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Abstract: Ebb-and-flow subirrigation (EFI) is a water-saving and environmentally friendly irrigation
method that can effectively improve water use efficiency and promote plant growth. In this study, we
elucidated the effects of ebb-and-flow subirrigation on the protein levels in tomato roots in comparison
with top sprinkle irrigation (TSI) and used an integrated approach involving tandem mass tag (TMT)
labeling, high-performance liquid chromatography (HPLC) fractionation, and mass-spectrometry
(MS)-based analysis. A total of 8510 quantifiable proteins and 513 differentially accumulated proteins
(DAPs) were identified, of which the expressions of 283 DAPs were up-regulated, and 230 DAPs were
down-regulated in the EFI vs. TSI treatment comparison. According to proteomic data, we performed
a systematic bioinformatics analysis of all the identified proteins and DAPs. The DAPs were most
significantly associated with the terms ‘metabolic process’, ‘anchored component of membrane’,
‘oxidoreductase activity’, ‘phenylpropanoid biosynthesis’, and ‘biosynthesis of secondary metabolites’
according to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes enrichment
(KEGG) analysis. The 272 DAPs were classified into 12 subcellular components according to their
subcellular localization. Furthermore, the activities of SOD, POD, CAT, GR, and APX in tomato
roots were remarkably increased under EFI, while the MDA content was decreased compared with
TSI. Correlation analysis among activities of enzymes and their related DAPs showed that 30 DAPs
might be responsible for the regulation of these enzymes. The results showed that ebb-and-flow
subirrigation could induce a series of DAPs responses in tomato roots to be adapted to the new mode
of water supply.

Keywords: irrigation; root-softening; antioxidant; ebb-and-flow; tandem mass tag; HPLC-MS

1. Introduction

Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family and is a greenhouse
vegetable crop native to Peruvian and Mexican regions [1,2]. It is a rich source of natural
antioxidants, including flavonoids; carotenoids (mainly lycopene and β-carotene); and
vitamins A, B, and C [3–7]. Vegetable production in the greenhouse demands high fertilizer
and water inputs in order to achieve better yield and superior-quality produce [8–11].
The top sprinkle irrigation system (TSI) is a common irrigation strategy for greenhouse
vegetable production that is not regarded as ecologically friendly since significant amounts
of water and nutrients are usually wasted and may runoff/leach, damaging surface and
groundwater systems [12–14]. Besides, the seedlings around the hole plate grow poorly
due to water shortage, resulting in inconsistent seedling height [15–17].

An evolved form of the continuous floating system, the ebb-and-flow irrigation (EFI)
system was originally developed to grow tobacco (Nicotiana tabacum L.) plants in order to
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increase field survival and reduce transplant shock. It is now being used to grow a large
number of commercial vegetables in China, Japan, the United States, and other developing
countries [18]. It has many advantages, such as root moisture optimization, water saving,
and fertilizer saving compared to top sprinkler irrigation [19–21]. Metal wires ≈ 0.20 m
are used to suspend the seedling trays above the concrete floor. Every two to three days,
the irrigation water is brought up to the level of the trays, held there for 15 to 45 min,
and then returned to the main reservoir until the next irrigation. In this system, water
or nutrient solution is transported to the plant root through the bottom of the cultivation
container by capillary action of the cultivation medium, which can effectively avoid the
edge or umbrella effect and improve plant uniformity [18,22,23]. A number of studies
in subirrigation, which have been primarily carried out with ornamental species, have
demonstrated that the concentration of the nutrient solution can be reduced by up to 50%
when compared to nutrient solutions for top sprinkle irrigation, with no adverse effects on
plant growth or quality [10,24]. Subirrigation systems improved the uniformity and quality
of bell pepper (Capsicum annum L.) and tomato (S. lycopersicum L.) if grown with minimal
nutrient and drought stress [25–27].

Different irrigation methods cause differences in root growth [28]. However, water-
logging and anaerobic respiration over an extended period of time result in the buildup
of aldehydes, as well as an increase in reactive oxygen species (ROS), which finally leads
to cell death and plant senescence [29,30]. Plant hormones may accumulate or degrade
quickly if the gaseous exchange is hampered, and this can alter plant waterlogging tol-
erance [31,32]. When plants are under waterlogging or drought stress, the activities of
protective enzymes in plants change dynamically [33,34]. In a recent study, the activities
of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and other protective
enzymes in the roots of sesame seedlings increased at the initial stage of flooding and
decreased significantly with the extension of the water stress time [35,36].

