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Abstract: Cassava mosaic disease (CMD) is a major disease affecting cassava production in Southeast
Asia. This study aimed to perform an integrated proteomics and metabolomics analysis of cassava cv.
Kasetsart 50 infected with Sri Lankan cassava mosaic virus (SLCMV). Proteomics analyses revealed that
359 proteins were enriched in the plant—pathogen interaction, plant hormone signal transduction,
and MAPK signaling pathways. A total of 79 compounds were identified by metabolomics analysis
of the healthy and SLCMV-infected cassava plants. Integrated omics analysis revealed that 9 proteins
and 5 metabolites were enriched in 11 KEGG pathways. The metabolic pathways, plant hormone
signal transduction, and plant-pathogen interaction pathway terms were specifically investigated.
The findings revealed that caffeic acid and chlorogenic acid were associated with the plant-pathogen
interaction pathway, histidine (HK3) was involved in plant hormone signal transduction, while
citric acid and D-serine were associated with the metabolic pathways. KEGG functional enrichment
analysis revealed that plant—pathogen interaction, plant hormone signal transduction, and metabolic
pathways were linked via the enriched protein (protein phosphatase 2C) and metabolites (cyclic
nucleotide-binding (AT2G20050) and D-serine). The available information and resources for pro-
teomics and metabolomics analyses of cassava can elucidate the mechanism of disease resistance and
aid in cassava crop improvement programs.

Keywords: proteomics; metabolomics; cassava mosaic disease; Kasetsart 50; metabolic pathways;
plant hormone signal transduction; plant-pathogen interaction

1. Introduction

Cassava mosaic disease (CMD) poses a serious threat to the cassava industry in
Southeast Asian countries, including Cambodia [1], Vietnam [2], Thailand [3], and Laos [4].
CMD can significantly decrease the yield of cassava by up to 50% or more in susceptible
varieties of cassava [5]. The Kasetsart 50 (KU50) cassava variety has gained popularity
among farmers since its availability in 1992 [6]. Apart from its high starch content and
excellent yield, the KU50 variety exhibits tolerance to CMD in greenhouses and naturally
infected fields [5,7]. Current practices are encouraging the replacement of CMD-susceptible
varieties with KU50 for developing resistance varieties that would aid in preventing the
spread of CMD in the region. In Southeast Asia, CMD is caused by the Sri Lankan cassava
mosaic virus (SLCMV), which belongs to the Begomovius genus under the Geminiviridae
family. The virus was first reported in Cambodia in 2015 [1] and spread rapidly thereafter
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via infected stem cuttings [8]. SLCMV can also be transmitted by whiteflies (Bemisia tabaci),
especially those of the Asia II-1 biotype [9,10].

Plants need to develop dynamic constitutive, and inducible defense mechanisms in
response to biotic stresses, including pathogen invasions. The initial line of plant defense
comprises constitutive defense mechanisms, including cell walls, waxy substances, cuticles,
and bark. The stimulated defense mechanisms include pathogen-associated molecular
pattern (PAMP)-trigged immunity (PTI) and effector-triggered immunity (ETI) [11]. The
“zigzag” model proposed in an earlier study describes the plant defense mechanisms [12].
In particular, reactive oxygen species (ROS) and hormone activation are linked to complex
signaling cascade networks and regulate kinase signals for inducing the expression of
defense-related genes via transcription factors (TFs). These genes induce the production of
various secondary metabolites and antimicrobial compounds, including phytoalexins and
phenolics, among others [13].

Proteins and metabolites are involved in the last step of genomic regulation and play
key roles in fundamental life processes. The proteins involved in plant defense mechanisms
include (1) phytohormones, ROS, and pathogenesis-related (PR) proteins; (2) TFs and
post-transcriptional factors; and (3) protein receptors [14]. The metabolites produced by
plants have precise molecular functions. Erb and Kliebenstein [15] described hundreds
of thousands of organic compounds produced by the plant kingdom. They classified the
compounds based on perspective function into primary metabolites, secondary metabolites,
and plant hormones.

The present study aimed to perform a comprehensive proteomics and metabolomics
analysis of cassava plants with CMD to determine the alterations in regulating protein
abundance and metabolites. The findings of this study provide novel insights for further
studies on the mechanism underlying the resistance of cassava to SLCMV. In addition,
the results would also aid in establishing the plant defense response network of cassava
and identifying the candidate proteins and metabolites for selecting the SLCMV-resistance
variety of cassava.

