansion in flooded plants of castor oil (Ricinus communis) despite diminished delivery of ABA
from the roots to shoots in xylem sap. Physiol. Plant. 2001, 111, 46-54. [CrossRef]


https://www.mdpi.com/article/10.3390/life13061399/s1
http://www.proteomexchange.org/
https://doi.org/10.1093/jxb/erac243
https://www.ncbi.nlm.nih.gov/pubmed/35642593
https://doi.org/10.1104/pp.112.208173
https://www.ncbi.nlm.nih.gov/pubmed/23093359
https://doi.org/10.1071/FPv44n9_FO
https://www.ncbi.nlm.nih.gov/pubmed/32480612
https://doi.org/10.1093/aob/mcn242
https://doi.org/10.1146/annurev.arplant.59.032607.092752
https://doi.org/10.21273/HORTSCI.47.3.403
https://doi.org/10.1034/j.1399-3054.2001.1110107.x

Life 2023, 13, 1399 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Kumar, P; Pal, M,; Joshi, R.; Sairam, R.K. Yield, growth and physiological responses of mung bean [Vigna radiata (L.) Wilczek]
genotypes to waterlogging at vegetative stage. Physiol. Mol. Biol. Plants 2013, 19, 209-220. [CrossRef]

Liu, Z.B.; Cheng, RM.; Xiao, W.E,; Guo, Q.S.; Wang, N. Effect of off-season flooding on growth, photosynthesis, carbohydrate
partitioning, and nutrient uptake in Distylium chinense. PLoS ONE 2014, 9, e107636. [CrossRef]

Lopes, N.G.M.,; Kloss, R.B.; Dos Santos, I.C.; Souza, V.L.; Prasad, M.N.V,; Mangabeira, P.A.O.; Franca, M.G.C. Soil flooding and its
outcome on cadmium and nutrient uptake affect photosynthetic activity in Inga laurina plants. Ecotoxicology 2023, 32, 73-81. [CrossRef]
Shabala, S. Physiological and cellular aspects of phytotoxicity tolerance in plants: The role of membrane transporters and
implications for crop breeding for waterlogging tolerance. New Phytol. 2011, 190, 289-298. [CrossRef]

Li, CW.; Su, J.S,; Zhao, N,; Lou, L.; Ou, X.L,; Yan, Y.J.; Wang, L.K,; Jiang, ].E; Chen, S.M.; Chen, ED. CmERF5-CmRAP2.3 transcriptional
cascade positively regulates waterlogging tolerance in Chrysanthemum morifolium. Plant. Biotechnol. ]. 2023, 21, 270-282. [CrossRef]
Raineri, J.; Caraballo, L.; Rigalli, N.; Portapila, M.; Otegui, M.E.; Chan, R.L. Expressing the sunflower transcription factor HiHB11
in maize improves waterlogging and defoliation tolerance. Plant. Physiol. 2022, 189, 230-247. [CrossRef]

Zhang, ].Y.; Huang, S.N.; Wang, G.; Xuan, ].P.; Guo, Z.R. Overexpression of Actinidia deliciosa pyruvate decarboxylase 1 gene
enhances waterlogging stress in transgenic Arabidopsis thaliana. Plant. Physiol. Biochem. 2016, 106, 244-252. [CrossRef]

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

Kosova, K.; Vitamvas, P; Prasil, LT.; Renaut, ]. Plant proteome changes under abiotic stress--contribution of proteomics studies to
understanding plant stress response. J. Proteom. 2011, 74, 1301-1322. [CrossRef]

Chen, S.; Harmon, A.C. Advances in plant proteomics. Proteomics 2006, 6, 5504-5516. [CrossRef]

Wright, N.C.; Pandhal, J.; Biggs, C.A.; Ow, S.Y. Comparative proteomics study of salt tolerance between a nonsequenced extremely
halotolerant cyanobacterium and its mildly halotolerant relative using in vivo metabolic labeling and in vitro isobaric labeling.
J. Proteome Res. 2009, 8, 818.