A novel tandem-mass-spectrometry (MS)-based tandem mass tag (TMT) labeling strat-
egy has been used in quantitative proteomics in recent years [37–39]. Therefore, we used a
TMT-based quantitative proteomics approach to identify differentially accumulated pro-
teins (DAPs) in tomato roots under ebb-and-flow subirrigation so as to provide a theoretical
basis for the popularization and application of ebb-and-flow irrigation technology.

2. Materials and Methods
2.1. Plant Source, Experimental Design, and Irrigation Treatments

The experiment was conducted at the experimental farm of Wenzhou Vocational
College of Science and Technology, Wenzhou, China (28◦05′39.5′′ N 120◦30′55.2′′ E) from
15 August 2019 to 19 September 2019. The pure line tomato cultivar ‘Ouxiu 201’ (round-
shaped fruit with regular leaves) was obtained from Institute of Vegetable Science, Wenzhou
Academy of Agricultural Sciences, Wenzhou, China. Tomato seeds were sown in seedlings
trays (540 mm × 280 mm) with 50 plugs (each having volume of 55 mL with upper and
lower diameters of 48 and 18 mm, respectively). Seedling trays were purchased from
Taizhou Longji Plastics Co., Ltd., Taizhou, China. Seedling plugs were filled with growing
media containing peat, vermiculite, and perlite (3:1:1), which were obtained from Hangzhou
Lin’an Jindalu Industrial Technology Co., Ltd., Hangzhou, China. The pH, EC, and organic
matter of the growing media were 6.34, 0.87 ms·cm−1, and 95.4%, respectively. The ebb-
and-flow irrigation system (patent no. ZL201520333950.6) used in the experiment was
developed by Wenzhou Academy of Agricultural Sciences, Wenzhou, China. It contained a
nursery frame, a number of ebb-and-flow trays horizontally placed on the nursery frame,
and a water or nutrient solution circulation device (Figure 1).

Tomato seedling trays were placed on ebb-and-flow irrigation (EFI) seedling raising
system [40], as well as on simple beds for top sprinkle irrigation (TSI) water treatment. The
top sprinkle irrigation was carried out by manually holding the watering can. There was no
fertilizer applied during the experiment. Six seedling trays were used for this experiment,
each being considered as a replication of different irrigation treatments, i.e., EFI and TSI.
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Each irrigation treatment had 3 repetitions with 50 plants in each repeat. The experiment
was a completely randomized design (CRD).

Figure 1. Lateral (A) and top (B) view of ebb-and-flow nursery raising system. 1—nursery
frame; 2—ebb-and-flow tray; 3—water reservoir; 4—disinfection equipment; 5—inlet main pipe;
6—drainage branch pipe; 7—drainage hole; 8—filtering parts; 9—inlet branch pipe; 10—five-way
connector; 11—drainage main pipe.

2.2. Enzymes’ Activity Assay

Thirty-five days after sowing, root samples (0.5 g) were collected from ten randomly
selected seedlings from each replication of each irrigation treatment and quickly frozen in
liquid nitrogen. Then, 1 mL of 0.1 M phosphoric acid buffer (pH = 7) was added into frozen
root samples, ground, and homogenized in an ice bath. The final volume of 5 mL was made
by adding 0.1 M phosphoric acid buffer (pH = 7), and 2 mL was taken and centrifuged
at 10,000 rpm for 10 min. The supernatant was obtained as the crude extract of enzyme
solution [41] and stored at 4 ◦C for further analysis.

The activity of superoxidase dismutase (SOD; EC 1.15.1.1) was assayed using a
xanthine–xanthine oxidase system [42]. The change in absorbance was read at 560 nm.
Peroxidase (POD; EC 1.11.1.7) activity was determined using a previously described
method [43]. The change in absorbance was read at 470 nm for 4 min. Catalase (CAT;
EC 1.11.1.6) activity was assayed as described previously [44]. The reaction was initiated
with the enzyme extract. The decrease in absorbance (due to decomposition of H2O2) at
240 nm was recorded for 1 min. Ascorbate peroxidase (APX; EC 1.11.1.11) activity was mea-
sured as previously described by Nakano and Asada [45]. The absorbance was measured
at 290 nm for 1 min. The activity of glutathione reductase (GR; EC 1.6.4.2) was measured
using the method earlier described by Cakmak et al. [46]. The decrease in absorbance was
recorded for 1 min at 340 nm due to NADPH oxidation.