2. Materials and Methods
2.1. Plant Materials

In this study, the stems of cassava cv. KU50 were used for vegetative propagation
in both the SLCMV-infected and uninfected healthy groups. All the plant materials were
provided by the Thai Tapioca Development Institute (TTDI), Nakhon Ratchasima, Thailand.
The stems, containing 3—4 buds each, were cut into 15 cm-long segments and planted
in plastic pots with a diameter of 20 cm in the greenhouse of the Department of Plant
Pathology, Faculty of Kasetsart University, Thailand. After 45 days of cultivation, the
apices of the healthy and diseased stems were collected, and the leaves from the stems of
three different plants were combined into a single sample. The leaves were immediately
flash-frozen in liquid nitrogen to cease all metabolic activity. The frozen samples were kept
at —80 °C until the extraction of proteins and metabolites in the subsequent steps.

The phenotypes of the leaves of infected and healthy cassava cv. KU50 plants were
observed after 14 days of planting. The samples of leaves were collected for DNA extraction.
The DNA was extracted from 200 mg of ground cassava leaf powder using the CTAB
method [16]. The DNA was resuspended in ddH,O containing 100 ug/mL RNase (Thermo
Fisher Scientific, Waltham, MA, USA) and stored at —20 °C. The quantity and integrity
of the DNA samples were determined by agarose gel electrophoresis and a Nanodrop
spectrophotometer (NanoDrop Technologies, Thermo Scientific), respectively.

The AV1 gene of SLCMV was amplified by polymerase chain reaction (PCR) using
the following gene-specific primers: 5'-GTTGAAGGTACTTATTCCC-3' (forward) and
5'-TATTAATACGGTTGTAAACGC-3' (reverse) [9]. Approximately 50 ng of the genomic
DNA, 0.2 M of each of the forward and reverse primers, and 1XPCR buffer (PCR Biosystems,
London, UK) were used for amplification. The conditions of PCR amplification were as
follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation
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at 94 °C for 40 s, annealing at 55 °C for 40 s, and elongation at 72 °C for 40 s. The final
elongation was performed at 72 °C for 5 min. The amplified products were analyzed by
gel electrophoresis using 1.5% agarose TAE gels containing RedSafe Nucleic Acid Staining
Solution (iNtRON Biotechnology, Sangdaewon, Republic of Korea) and compared with
those of the positive control.

2.2. Protein Extraction and Liquid Chromatography-Tandem Mass Spectrometry (LC/MS-MS)

For protein extraction, 100 mg of each sample’s fine cassava tissue powder was
resuspended with 1 mL 0.5% sodium dodecyl sulfate (SDS) and mixed in a vortex mixer
for 1 h, following which the extraction tube was centrifuged at 9000x g for 15 min. The
supernatant was transferred to a new tube, and 1400 puL of cold acetone was added to
precipitate the proteins. The mixture was incubated overnight at —20 °C. The mixture
of proteins was centrifuged at 9000x g for 15 min, and the supernatant was discarded.
The protein pellet was dried and stored at —80 °C. The pellets were resuspended in 0.5%
SDS. The Lowry method was used to determine the concentration of the proteins [17]. The
absorbance was measured at 750 nm (ODy5p), and the concentration of the proteins was
determined using a standard curve established using a serial dilution of bovine serum
albumin (BSA).

A 5-ng sample of the total protein was subjected to in-solution protease digestion.
Briefly, 10 mM ammonium bicarbonate (AMBIC) buffer was used for dissolving the samples.
Dithiothreitol (DTT) was added to a final concentration of 5 mM, and the solution was
subsequently incubated at 60 °C for 1 h to reduce the disulfide bonds. The sulthydryl groups
were finally alkylated by incubating with AMBIC buffer containing 15 mM iodoacetamide
for 45 min at 26 °C in the dark. The protein was subsequently digested, following which the
samples were mixed with 50 ng/pL of sequencing grade trypsin at a ratio of 1:20 (Promega,
Fitchburg, WI, USA) and incubated overnight at 37 °C. The digested samples were dried
and protonated with 0.1% formic acid before LC-MS/MS analysis.