Ali, A.E.E;; Husselmann, L.H.; Tabb, D.L.; Ludidi, N. Comparative proteomics analysis between maize and sorghum uncovers
important proteins and metabolic pathways mediating drought tolerance. Life 2023, 13, 170. [CrossRef]

Guo, J.; Qu, LL.; Hu, Y.E; Lu, W.P; Lu, D.L. Proteomics reveals the effects of drought stress on the kernel development and starch
formation of waxy maize. BMC Plant. Biol. 2021, 21, 434. [CrossRef]

Zhang, D.; Yang, Z.R.; Song, X.Q.; Zhang, EL.; Liu, Y. TMT-based proteomic analysis of liquorice root in response to drought
stress. BMC Genom. 2022, 23, 524. [CrossRef] [PubMed]

Yan, M.K,; Zheng, L.; Li, B.J.; Shen, R.F; Lan, P. Comparative proteomics reveals new insights into the endosperm responses to
drought, salinity and submergence in germinating wheat seeds. Plant. Mol. Biol. 2021, 105, 287-302. [CrossRef] [PubMed]
Kumar, RR;; Singh, K.; Ahuja, S.; Tasleem, M.; Singh, I.; Kumar, S.; Grover, M.; Mishra, D.; Rai, GK.; Goswami, S.; et al.
Quantitative proteomic analysis reveals novel stress-associated active proteins (SAAPs) and pathways involved in modulating
tolerance of wheat under terminal heat. Funct. Integr. Genomics 2019, 19, 329-348. [CrossRef] [PubMed]

Li, S.S;; Yu, J.J; Li, Y.; Zhang, H.; Bao, X.S.; Bian, ].Y.; Xu, C.X.; Wang, X.L.; Cai, X.E; Wang, Q.H; et al. Heat-responsive proteomics
of a heat-sensitive spinach variety. Int. . Mol. Sci. 2019, 20, 3872. [CrossRef]

Fei, LW,; Chu, J.P; Zhang, X.; Dong, S.X.; Dai, X.L.; He, M.R. Physiological and proteomic analyses indicate delayed sowing
improves photosynthetic capacity in wheat flag leaves under heat stress. Front. Plant. Sci. 2022, 13, 848464. [CrossRef]

Xiong, E.H.; Zhang, C.; Ye, C.; Jiang, Y.H.; Zhang, Y.L.; Chen, F; Dong, G.J.; Zeng, D.L.; Yu, Y.C.; Wu, L.M. iTRAQ-based proteomic
analysis provides insights into the molecular mechanisms of rice formyl tetrahydrofolate deformylase in salt response. Planta
2021, 254, 76. [CrossRef]

Ji, W; Cong, R.; Li, S; Li, R.;; Qin, ZW.; Li, Y.J.; Zhou, X.L.; Chen, S.X.; Li, ]. Comparative proteomic analysis of soybean leaves
and roots by iTRAQ provides insights into response mechanisms to short-term salt stress. Front. Plant Sci. 2016, 7, 573. [CrossRef]
Pottiez, G.; Wiederin, J.; Fox, H.S.; Ciborowski, P. Comparison of 4-plex to 8-plex iTRAQ quantitative measurements of proteins
in human plasma samples. J. Proteome Res. 2012, 11, 3774-3781. [CrossRef]

Cui, K.D.; He, LM.; Zhao, YH.; Mu, W,; Lin, ].; Liu, F. Comparative analysis of Botrytis cinerea in response to the microbial
secondary metabolite benzothiazole using iTRAQ-based quantitative proteomics. Phytopathology 2021, 111, 1313-1326. [CrossRef]
Zhao, X.Y.,; Zhang, Y.; Wang, M.; Fang, X.A.; Cai, X. Comparative proteomic analysis of latex from Euphorbia kansui laticifers at
different development stages with and without UV-B treatment via iTRAQ-coupled two-dimensional liquid chromatography-
MS/MS. Funct. Plant Biol. 2019, 47, 67-79. [CrossRef]

Shen, L.; Zhao, E.P; Liu, R.E.; Yang, X. Transcriptome analysis of eggplant under salt stress: AP2/ERF transcription factor
SmERF1 acts as a positive regulator of salt stress. Plants 2022, 11, 2205. [CrossRef]

Wei, Q.Z.; Wang, J.L.; Wang, W.H.; Hu, T.H.; Hu, H.]J.; Bao, C.L. A high-quality chromosome-level genome assembly reveals
genetics for important traits in eggplant. Hortic. Res. 2020, 7, 153. [CrossRef]

Hammond, J.B.; Kruger, N.J. The bradford method for protein quantitation. Methods Mol. Biol. 1988, 3, 25-32.