2.3. Protein Extraction, TMT Labeling, and Data Analysis

Total proteins were extracted from the EFI and TSI root tissues of tomato with three bi-
ological replicates (each containing 500 mg roots) using the cold acetone method [47]. Next,
the tryptic peptides of each sample were labeled through tandem mass tags (TMT) using a
TMT kit (Novogene Bio Technology Co., Ltd., Nanjing, China) according to the manufac-
turer’s protocol, and TSI1, TSI2, TSI3, EFI1, EFI2, and EFI3 were labeled with 126, 127 N,
128 N, 129 N, 130 N, and 131 tags, respectively. Then, they were fractionated by high-pH
reverse-phase HPLC using a C18 column (Waters BEH C18 4.6 × 250 mm, 5 µm) on a Rigol
L3000 HPLC system. These peptides were further used for proteomic analysis. Proteome
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analysis for the fractionated peptides was performed using a liquid chromatography–mass
spectrometry (LC-MS) system. Briefly, these peptides were performed using an EASY-
nLCTM 1200 UHPLC system (Thermo Fisher Scientific Co., Ltd., Shanghai, China) coupled
with a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific Co., Ltd., Shanghai,
China) operating in the data-dependent acquisition (DDA) mode. A total of 1 µg sample
was injected into a home-made C18 Nano-Trap column (2 cm × 75 µm, 3 µm). Peptides
were separated in a home-made analytical column (15 cm × 150 µm, 1.9 µm) using a linear
gradient elution. The separated peptides were analyzed by Q Exactive HF-X mass spectrom-
eter (Thermo Fisher Scientific Co., Ltd., Shanghai, China), with ion source of Nanospray
Flex™, spray voltage of 2.3 kV, and ion transport capillary temperature of 320 ◦C. Full scan
range from 350 to 1500 m/z with resolution of 60,000 (at 200 m/z), automatic gain control
(AGC) target value of 3 × 106, and a maximum ion injection time of 20 ms were used. The
top 40 precursors of the highest abundant in the full scan were selected and fragmented by
higher-energy collisional dissociation (HCD) and analyzed in MS, where resolution was
30,000 (at 200 m/z) for 6 plex, the automatic gain control (AGC) target value was 5 × 104,
the maximum ion injection time was 54 ms, the normalized collision energy was set as 32%,
the intensity threshold was 1.2 × 105, and the dynamic exclusion parameter was 20 s.

The resulting spectra from each run were searched separately against protein se-
quences library (Solanum_lycopersicum.SL3.0.pep.all.fasta, 34,429 sequences) database by
the search engines: Proteome Discoverer 2.2 (PD 2.2, Thermo). The searched parameters
were set as follows: mass tolerance for precursor ion was 10 ppm, and mass tolerance for
product ion was 0.02 Da. Carbamidomethyl was specified as fixed modifications, oxidation
of methionine (M) and TMT plex were specified as dynamic modification, and acetyla-
tion and TMT plex were specified as N-Terminal modification in PD 2.2. A maximum of
2 mis-cleavage sites were allowed. The principal component analysis (PCA) was used to
evaluate the relationship among 6 samples. T-test was used to compare the differentially
accumulated proteins (DAPs). Proteins with fold change (FC) > 1.5 or <0.67 and p ≤ 0.05
were considered as DAPs. Notably, the protein quantification was calculated with the
median ratio of its corresponding unique peptides and then normalized by taking the
median of all quantified proteins.

2.4. Data Analysis

Data regarding antioxidant enzymes were subjected to Student’s t-test using Mi-
crosoft Excel (ver. 2016). Correlation between antioxidant enzymes’ activities and their
metabolism-related proteins was determined with Pearson (n) method using IBM SPSS soft-
ware (ver. 17.0) and visualized through a heatmap using TBtools software (ver. 0.6655) [48].
Principal components analysis (PCA) was performed using SIMCA-P (version 11.5) soft-
ware. Gene Ontology (GO) functional analysis was conducted using the InterProScan
program against the non-redundant protein database (including Pfam, PRINTS, ProDom,
SMART, ProSite, PANTHER) [49], and the databases of COG (Clusters of Orthologous
Groups) and KEGG (Kyoto Encyclopedia of Genes and Genomes) were used to analyze
the protein families and pathways. DAPs were used for volcanic map analysis and en-
richment analysis of GO and KEGG [50]. Subcellular localizations of DAPs were pre-
dicted using WoLF PSORT (https://wolfpsort.hgc.jp/ (accessed on 14 January 2022),
Loctree 3 (https://rostlab.org/services/loctree3/ (accessed on 14 January 2022), TargetP
(http://www.cbs.dtu.dk/services/TargetP/ (accessed on 16 January 2022), and SignalP
(http://www.cbs.dtu.dk/services/SignalP/ (accessed on 16 January 2022) [51–54].