The digested samples were prepared for injecting into an Ultimate3000 Nano/Capillary
LC System (Thermo Scientific) coupled to a Hybrid quadrupole Q-Tof impact II™ (Bruker
Daltonics, Billerica, MA, USA) equipped with a Nano-captive spray ion source. Briefly,
1 uL of the digested peptide was enriched on a p-Precolumn 300 um i.d. x 5 mm C18
Pepmap 100, 5 pm, 100 A (Thermo Scientific, Massachusetts, UK), separated on a 75-pm
LD. x 15 cm column packed with Acclaim PepMap RSLC C18, 2 um, 100 A, nanoViper
(Thermo Scientific). The C18 column was enclosed in a thermostatic column oven at a
temperature of 60 °C. Solvent A comprised 0.1% formic acid in the water, and solvent B
comprised 0.1% formic acid in 80% acetonitrile. The peptides were eluted with a 5-55%
gradient of solvent B at a constant flow rate of 0.30 pL/min for 30 min. Electrospray ion-
ization was performed at 1.6 kV using CaptiveSpray. Nitrogen was used as the drying
gas, and the flow rate was approximately 50 L/h. The collision-induced-dissociation (CID)
product ion mass spectra were obtained using nitrogen as the collision gas. The mass
spectra and MS/MS spectra were obtained in the positive-ion mode at 2 Hz over a range of
150-2200 m/z. The collision energy was adjusted to 10 eV as a function of the value of m/z.
LC-MS analysis of each sample was performed in triplicate.

2.3. Analysis of Proteomic Data

The MaxQuant software package, version 2.0.3.0, and the Andromeda search engine
were used for quantitating the proteins in the individual samples. The peptide fragments
were identified by comparing the MS/MS spectra to the Manihot esculenta dataset in
UniProt Knowledgebase. Label-free quantitation was performed using the default setting
in MaxQuant, in which the maximum number of miss-cleavage sites was set to 2, and
the mass tolerance was set to 0.6 Dalton for the main search. During the search, trypsin
was selected as the digesting enzyme, cysteine carbamidomethylation was selected as
a fixed modification, and the oxidation of methionine and acetylation of the N-termini
of proteins were selected as variable modifications. The peptide peaks that contained a
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minimum of seven amino acids and representing a single sequence motif were selected for
further analyses. Protein identification depended on whether at least two corresponding
peptides were detected, of which at least one was unique. The proteins that satisfied
these criteria were selected for data analysis. The false discovery rate (FDR) was set at
1% and was determined using the reversed search sequences. The maximum number of
modifications for any given peptide was set to 5. The FASTA sequences of the proteins
in the M. esculenta proteome were retrieved from the UniProt database. The potential
contaminants in the contaminant FASTA file provided with the MaxQuant software were
automatically added to the search space. The MaxQuant ProteinGroups.txt file was loaded
into the Perseus search platform, version 1.6.6.0 [18], and the potential outliers that did not
correspond to any Universal Proteomics Standard Set 1 (UPS1) protein were removed from
the dataset. The maximum intensities were log2-transformed, and the pairwise comparisons
were performed with f-tests. The missing values were also imputed in Perseus using a
constant value of 0. Data visualization and statistical analyses were conducted using the
MultiExperiment Viewer (MeV) module of the TM4 software suite [19]. The organization
and biological functions of the proteins were determined using protein analysis through
the evolutionary relationships (Panther) protein classification database [20].

2.4. Metabolite Profiling by UHPLC-HRMS/MS

The metabolites were extracted from 100 mg of fresh cassava leaves in each sample
group. The leaves were ground to a fine powder, and 750 puL extraction buffer (75%
methanol, 20% water, and 5% formic acid (FA)) was added. The mixture of samples was
vortexed for 30 s and incubated on ice for 10 min. The tubes containing the mixture were
centrifuged at 1500x ¢ for 5 min. The supernatant was subsequently transferred to a clean
tube, and the pellets were subjected to the extraction process, which was repeated twice. The
supernatants from each sample were combined and dried using a centrifugal concentrator.

Approximately 200 ppm of cassava metabolite extraction solution was separated on a
Hypersil GOLD™ Vanquish C18 column (2.1 x 100 mm, 1.9 pm, Thermo Scientific) with a
guard column at a temperature of 40 °C and a flow rate of 0.4 mL/min. Mobile phase A
comprised 0.1% FA in water, and mobile phase B comprised 0.1% FA in acetonitrile. After
4 min of elution with 5% B, the percentage of phase B was increased to 90% over 10 min.
Next, the column was flushed with 90% B for 4 min, following which the concentration
of phase B was decreased to 5% over a duration of 1 min before returning to the initial
conditions for 25 min.