Li, S.L.; Zan, H.T,; Zhu, Z.; Lu, D.D.; Krall, L. Plant phosphopeptideidentification and label-free quantification by MaxQuant and
Proteome Discoverer Software. Methods Mol. Biol. 2021, 2358, 179-187.


https://doi.org/10.1007/s12298-012-0153-3
https://doi.org/10.1371/journal.pone.0107636
https://doi.org/10.1007/s10646-022-02615-6
https://doi.org/10.1111/j.1469-8137.2010.03575.x
https://doi.org/10.1111/pbi.13940
https://doi.org/10.1093/plphys/kiac054
https://doi.org/10.1016/j.plaphy.2016.05.009
https://doi.org/10.1111/pbi.12762
https://doi.org/10.1016/j.jprot.2011.02.006
https://doi.org/10.1002/pmic.200600143
https://doi.org/10.3390/life13010170
https://doi.org/10.1186/s12870-021-03214-z
https://doi.org/10.1186/s12864-022-08733-z
https://www.ncbi.nlm.nih.gov/pubmed/35854220
https://doi.org/10.1007/s11103-020-01087-8
https://www.ncbi.nlm.nih.gov/pubmed/33104943
https://doi.org/10.1007/s10142-018-0648-2
https://www.ncbi.nlm.nih.gov/pubmed/30465139
https://doi.org/10.3390/ijms20163872
https://doi.org/10.3389/fpls.2022.848464
https://doi.org/10.1007/s00425-021-03723-z
https://doi.org/10.3389/fpls.2016.00573
https://doi.org/10.1021/pr300414z
https://doi.org/10.1094/PHYTO-11-20-0503-R
https://doi.org/10.1071/FP19033
https://doi.org/10.3390/plants11172205
https://doi.org/10.1038/s41438-020-00391-0

Life 2023, 13, 1399 16 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

Perez-Riverol, Y.; Bai, J.; Bandla, C.; Garcia-Seisdedos, D.; Hewapathirana, S.; Kamatchinathan, S.; Kundu, D.].; Prakash, A;
Frericks-Zipper, A.; Eisenacher, M.; et al. The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics
evidences. Nucleic Acids Res. 2022, 50, D543-D552. [CrossRef]

Deutsch, EW.; Bandeira, N.; Perez-Riverol, Y.; Sharma, V.; Carver, J.J.; Mendoza, L.; Kundu, D.J.; Wang, S.; Bandla, C,;
Kamatchinathan, S.; et al. The ProteomeXchange consortium at 10 years: 2023 update. Nucleic Acids Res. 2023, 51, D1539-D1548.
[CrossRef]

Khan, D.; Millar, J.L.; Girard, L].; Belmonte, M.E. Transcriptional circuitry underlying seed coat development in Arabidopsis.
Plant. Sci. 2014, 219-220, 51-60. [CrossRef]

Conesa, A.; Gotz, S.; Garcia-Gomez, ].M.; Terol, J.; Talon, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization
and analysis in functional genomics research. Bioinformatics 2005, 21, 3674-3676. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]
Urbanowicz, B.R.; Bharadwaj, V.S.; Alahuhta, M.; Pena, M.].; Lunin, V.V;; Bomble, Y]J.; Wang, S.; Yang, ].Y.; Tuomivaara, S.T.;
Himmel, M.E.; et al. Structural, mutagenic and in silico studies of xyloglucan fucosylation in Arabidopsis thaliana suggest a
water-mediated mechanism. Plant. J. 2017, 91, 931-949. [CrossRef]

Li, X.; Rehman, S.U.; Yamaguchi, H.; Hitachi, K.; Tsuchida, K.; Yamaguchi, T.; Sunohara, Y.; Matsumoto, H.; Komatsu, S. Proteomic
analysis of the effect of plant-derived smoke on soybean during recovery from flooding stress. J. Proteom. 2018, 181, 238-248.
[CrossRef] [PubMed]

Ahn, ].C; Kim, D.W,; You, Y.N.; Seok, M.S; Park, ] M.; Hwang, H.; Kim, B.G.; Luan, S; Park, H.S.; Cho, H.S. Classification of rice
(Oryza sativa L. Japonica nipponbare) immunophilins (FKBPs, CYPs) and expression patterns under water stress. BMC Plant Biol.
2010, 10, 253. [CrossRef] [PubMed]