3. Results
3.1. Primary Quantitative Proteome Analysis

Based on the TMT experiment, a total of 337,532 spectra were identified from tomato
roots. Moreover, 61,531 peptides, 50,462 unique peptides, and 8510 proteins were detected
from 93,451 known spectra (Figure 2A). The protein molecular weight data (Figure 2B)
showed that 82.28% of the total proteins were 10–80 kDa in size, and the average molecular

https://wolfpsort.hgc.jp/
https://rostlab.org/services/loctree3/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/SignalP/
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weight was 8.25–274.25 kDa. In addition, about 91% of proteins’ sequence coverage was
less than 40% (Figure 2C). The length of most peptides was between 7 and 25 amino acids
(aa) (Figure 2D), accounting for 97.29% of the total, of which peptides with a length of
8–12 aa were relatively large.

Figure 2. Quality control (QC) validation of mass spectrometer (MS) data. (A) Basic statistical
data of MS results. (B) Molecular weight distribution of proteins. (C) Proteins’ sequence coverage.
(D) Length distribution of all identified phosphorylated peptides.

To assess the reproducibility of proteomic data, the coefficient of variation of replicates
was determined. Proteins having a 20 percent coefficient of variation accounted for more
than 90% of detected proteins (Figure 3A), indicating that the data were credible. EFI and
TFI data were cleanly differentiated in a PCA model based on six samples (Figure 3B).
PCA1 was responsible for 75.26 percent of the variability, whereas PCA2 was responsible
for 13.98 percent.

3.2. Effect of EFI Treatment on the Global Proteome of Tomato Seedlings

The identified proteins and DAPs of tomato roots under ebb-and-flow subirriga-
tion were grouped into three GO categories (biological process, cellular component, and
molecular functions) (Figure 4A, Table S1). We can see that in the biological process (BP),
586 identified proteins (including 160 DAPs) were involved in the oxidation-reduction
process, 357 proteins (12 DAPs) were involved in protein phosphorylation, and 288 proteins
(25 DAPs) were involved in metabolic process. In the cellular component, 278 identi-
fied proteins (including 9 DAPs) were involved in integral components of the membrane,
251 proteins (18 DAPs) were involved in membrane synthesis, and 169 proteins (2 DAPs)
were involved in the nucleus. In the molecular functions category, 903 identified proteins
(including 30 DAPs) were involved in protein binding, 765 proteins (30 DAPs) were in-
volved in ATP binding, whereas 356 identified proteins (12 DAPs) were involved in protein
kinase activity.
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Figure 3. Scatter plot of CV (coefficient of variation) distribution and PCA (principal component
analysis) of all samples using quantified proteins. (A) CV cumulative curve of two treatments.
(B) Two-dimensional scatter plot of PCA distribution of all samples.

Figure 4. The GO (A) and KEGG (B) annotation of all identified proteins and DAPs (EFI vs. TSI). All
proteins were classified by GO terms based on three categories: molecular function (MF), cellular
component (CC), and biological process (BP).

According to KEGG annotation, 4724 identified proteins were grouped into 5 KO
categories (i.e., cellular processes, environmental information processing, genetic infor-
mation processing, metabolism, and organismal systems) (Figure 4B, Table S2). A to-
tal of 246 identified proteins (including 16 DAPs) were involved in cellular processes,
147 proteins (11 DAPs) were involved in environmental information processing, 1083 pro-



Agronomy 2022, 12, 1880 7 of 17

teins (41 DAPs) were involved in genetic information processing, 3159 proteins (271 DAPs)
were involved in metabolism, and 89 proteins (2 DAPs) were involved in organismal systems.