MS acquisition was performed with a Q-Exactive HF-X Orbitrap mass spectropho-
tometer (Thermo Scientific) and a heated electrospray ionization (HESI) ion source. The
negative and positive ions were detected using the full-scan MS1/data-dependent MS2
(dd-MS2) mode, with the following settings: spray voltage: 3.5 kV (positive) and 2.5 kV
(negative); sheath gas: 45 AU; auxiliary gas: 10 AU; sweep gas: 2 AU; capillary temperature:
250 °C; full-scan MSI1 resolution: 120,000; data-dependent MS2 resolution: 30,000; scan
range: 100-1500 m/z; automatic gain control target: 3e6; maximum injection time: 100 ms;
and stepped N(CE): 20, 30, 40 eV. The acquired files were processed using the Compound
Discoverer software, and the compounds were annotated with the mzCloud, mzVault, and
ChemSpider databases.

2.5. Statistical Analysis and Identification of Metabolites

Statistical analysis of the infected and healthy cassava plant datasets was performed
with MetaboAnalyst software, version 4.0 [21]. The data were log-transformed and pareto
scaled for subsequent analyses. The phenotypes of the healthy uninfected plants were
compared to those of the virus-infected plants based on the relative abundance of the
metabolites. Principal component analysis (PCA) of the infected and healthy cassava plants
was performed. The data were analyzed to identify the metabolites that can be used to
differentiate between infected and healthy samples. Fold Change analysis, t-tests, and
volcano plots were used to compare the data from the healthy and infected plant groups.
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The potential metabolites were identified by one-way analysis of variance (ANOVA),
followed by post-hoc analysis and correlation analysis. A heatmap was generated based
on the Euclidean distances, and Pearson’s correlation and Spearman’s rank correlation
were also performed. Enrichment analysis was performed with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) metabolic pathway database [22].

2.6. Integrated Proteomics and Metabolomics Analysis

The functions and pathways of the differentially expressed proteins and metabolites were
determined using the KEGG mapper reconstruction pathway analysis tool (https:/ /www.keggjp/
blastkoala/ accessed on 15 December 2021) and the M. esculenta (cassava) proteome dataset,
which was annotated based on literature and PubChem data (https://pubchem.ncbinlm.
nih.gov/ accessed on 15 December 2021). A protein—protein interaction network was
constructed using STRING, version 11.5, and STITCH, version 5.0 (http://stitch.embl.de/
accessed on 20 December 2021) and used for mapping the interactions between the proteins
and metabolites.

3. Results
3.1. Proteomics Analysis

A total of 1813 proteins were identified from the healthy and SLCMV-infected cassava
plant samples in this study, of which 749 proteins were assigned to specific functions. The
results demonstrated that 41.3% of the proteins of the healthy and SLCMV-infected cassava
plants could be classified by KEGG functional category analysis. Of these, 359 proteins
were identified from the SLCM V-infected plants, and 99.7% of the proteome were enriched
in the genetic information processes, genetic information processing, and carbohydrate
metabolism pathways, while the proteins were enriched in the metabolism, signaling and
cellular processing, unclassified metabolism, energy metabolism, environmental informa-
tion processing, lipid metabolism, cellular processes, and metabolism of terpenoid and
polyketides terms. The functional categories of the proteome of SLCMYV are depicted in
Figure 1.

Organismal Systems Cellular Processes
Unclassified: metabolism 3.7% 3.7% Protein families: genetic
4.4% information processes
Lipid metabolism 28.8%
4.4%
Energy metabolism
5%

Environmental
Information
Processing
6.1%

Protein families:
signaling and
cellular processes
7.3%

Genetic Information
Processing
18.1%

Protein families:
metabolism
7.8%

Carbohydrate metabolism
10.7%

Figure 1. Functional classification of the differentially expressed proteins in the leaves of cassava cv.
KU50 infected with SLCMV.