Singh, D.; Yadav, N.S.; Tiwari, V.; Agarwal, PK_; Jha, B. A SNARE-like superfamily protein SbSLSP from the halophyte Salicornia
brachiata confers salt and drought tolerance by maintaining membrane sStability, K(+)/Na(+) ratio, and antioxidant machinery.
Front. Plant. Sci. 2016, 7, 737. [CrossRef] [PubMed]

Leshem, Y.; Golani, Y.; Kaye, Y.; Levine, A. Reduced expression of the v-SNAREs AtVAMP71/AtVAMP7C gene family in Arabidopsis
reduces drought tolerance by suppression of abscisic acid-dependent stomatal closure. J. Exp. Bot. 2010, 61, 2615-2622. [CrossRef]
[PubMed]

Ye, J.; Fang, L.; Zheng, HK.; Zhang, Y.; Chen, J.; Zhang, Z.].; Wang, J.; Li, S.T.; Li, R.Q.; Bolund, L.; et al. WEGO: A web tool for
plotting GO annotations. Nucleic Acids Res. 2006, 34, W293-W297. [CrossRef] [PubMed]

Lahrmann, U.; Strehmel, N.; Langen, G.; Frerigmann, H.; Leson, L.; Ding, Y.; Scheel, D.; Herklotz, S.; Hibert, M.; Zuccaro, A.
Mutualistic root endophytism is not associated with the reduction of saprotrophic traits and requires a noncompromised plant
innate immunity. New Phytol. 2015, 207, 841-857. [CrossRef] [PubMed]

Shi, S.G.; Yang, M.; Zhang, M.; Wang, P.; Kang, Y.X,; Liu, ].]. Genome-wide transcriptome analysis of genes involved in flavonoid
biosynthesis between red and white strains of Magnolia sprengeri pamp. BMC Genom. 2014, 25, 706. [CrossRef]

Chung, H.J.; Ferl, R.J. Arabidopsis alcohol dehydrogenase expression in both shoots and roots is conditioned by root growth
environment. Plant Physiol. 1999, 121, 429-436. [CrossRef]

Thompson, C.E.; Fernandes, C.L.; de Souza, O.N.; de Freitas, L.B.; Salzano, EM. Evaluation of the impact of functional diversification
on Poaceae, Brassicaceae, Fabaceae, and Pinaceae alcohol dehydrogenase enzymes. J. Mol. Model. 2010, 16, 919-928. [CrossRef]
Rocha, M,; Licausi, E; Araujo, W.L.; Nunes-Nesi, A.; Sodek, L.; Fernie, A.R.; van Dongen, ].T. Glycolysis and the tricarboxylic acid cycle
are linked by alanine aminotransferase during hypoxia induced by waterlogging of Lotus japonicus. Plant Physiol. 2010, 152, 1501-1513.
[CrossRef]

Wang, Z.Q.; Xu, X.Y.; Gong, Q.Q.; Chen, X,; Fan, W,; Yang, J.L.; Lin, Q.S.; Zheng, S.J. Root proteome of rice studied by iTRAQ
provides integrated insight into aluminum stress tolerance mechanisms in plants. J. Proteom. 2014, 98, 189-205. [CrossRef]

Yu, F; Han, X.S.; Geng, C.J.; Zhao, Y.X.; Zhang, Z.X.; Qiu, EZ. Comparative proteomic analysis revealing the complex network
associated with waterlogging stress in maize (Zea mays L.) seedling root cells. Proteomics 2015, 15, 135-147. [CrossRef]

Shao, G.C.; Lan, J.J.; Yu, S.E.; Liu, N.; Guo, R.Q.; She, D.L. Photosynthesis and growth of winter wheat in response to waterlogging
at different growth stages. Photosynthetica 2013, 51, 429-437. [CrossRef]

Zou, X.L,; Jiang, Y.Y,; Lei, L.; Zhang, Z.X.; Zheng, Y.L. Identification of transcriptome induced in roots of maize seedlings at the
late stage of waterlogging. BMC Plant Biol. 2010, 10, 189. [CrossRef]

Bhantana, P.; Lazarovitch, N. Evapotranspiration, crop coefficient and growth of two young pomegranate (Punica granatum L.)
varieties under salt stress. Agric. Water Manag. 2010, 97, 715-722. [CrossRef]