According to the COG database, 5258 identified proteins were categorized into
25 categories (Figure 5A). The largest group was of general function prediction only (608);
followed by translation, ribosomal structure, and biogenesis (559); post-translational mod-
ification, protein turnover, and chaperones (522); signal transduction mechanisms (476);
carbohydrate transport and metabolism (456); amino acid transport and metabolism (308);
lipid transport and metabolism (306); secondary metabolites’ biosynthesis, transport, and
catabolism (270); and energy production and conversion, followed by post-translation (255).

Figure 5. Categorization of all identified proteins with respect to COG annotation (A) and subcellular
localization (B).

The subcellular location prediction and classification statistics for all identified proteins
are shown in Figure 5B, and all identified proteins were classified into 12 subcellular
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components according to their subcellular localizations, including 670 proteins in the
cytoplasm (19.36%), 627 in the nucleus (18.12%), 544 in the cell membrane (15.73%), 387 in
the chloroplast (11.19%), and 363 in the mitochondrion (10.49%).

3.3. Enrichment Analysis of DAPs

The expression profiles of the DAPs in six samples are presented through a heat map
(Figure 6A). A total of 513 DAPs were identified with a fold-changes (FC) > 1.5 or <0.67
and p ≤ 0.05 (Table S1). Among the DAPs, 283 were up-regulated, and 280 were down-
regulated (Figure 6B).

Figure 6. Effect of ebb-and-flow subirrigation strategy on proteome expressions of DAPs in tomato
roots. (A) Expression profiles of the DAPs response to ebb-and-flow subirrigation. (B) Volcano plot
of DAPs. (C) The numbers of up- and down-regulated proteins in the EFI treated plants compared to
the TSI.

We completed an enrichment study of DAPs utilizing GO enrichment, KEGG path-
ways, and subcellular localization to see whether they were highly enriched in particular
functional categories. The GO term meeting this requirement was determined as the GO
term highly enriched in different proteins, using p ≤ 0.05 as the threshold. With 222 GO
terms, the 355 DAPs were divided into 3 groups: biological process (BP), cellular compo-
nent (CC), and molecular function (MF). GO enrichment analysis showed that the metabolic
process, single-organism process, and single-organism metabolic process were the most
dominant BP terms with 195, 145, and 118 DAPs, respectively. Similarly, microtubule and
the anchored component of the membrane were the major CC terms with 3 and 2 DAPs,
respectively, while ion binding, oxidoreductase activity, and metal ion binding were the
dominant MF terms with 58, 57, and 55 DAPs, respectively (Figure 7A).

The 180 DAPs were divided into different KEGG pathways, with 13 of them being
enriched (p ≤ 0.05). KEGG pathway enrichment revealed that 93, 71, 23, and 19 DAPs
were linked to metabolic pathways, secondary metabolite production, phenylpropanoid
biosynthesis, and protein processing in the endoplasmic reticulum, respectively (Figure 7B).

The 272 DAPs were classified into 12 subcellular components according to their
subcellular localizations, including 56 proteins in the cytoplasm (20.59%), 49 in the cell
membrane (18.01%), 25 in the cell wall (9.19%), 21 in the vacuole (7.72%), and 26 in the
endoplasmic reticulum (9.56%) (Figure 7C).
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Figure 7. GO enrichment analysis (A) and KEGG enrichment analysis (B) and subcellular localizations
(C) of DAPs in tomato roots under ebb-and-flow subirrigation.

3.4. Activities of Antioxidant Enzymes in Tomato Roots under Ebb-and-Flow Subirrigation

The activities of SOD, POD, CAT, APX, and GR in tomato roots under ebb-and-flow
irrigation were significantly higher than those under top sprinkler irrigation, increasing
by 12.99%, 16.98%, 18.25%, 46.51%, and 28.18%, respectively, while the content of MDA
decreased significantly by 6.39% (Figure 8).