The protein—protein interaction network was constructed using STRING version 11.5.
The proteins were represented by nodes, the associations between protein pairs were indi-
cated by the edges, and the strength of the association between protein pairs was indicated
by the length of each edge. The results of functional protein-protein interaction analysis
revealed significant enrichment (p < 0.05). The KEGG pathways of the upregulated proteins,
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Figure 2. Protein—protein interaction network of the proteins in the SLCMV-infected samples was
created using the STRING database. The proteins were classified into seven functional groups,
namely, ubiquitin-mediated proteolysis (red), glyoxylate and dicarboxylate metabolism (purple),
purine metabolism (light green), RNA transport (yellow), carbon metabolism (pink), biosynthesis of
secondary metabolites (dark green), and metabolic pathways (light blue) groups.
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To investigate the mechanism of defense of cassava plants following infection with
SLCMYV, the proteins identified in the infected cassava plants were subjected to KEGG
analysis. The proteomics data obtained in this study were compared to existing data, and
four metabolic pathways were identified in SLCMV-infected plants that are known to
activate proteins related to plant defense. These four metabolic pathways are discussed
in detail hereafter. Analysis with the Reconstruct tool in KEGG Mapper revealed that
the plant—pathogen interaction pathway was enriched during environmental adaptation
(Figure 3). A total of six proteins, namely the cyclic nucleotide-binding domain-containing
protein (CNGC; A0A2CI9W0Z2), calcium-dependent protein kinase (CPK; AOA2C9V5WO0),
WRKY transcription factor 25 (WRKY25; A0A140H8T1), respiratory burst oxidase ho-
molog (RBOH) protein A (RBOHA; AOA2C9WB]J4), calmodulin-like protein 1 (CALM1;
AQ0A2C9WLS0), and 3-ketoacyl-CoA synthase (KCS; AOA2CIW8E99), were significantly
enriched in the plant-pathogen interaction term. In addition, enrichment analysis re-
vealed that the cytokinin receptor (CRE1; AOA2C9UUGO), serine/threonine-protein kinase
2 (SnRK2; A0A251K1B9), and the regulatory protein NRP1 (A0A251KAS6) were signif-
icantly enriched in the plant hormone signal transduction pathway (Figure 4). In this
pathway, the salicylic acid (SA) produced during the metabolism of phenylalanine activates
NPR1, which is repressed in plants with the disease-resistant phenotype. The MAPK
signaling pathway is a subcategory of the signal transduction pathway, and five proteins
were enriched in the MAPK pathway, namely the WRKY TF 33 (WRKY33; AOA140HS8T1),
the RAN1 P-type Cu* transporter (AOA2C9WKYV2), SnRK2 (A0A251K1B9), catalase (CAT;
A9YMES), and RBOH (A0A2C9UA53) (Figure 5).

3.2. Metabolomics Analysis

The SLCMV-infected KU50 variety of cassava and the uninfected healthy cassava
leaves were subjected to metabolomics analysis with UHPLC-HRMS/MS. A total of 79 fea-
tures were identified from all the treatment groups, and the raw data were submitted to the
ScienceDB database https://www.scidb.cn/en/s/uAbEzq: 15 December 2021. Compari-
son of the features of the healthy and SLCMV-infected cassava leaf samples with one-way
ANOVA revealed that the majority of the metabolite features were significantly affected
following SLCMYV infection. The metabolite features were observed using heatmaps con-
structed by hierarchical clustering of their abundance values (Figure 6). Analysis of the
metabolic profile revealed that some of the metabolite features of the SLCM V-infected
plants had higher abundance values than those of the uninfected samples.

The differences between the metabolic profiles of the infected and healthy samples
were compared based on the relative abundances of metabolite features (abundance in
SLCMV-infected samples/abundance in uninfected samples). PCA of the abundance val-
ues revealed marked differences between the profiles of the metabolites in the infected
and healthy samples (Figure 7). KEGG pathway enrichment analysis of the identified
metabolite features was performed using the KEGG metabolic pathway database. The com-
pounds identified in the infected and uninfected healthy plants were primarily enriched in
aminoacyl-tRNA biosynthesis, followed by the valine, leucine, and isoleucine biosynthesis
term, the alanine, aspartate and glutamate metabolism pathway, the phenylalanine, tyro-
sine, and tryptophan biosynthesis pathway, histidine metabolism, and starch and sucrose
metabolism pathways (Figure 8).
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Figure 3. KEGG annotation and pathway mapping of the plant—pathogen interactions in cassava
plants infected with SLCMV. The six proteins in the green boxes were identified by proteomics analysis
and included the cyclic nucleotide-binding domain-containing protein (CNGC; AOA2C9W0Z2),
calcium-dependent protein kinase (CPK; AOA2C9V5WO0), WRKY TF 25 (WRKY25; AOA140H8T1),
respiratory burst oxidase homolog protein A (RBOH; AOA2C9WBJ4), calmodulin-like protein 1
(CALM; A0A2C9WLS0), and 3-ketoacyl-CoA synthase (KCS; AOA2C9W899).