Lin, K,; Weng, C.C.; Lo, H.F; Chen, ].T. Study of the root antioxidative system of tomatoes and eggplants under waterlogged
conditions. Plant. Sci. 2004, 167, 355-365. [CrossRef]

An, Y.Y; Qi, L; Wang, L.J. ALA pretreatment improves waterlogging tolerance of fig plants. PLoS ONE 2016, 11, e0147202. [CrossRef]
Xu, B.B.; Cheng, Y.; Zou, X.L.; Zhang, X.K. Ethanol content in plants of Brassica napus L. correlated with waterlogging tolerance
index and regulated by lactate dehydrogenase and citrate synthase. Acta Physiol. Plant. 2016, 38, 81. [CrossRef]

Huang, S.; Greenway, H.; Colmer, T.D.; Millar, A.H. Protein synthesis by rice coleoptiles during prolonged anoxia: Implications
for glycolysis, growth and energy utilization. Ann. Bot. 2005, 96, 703-715. [CrossRef]

Kulkarni, S.S.; Chavan, P.D. Study of some aspects of anaerobic metabolism in roots of finger millet and rice plants subjected to
waterlogging stress. Int. J. Bot. 2013, 9, 80-85. [CrossRef]


https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1093/nar/gkac1040
https://doi.org/10.1016/j.plantsci.2014.01.004
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1111/tpj.13628
https://doi.org/10.1016/j.jprot.2018.04.031
https://www.ncbi.nlm.nih.gov/pubmed/29704570
https://doi.org/10.1186/1471-2229-10-253
https://www.ncbi.nlm.nih.gov/pubmed/21087465
https://doi.org/10.3389/fpls.2016.00737
https://www.ncbi.nlm.nih.gov/pubmed/27313584
https://doi.org/10.1093/jxb/erq099
https://www.ncbi.nlm.nih.gov/pubmed/20423938
https://doi.org/10.1093/nar/gkl031
https://www.ncbi.nlm.nih.gov/pubmed/16845012
https://doi.org/10.1111/nph.13411
https://www.ncbi.nlm.nih.gov/pubmed/25919406
https://doi.org/10.1186/1471-2164-15-706
https://doi.org/10.1104/pp.121.2.429
https://doi.org/10.1007/s00894-009-0576-0
https://doi.org/10.1104/pp.109.150045
https://doi.org/10.1016/j.jprot.2013.12.023
https://doi.org/10.1002/pmic.201400156
https://doi.org/10.1007/s11099-013-0039-9
https://doi.org/10.1186/1471-2229-10-189
https://doi.org/10.1016/j.agwat.2009.12.016
https://doi.org/10.1016/j.plantsci.2004.04.004
https://doi.org/10.1371/journal.pone.0147202
https://doi.org/10.1007/s11738-016-2098-6
https://doi.org/10.1093/aob/mci222
https://doi.org/10.3923/ijb.2013.80.85

Life 2023, 13, 1399 17 of 17

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang, L.H.; Li, D.H.; Zhang, Y.X.; Gao, Y,; Yu, ].Y.; Wei, X.; Zhang, X.R. Tolerant and susceptible sesame genotypes reveal
waterlogging stress response patterns. PLoS ONE 2016, 11, e0149912. [CrossRef] [PubMed]

Zhang, J.; Toai, T.V.; Huynh, L.; Preiszner, J. Development of flooding-tolerant Arabidopsis thaliana by autoregulated cytokinin
production. Mol. Breed. 2000, 6, 135-144. [CrossRef]

Bertholdsson, N.O. Screening for barley waterlogging tolerance in nordic barley cultivars (Hordeum vulgare L.) using chlorophyll
fluorescence on hydroponically-grown Plants. Agronomy 2013, 3, 376-390. [CrossRef]

Kim, Y.H.; Hwang, S.J.; Waqas, M.; Khan, A.L.; Lee, ] H.; Lee, ].D.; Nguyen, H.T; Lee, L.]. Comparative analysis of endogenous
hormones level in two soybean (Glycine max L.) lines differing in waterlogging tolerance. Front. Plant. Sci. 2015, 6, 714. [CrossRef]
[PubMed]