3.5. Correlation between Antioxidant Enzymes’ Activities and Their Metabolism-Related Proteins

The correlation between antioxidant enzymes’ activities (i.e., SOD, POD, CAT, GR,
APX) and MDA content and their metabolism-related proteins in the roots of tomato
seedlings grown under ebb-and-flow irrigation and top sprinkle irrigation was analyzed
(Figure 9). The SOD and CAT activity was significantly (p ≤ 0.05) and positively correlated
with 11 SlPOD (Solyc10g076240.2.1, Solyc04g071900.3.1, Solyc01g105070.3.1, Solyc09g07270
0.3.1, Solyc09g007520.3.1, Solyc01g006300.3.1, Solyc11g018805.1.1, Solyc05g050870.3.1,
Solyc01g015080.3.1, Solyc01g101050.3.1, and Solyc05g050890.2.1), 1 SlCAT Solyc12g094620.2.1,
and 2 glutathione S-transferase proteins (Solyc09g011550.3.1 and Solyc08g066850.3.1). The
POD activity was significantly (p ≤ 0.05) and positively associated with 7 proteins related
to peroxidase biosynthesis (Solyc10g076240.2.1, Solyc02g092580.3.1, Solyc01g105070.3.1,
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Solyc05g046010.3.1, Solyc11g018805.1.1, Solyc01g101050.3.1, and Solyc05g050890.2.1), while
1 protein related to glutathione S-transferase synthesis (Solyc09g011550.3.1).

Figure 8. Effect of ebb-and-flow (EFI) irrigation and top sprinkle irrigation (TSI) on the activities of
SOD (A), POD (B), CAT (C), GR (D), APX (E), and MDA content (F) of tomato roots. * and ** represent
significance at p ≤ 0.05 and p ≤ 0.01, respectively.

Similarly, the GR activity was also significantly (p ≤ 0.05) correlated with 13 proteins
related to peroxidase and glutathione S-transferase biosynthesis (i.e., Solyc10g076240.2.1,
Solyc04g071900.3.1, Solyc01g105070.3.1, Solyc05g046010.3.1, Solyc09g072700.3.1, Solyc09g0
07520.3.1, Solyc01g006300.3.1, Solyc11g018805.1.1, Solyc05g050870.3.1, Solyc01g101050.3.1,
Solyc05g050890.2.1, Solyc09g011550.3.1, and Solyc08g066850.3.1). Thus, the activities of
antioxidant enzymes were positively correlated with the expressions of their metabolism-
related proteins.
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Figure 9. The heat map showing Pearson (n) correlation between antioxidant enzymes’ activities and
their metabolism-related proteins. Color codes: red—higher correlation; blue—lower correlation.

4. Discussion

In order to deeply understand the mechanism of ebb-and-flow subirrigation behind
promoting seedling growth, the proteomic changes of tomato roots under two irriga-
tion treatments were studied through the TMT-based quantitative proteomics method.
A total of 513 DAPs were identified, of which 283 were up-regulated and 230 were
down-regulated (Figure 7).

4.1. DAPs Participated in Carbohydrates and Energy Metabolism

Carbohydrates are essential for plants to maintain their life activities and are the
main energy source for plants under abiotic stress [55]. In this experiment, it was found
that ebb-and-flow irrigation treatment changed the proteomic expressions of 27 DAPs
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related to energy metabolism. These DAPs were enriched into six major carbohydrate
metabolism-related KEGG pathways (Table S3), namely, amino sugar and nucleotide
sugar metabolism (ko00520), pyruvate metabolism (ko00620), glycolysis/gluconeogenesis
(ko00010), galactose metabolism (ko00052), starch and sucrose metabolism (ko00500), and
pentose and glucuronate interconversions (ko00040). There were eight DAPs involved
in the glycolysis/gluconeogenesis pathway, of which six were up-regulated under EFI
treatment, including aldehyde dehydrogenase (NAD+), alcohol dehydrogenase class-p,
pyruvate decarboxylase, and L-lactate dehydrogenase. The results showed that ebb-and-
flow irrigation increased the expression of carbohydrate-metabolism-related proteins in
tomato roots, enhanced carbohydrate metabolism, promoted energy production in root
cells, and ultimately promoted root growth [56,57]. Studies have shown that SS (sucrose
synthase) in different plants was not only involved in sucrose accumulation [58,59] but
also closely related to the growth status of plants under biological and abiotic stress [60].
Moreover, enzymes related to starch or sucrose metabolism accumulate more under drought
conditions [61]. In this experiment, the proteins related to sucrose synthase and beta
glucosidase were up-regulated under ebb-and-flow subirrigation.