Metabolite biomarkers were identified for constructing a predictive model of one or
multiple metabolites to evaluate the performance or robustness of the model in classifying
healthy and infected plants in future studies. A ROC curve of the characterized biomarkers
was constructed for evaluating the performance of the biomarker models created based on
the automated identification of import features with the MetaboAnalystR database. A total
of 10 metabolite features were identified as biomarkers that could be used for predicting
the infected and healthy cassava plants. Kaempferol-3-O-rutin, 4-hydroxybenzaldehyde,
choline, trifolin, rhamnetin, myricetin, and robinetin were upregulated during SLCMV
infection, while norfludiazepam, quercetin, and (-)-3-dehydroshikimi were upregulated in
the leaves of healthy cassava plants (Figure 9).
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Figure 4. KEGG annotation and mapping of the plant hormone signal transduction pathways. Three
proteins were identified from cassava plants infected with SLCMV and are highlighted in the green
boxes. The proteins included the CRE1 cytokinin receptor (AOA2C9UUGO), serine/threonine-protein
kinase 2 (SnRK2; A0A251K1B9), and the NRP1 regulatory protein (AOA251KAS6).
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Figure 5. KEGG annotation and mapping of the proteins in the MAPK signaling pathway that
were upregulated in cassava plants infected with SLCMV. These five proteins are indicated in the
green boxes and include the WRKY TF 33 (WRKY33; AOA140H8T1), P-type Cu™ transporter (RAN1;
A0A2C9WKYV?2), SnRK2 (A0A251K1BY), catalase (CAT; A9YMES), and RBOH (A0A2C9UAS3).

3.3. Integrated Proteomics and Metabolomics Analysis

The STITCH tool was used for the integrated analysis of the proteins and metabolites,
and the interaction networks are depicted in Figure 10. The results of integrated proteomics
and metabolomics analysis revealed that 9 proteins and 5 metabolites of infected cassava
plants were enriched in 11 KEGG pathways, namely plant hormone signal transduction;
microbial metabolism in diverse environments; glycine, serine, and threonine metabolism;
biosynthesis of amino acids; plant—pathogen interaction; citrate cycle (TCA cycle); carbon
metabolism; sulfur metabolism; cysteine and methionine metabolism; metabolic pathways;
and biosynthesis of secondary metabolites. The findings revealed that several proteins
in the infected samples were mostly enriched in the plant-pathogen interaction pathway;,
including WRKY25, WRKY33, calcium-dependent protein kinase 1 (CDPK1), RBOHA,
and RBOHD.
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Figure 6. Comparison of the abundance of the metabolites of SLCMV — infected and uninfected
KU50 cassava plants using a heatmap constructed by hierarchical clustering of the abundance values
of the metabolites. The red and green bars depict healthy and SLCMV — infected cassava plants; the
abundances of the metabolites are indicated by the colors of the bars, where dark red denotes high
abundance and light green denotes low abundance.

This study focused on the plant-pathogen interaction pathway, plant hormone signal
transduction, and metabolic pathways. The protein—metabolite interaction analyses were
consistent with the results of proteomics analysis of the SLCM V-infected samples. However,
the results shown in Figure 10 imply that caffeic acid and chlorogenic acid (CGA) were
enriched in the plant-pathogen interaction pathway, histidine (HK3) was involved in plant
hormone signal transduction, while citric acid and D-serine were enriched in the metabolic
pathways. Functional enrichment analysis with KEGG indicated that the plant—pathogen
interaction pathway, plant hormone signal transduction, and metabolic pathways were
linked by the enriched protein (protein phosphatase 2C) and metabolites (cyclic nucleotide-
binding (AT2G20050) and D-serine). These findings suggested that the expression of
specific proteins and the accumulation of certain metabolites under conditions of biotic
stress, and especially viral infections, regulates certain protein and metabolic pathways,
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which leads to the generation of a plant defense mechanism against the invasion of the

viral pathogen.
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Figure 7. PCA plot depicting the differences between healthy and infected plant samples. PCA

revealed considerable differences in the profiles of the metabolites that were differentially expressed

in the infected and healthy samples. The green and pink dots denote infected and healthy cassava

plants, respectively.
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4. Discussion

Proteomics analyses are performed for the identification and analysis of proteins. This
approach aids in understanding the functions of genes and enables the comprehensive
analysis of proteins, which is useful in crop improvement strategies [23]. Previous studies
have successfully employed proteomics tools for elucidating the mechanisms underlying
plant resistance, including the analysis of spatial proteomes and post-translational modifi-
cations (PTMs) of proteins, which are directly involved in the plant immune response [24].
Proteomics, in contrast, can aid in identifying key metabolic processes and determining
the potential interactions with crucial regulatory pathways. Metabolomics analysis is
used for detecting the metabolite end products of different regulatory processes and can
effectively elucidate the molecular mechanisms underlying any variations in plants at the
transcriptional and translational levels [25].