Hwang, S.Y,; Lin, HW.; Chern, R H.; Lo, H.F; Li, L. Reduced susceptibility to waterlogging together with high-light stress is related
to increases in superoxide dismutase and catalase activities in sweet potato. Plant. Growth Regul. 1999, 27, 167-172. [CrossRef]

Ma, A.S.; Moran-Jones, K.; Shan, J.; Munro, T.P; Snee, M.].; Hoek, K.S.; Smith, R. Heterogeneous nuclear ribonucleoprotein A3, a
novel RNA trafficking response element-binding protein. J. Biol. Chem. 2002, 277, 18010-18020. [CrossRef]

Hristova, E.; Fal, K.; Klemme, L.; Windels, D.; Bucher, E. HISTONE DEACETYLASES6 controls gene expression patterning and
DNA methylation-independent euchromatic silencing. Plant Physiol. 2015, 168, 1298-1308. [CrossRef]

Ristic, Z.; Bukovnik, U.; Momcilovic, I; Fu, J.; Vara Prasad, P.V. Heat-induced accumulation of chloroplast protein synthesis
elongation factor, EF-Tu, in winter wheat. J. Plant Physiol. 2008, 165, 192-202. [CrossRef]

Lin, HH,; Lin, K.H.; Chen, S.C.; Shen, Y.H.; Lo, H.F. Proteomic analysis of broccoli (Brassica oleracea) under high temperature and
waterlogging stresses. Bot. Stud. 2015, 56, 18. [CrossRef]

Wang, J.Y.; Wu, B.; Yin, H.E; Fan, Z.Q.; Li, X.L.; Nji, S.; He, L.B,; Li, ].Y. Overexpression of CaAPX induces orchestrated reactive
oxygen scavenging and enhances cold and heat tolerances in tobacco. Biomed. Res. Int. 2017, 2017, 4049534.

Jia, XM.; Zhu, YF; Hu, Y.; Zhang, R.; Cheng, L.; Zhu, Z.L.; Zhao, T.; Zhang, X.; Wang, Y.X. Integrated physiologic, proteomic, and
metabolomic analyses of Malus halliana adaptation to saline-alkali stress. Hortic. Res. 2019, 6, 91. [CrossRef]

Huang, B.L.; Li, X,; Liu, P; Ma, L.; Wu, W.; Zhang, X.; Li, Z.; Huang, B. Transcriptomic analysis of Eruca vesicaria subs. sativa
lines with contrasting tolerance to polyethylene glycol-simulated drought stress. BMC Plant Biol. 2019, 19, 419. [CrossRef]
Chiang, C.M.; Chen, L.F.O.; Shih, S.W.; Lin, K.H. Expression of eggplant ascorbate peroxidase increases the tolerance of transgenic
rice plants to flooding stress. J. Plant Biochem. Biotechnol. 2015, 24, 257-267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0149912
https://www.ncbi.nlm.nih.gov/pubmed/26934874
https://doi.org/10.1023/A:1009694029297
https://doi.org/10.3390/agronomy3020376
https://doi.org/10.3389/fpls.2015.00714
https://www.ncbi.nlm.nih.gov/pubmed/26442028
https://doi.org/10.1023/A:1006100508910
https://doi.org/10.1074/jbc.M200050200
https://doi.org/10.1104/pp.15.00177
https://doi.org/10.1016/j.jplph.2007.03.003
https://doi.org/10.1186/s40529-015-0098-2
https://doi.org/10.1038/s41438-019-0172-0
https://doi.org/10.1186/s12870-019-1997-2
https://doi.org/10.1007/s13562-014-0265-7

	Introduction 
	Materials and Methods 
	Plant Sources, Cultivation Conditions, and Waterlogging Stress Interventions 
	Protein Isolation 
	Protein Quantification and Proteolysis 
	iTRAQ Tagging and Separation 
	Capillary Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS) 
	Statistical Analysis 
	Bioinformatics and Annotations 

	Results 
	Stress Symptoms in Eggplant Seedlings during Waterlogging 
	Protein Response to Waterlogging Stress in the Root of Solanum Melongena Identified with GO Analysis 
	Analysis of KEGG Pathway Enrichment of Eggplant Treated with Waterlogging Stress 
	Protein–Protein Interaction Analysis 
	Analysis of Waterlogging-Related Proteins 

	Discussion 
	References