4.2. DAPs Participated in Stress Resistance and Defense Response

A large number of reactive oxygen species (ROS) are produced in the plant body
due to various stress conditions [62]. Plants have evolved to form a series of complex
defense systems to deal with the impact of the adverse environment so as to protect cells
from excessive ROS. Under ebb-and-flow irrigation, 30 DAPs related to stress and defense
changed, including 17 up-regulated and 13 down-regulated DAPs (Table S4). These DAPs
are mainly enriched in KEGG pathways, including phenylpropane biosynthesis (ko00940),
ascorbic acid and aldarate metabolism (ko00053), glutathione metabolism (ko00480), and
peroxisome (ko04146). The accumulation of POD and GST (glutathione S-transferase)
in tomato roots was also increased (Figure 9), indicating that the increase in enzymatic
activity of the antioxidant system under ebb-and-flow subirrigation was an important
protective method of removing or reducing ROS accumulation. Relevant studies showed
that under drought stress, the accumulation of GST in alfalfa ‘Longzhong’ roots also
increased, protecting cells from oxidative stress [63].

Previous studies showed that the proteomic expression of CAT- and POD-metabolism-
related proteins changed significantly under drought, high temperatures, and other stresses [64].
In this experiment, it was found that multiple DAPs encoding CAT and POD (i.e., Solyc12g0
94620.2.1, Solyc04g071900.3.1, Solyc01g105070.3.1, Solyc05g046010.3.1, Solyc03g044097.1.1,
Solyc09g072700.3.1, Solyc09g007520.3.1, Solyc01g006300.3.1, and Solyc11g018805.1.1) were
up-regulated, which was consistent with the higher activity of CAT and POD in tomato
roots under ebb-and-flow irrigation (Figure 9). The DAPs related to the APX were also
up-regulated. APX reduces the accumulation of hydrogen peroxide in plants through
the ascorbic acid metabolic pathway [65]. Studies have shown that the levels of related
proteins encoding APX change under heat stress, light stress, and water stress [66]. In
this study, DAPs encoding APX and its analogs (Solyc11g062440.2.1, Solyc09g007270.3.1)
were up-regulated so as to improve their activity in active oxygen metabolism. Under
drought stress, the expression of proteins involved in phenylpropane metabolism also
changes, such as cinnamyl alcohol dehydrogenase (CAD), peroxidase, and s-adenosine-l-
methionine involved in lignin synthesis [67]. In this experiment, DAPs involved in phenyl-
propanoid biosynthesis (Solyc05g050870.3.1, Solyc01g015080.3.1, Solyc04g080760.3.1) and
glutathione metabolism (Solyc09g01150.3.1, Solyc09g011620.1.1, Solyc12g011300.2.1, and
Solyc09g074850.3.1) were also up-regulated. In general, stress-related proteins can elimi-
nate ROS in time by promoting the activity of the antioxidant system so as to maintain the
high vitality of tomato seedlings.
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4.3. DAPs Participated in Amino Acid Metabolism

Amino acids are important proteins for plant growth, development, and response to
various stresses [68,69]. Studies have shown that the abundance and expression of proline-,
aspartate-, tryptophan-, and lysine-related proteins are severely influenced under drought
or heat stress [70]. In the current study, 22 DAPs participated in the metabolic pathway of
a variety of amino acids (Table S5), including tryptophan metabolism (ko00380); valine,
leucine, and isoleucine degradation (ko00280); lysine degradation (ko00310); arginine and
proline metabolism (ko00330); histidine metabolism (ko00340); beta-alanine metabolism
(ko00410); tyrosine metabolism (ko00350); cysteine and methionine metabolism (ko00270);
alanine, aspartate, and glutamate metabolism (ko00250); glycine, serine, and threonine
metabolism (ko00260); and the biosynthesis of amino acids (ko01230). Aldehyde dehy-
drogenase (NAD +) was the main enzyme involved in lysine catabolism. The expres-
sions of aldehyde-dehydrogenase-metabolism-related proteins were down-regulated in
tomato roots under ebb-and-flow subirrigation. Similarly, asparagine synthase (glutamine-
hydrolysing) was the main enzyme involved in asparagine synthesis, which was up-
regulated in TSI, indicating that drought caused by TSI promotes the formation of as-
paragine from aspartic acid and glutamine to adapt to the drought stress. The up-regulated
expression of threonine dehydratase and hydroxy-methyl-glutaryl-COA synthase in EFI
may increase the biosynthesis of valine, leucine, and isoleucine, which can promote tomato
root system development and secondary metabolism.