Numerous studies have identified the mechanisms underlying the alterations in the
composition of proteins and metabolites in plants during the biotic stress response, and
the present study aimed to understand the regulatory mechanism of the major plant
responses [26-31]. As plant-pathogen interactions are spatially dynamic processes, the
bioactive effects of secondary metabolites on plant immunity depend on their accumulation
at an optimum concentration at a specific time in specific plant intracellular regions [32]. The
integration of proteomics and metabolomics analyses is a novel strategy for deciphering the
mechanisms underlying the resistance to pathogen-induced stress in plants and primarily
allows the quantitative analysis and identification of candidate genes that can be employed
in breeding programs.

The integrated proteomics and metabolomics approach used in this study enabled us
to identify whether the pattern in which the proteins and metabolites were arranged in
the networks had a strong relationship with the three enriched KEGG pathways, namely,
the plant-pathogen interaction pathway, plant hormone signal transduction pathway,
and metabolic pathways. Integrated proteomics and metabolomics analysis is emerging
as a cutting-edge approach in functional biology for understanding plant responses to
biotic stresses at cellular and developmental stages. The integration of the results of these
approaches with genomics data allows the accurate identification of candidate genes and
pathways related to important agronomical traits, including disease-resistant phenotypes,
that can be applied to crop breeding programs [33].

The compatibility of plant—pathogen interactions usually involves temporal oxidative
bursts for pathogen detection and signaling that lead to hypersensitive response (HR) and
programmed cell death (PDC), which create a delimited zone that prevents the growth and
spread of the pathogen [34]. The findings of this study indicated that these proteins and
metabolites, including RBOHA, RBOHD, WRKY?25, caffeic acid, and CGA, play important
key roles in the generation of ROS. The defense mechanisms that are triggered during plant—
virus interactions primarily induce the accumulation of ROS. Notably, ROS play a dual role
in pathogen restriction and are frequently localized in apoptotic cells at the sites of infection;
they also induce antioxidant and pathogenesis-related defense responses in the neighboring
plant cells by acting as a diffusible signal [35-38]. Plant respiratory burst oxidase homologs
(RBOGS) are also referred to as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (NOXs). NOXs can integrate different signal transduction pathways; for instance,
they can integrate calcium signaling pathways, protein phosphorylation cascades catalyzed
by protein kinases, nitric oxide pathways, and pathways mediated by lipid messengers [39].
Doll et al. demonstrated that WRKY25 partakes in regulating intracellular redox condi-
tions, and the overexpression of WRKY25 increases the tolerance to oxidative stress [40].
Normally, WRKY TFs are key regulatory components of defense-related genes.

A recent study demonstrated that MAP kinase 4 (MPK4) of Arabidopsis sp. interacts
with an MPK4 substrate (MKS1), which in turn interacts with WRKY25 and WRKY33 [41].
In vitro experiments have demonstrated that WRKY25 and WRKY33 are substrates of
MPK4. These findings indicated that WRKY25 and WRKY33 function as downstream
components of the MPK4-mediated signaling pathway and contribute to the suppression
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of SA-dependent disease resistance. Additionally, a study by Zheng et al. suggested that
WRKY33 is an important component of the regulatory cascade and mediates cross-talk
between the defense responses to pathogens and the different mechanisms of pathogenesis
that are induced in response to Pseudomonas syringae infections [42]. WRKY 33 is translo-
cated to the nucleus of plant cells, where it recognizes and binds to the TTGACC sequence
of W-box to induce the expression of genes involved in plant defense or defense-related
genes, including PR genes and NPR1 [43]. Furthermore, WRKY33 can act as a positive regu-
lator of the defense response signaling pathways mediated by JA and ET [42]. Interestingly,
the results of proteomics and STITCH analyses demonstrated that CDPK1 was integrated
with RBOGS via WRKY25 and WRKY?33 (Figures 5 and 10). The expression levels of both
the proteins in healthy and SLCMV-infected plants were high and low, respectively. The
mechanism of defense of the SLCMV-infected KU 50 variety of cassava can be explained
by comparing the results of previous studies with our findings, especially in terms of ROS
accumulation and the differential expression of WRKY25 and WRKY33. The KU50 variety
is tolerant to SLCMV and was the platform in this study. This variety can also be used
to investigate how different cultivars with variable resistance and susceptibility respond
to SLCMV.

Among the proteins and metabolites that were expressed at high levels in the cassava
plants with CMD, we found that caffeic acid and CGA interacted with the proteins that act
cooperatively during the production of ROS and in the processes of plant defense. CGA is
an important phenolic compound that belongs to the hydroxycinnamic acid family and
produces caffeic acid and quinic acid following esterification [44].