4.4. DAPs Participated in Plant Hormones and Secondary Metabolism

Plant hormones widely participate in the physiological process of plant growth and
development [71] and play an important role in plant response to various environmental
and biological stresses [72]. Studies have shown that GH3 family proteins influence the
activity of amide synthase, which catalyzes the combination of free indoleacetic acid (IAA)
and amino acids so as to inactivate it [73]. The IAA is released through the hydrolysis of
IAA amide hydrolase to maintain the homeostasis of IAA in cells [74,75]. Abscisic acid
(ABA) plays an important role in regulating seed germination [76], plant growth [77], and
the response to stress [78]. In the present study, 79 DAPs were enriched in a large number of
secondary-metabolism-related pathways, mainly including phenylpropanoid biosynthesis
(ko00940); the biosynthesis of secondary metabolites (ko01110); cutin, suberine, and wax
biosynthesis (ko00073); terpene main chain biosynthesis (ko00900), etc. (Table S6). It was
identified that the auxin-responsive GH3 gene family showed down-regulated expression in
EFI compared with TSI. Moreover, the synthesis of IAA was not inhibited, which promoted
the normal growth of tomato roots. Additionally, it was identified that the related proteins
of the ABA receptor PYR/PTL family showed down-regulated expressions under EFI,
indicating that the synthesis of ABA was inhibited under the ebb-and-flow treatment so
that the normal growth of tomato roots could not be inhibited.

5. Conclusions

In the present study, a TMT-based proteomic method was used to investigate changes
in protein levels in roots of tomato seedlings grown under ebb-and-flow subirrigation and
top sprinkle irrigation. In total, 8510 proteins and 513 DAPs were identified in tomato
roots. The bioinformatic analysis revealed that these DAPs were involved in energy
production and conversion, metabolic processes, the anchoring component of microtubule
and membrane, oxidoreductase activity, and response to stimuli. The KEGG enrichment
showed that the DAPs were enriched in 51 KEGG pathways, of which phenylpropane
biosynthesis and secondary metabolite biosynthesis were the most significant pathways.
The important pathways containing DAPs related to stress response were further divided
into five categories, i.e., carbohydrate and energy metabolism, stress resistance and defense
response, amino acid metabolism, plant hormones, and secondary metabolism. Ebb-and-
flow subirrigation could significantly activate the expressions of proteins related to stress
defense and ROS detoxification in tomato roots, which could effectively maintain the
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balance of protein processing and degradation and enhance the ability of ion, electron, and
protein transport across membranes and cell wall regulation so as to promote root growth.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12081880/s1, Table S1: The detailed information about
DAPs; Table S2: The KEGG annotation of identified proteins; Table S3: DAPs participated in car-
bohydrates and energy metabolism; Table S4: DAPs participated in stress resistance and defense
response; Table S5: DAPs participated in amino acid metabolism; Table S6: DAPs participated in
plant hormones and secondary metabolism.

Author Contributions: Conceptualization, K.W. and J.X.; methodology, K.W., T.G. and S.S.; software,
K.W. and M.M.A.; validation, M.M.A., T.G. and F.C.; formal analysis, K.W. and M.M.A.; investigation,
S.S. and X.C.; resources, J.X. and X.C.; data curation, M.M.A.; writing—original draft preparation,
K.W. and M.M.A.; writing—review and editing, T.G., X.C., S.S., J.X. and F.C.; supervision, J.X. and
F.C.; project administration, J.X. and K.W.; funding acquisition, J.X. and K.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by ‘China Agriculture Research System, grant number CARS-23’
and the ‘Doctoral Research Start Project of Wenzhou Vocational College of Science and Technology,
grant number 201903’. ‘Teacher professional development project of domestic visiting scholars in
colleges and universities in 2021, grant number FX2021211’.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The mass spectrometry proteomics data were deposited into the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org (accessed on 4 April
2022)) via the iProX partner repository [79] with the dataset identifier PXD033438.

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

References
1. Bai, Y.; Lindhout, P. Domestication and Breeding of Tomatoes: What have We Gained and What Can We Gain in the Future? Ann.

Bot. 2007, 100, 1085–1094. [CrossRef] [PubMed]
2. Yousef, A.F.; Ali, M.M.; Rizwan, H.M.; Gad, A.G.; Liang, D.; Binqi, L.; Kalaji, H.M.; Wróbel, J.; Xu, Y.; Chen, F. Light quality and

quantity affect graft union formation of tomato plants. Sci. Rep. 2021, 11, 9870. [CrossRef] [PubMed]
3. Guo, T.; Gull, S.; Ali, M.M.; Yousef, A.F.; Ercisli, S.; Kalaji, H.M.; Telesiński, A.; Auriga, A.; Wróbel, J.; Radwan, N.S.; et al. Heat
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