CGA and its derivatives comprise a group of secondary metabolites that are associated
with the transcriptional activation of phenylpropanoid pathways under pathogen infection
and conditions of biotic stress [45]. CGA and CGA-derived metabolites play indispensable
roles in plant defense and redox reactions [46]. Numerous studies have demonstrated
that CGA participates in plant defense reactions. For instance, a study by Jiang et al. [47]
demonstrated that the expression of PhSPMS, which mediates spermine synthesis, con-
tributes to the biosynthesis of CGA in Arabidopsis sp. and improves plant resistance to
drought and salt stress. Another study by Atanasova-Penichon, et al. [48] demonstrated
that CGA plays a role in the defense response of maize against Fusarium graminearum and
the accumulation of trichothecene. The study also reported that more resistant varieties
have higher levels of CGA [49]. Wojciechowska et al. demonstrated that CGA reduces
the colonization of Alternaria alternata in tomato fruits by inhibiting toxin synthesis [50].
The putative role of CGA in defense was determined by metabolomic analysis of variably
resistant varieties. The findings revealed that the accumulation of CGA was higher in the
resistant variety that suppressed A. alternata infections. Based on the results of previous
studies and the findings obtained herein, the present study indicated that CGA might play
an important role in the mechanism of plant defense, especially in terms of ROS accumula-
tion in the SLCMV-tolerant KUS50 variety of cassava. However, the regulatory mechanisms
of CGA biosynthesis, including the responses of the genetic regulatory networks of CGA
biosynthesis, remain to be elucidated in different SLCMV-infected varieties of cassava.

The results of STITCH analysis of the protein—metabolite interactions revealed that
caffeic acid integrated CGA and the proteins associated with plant—pathogen interactions.
These findings supported the fact that caffeic acid and CGA are involved in the mechanism
of plant defense. Caffeic acid is involved in plant biotic and abiotic stress tolerance,
including pathogen attacks, low and high-temperature stress, UV light, drought, heavy
metal stress, and salinity stress [51]. In a study by Juan [52], plants were exposed to
invading pathogens during the increased accumulation of caffeic acid, and the findings
revealed that high levels of caffeic acid during fungal infections prevent the formation
of brown rot. The increased accumulation of caffeic acid improves disease resistance in
apples by reducing the activity of the pathogens. Other studies have also demonstrated
that the exogenous application of caffeic acid significantly improves disease resistance in
plants [53]. Additionally, Davidson et al. [54] reported that the growth of several Fusarium
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spp. and Saccharomyces spp. is inhibited by the application of 500 ug/mL caffeine. However,
further studies are necessary to determine the potential uses of CGA, caffeic acid, and their
derivatives in the treatment of SLCMV.

The results of integrated proteomics and metabolomics analysis revealed that the
identified proteins and metabolites acted as intermediaries in integrating the functions of
the different components. The present study revealed that the plant—pathogen interaction
pathway was linked to plant hormone signal transduction, while the metabolic pathways
were associated with hormone signal transduction. Numerous studies have demonstrated
that the interactions between plants and pathogens also upregulate primary metabolism
in plants. Rojas et al. [55] suggested that an increase in primary metabolism alters the
signaling processes that trigger plant defense reactions. Similar to a study by Kangasjarvi
et al. [55], Bolton [56] suggested that primary metabolism provides the cellular energy
required for plant defense responses during plant—pathogen interactions. The finding is
also consistent with a review by Rojas et al. [57], which reported that the expression of
several genes associated with primary metabolic pathways, including those involved in the
synthesis or degradation of carbohydrates, amino acids, and lipids, are induced in plants
following exposure to pathogens or elicitors. However, further studies are necessary to
fully understand the complexity of the plant defense response in cassava plants infected
with SLCMV.

Altogether, the present study revealed that the levels of five important metabolites
were significantly altered in cassava plants following infection with SLCMV (Figure 9). The
putative targets were also identified in this study for future breeding efforts. The majority
of metabolites were chemically classified as flavonoids or their derivatives. A previous
study has demonstrated that flavonoids and other phenolic compounds play important
roles in plant immunity [58]. We propose that the five metabolites identified herein could
serve as potential biomarkers for the identification of SLCMV-infected cassava plants and
are described in detail hereafter.

Kaempferol-3-O-rutin was identified as one of the potential biomarkers of SLCMV
infection in this study. Kaempferol-3-O-rutin is a flavonoid and a major secondary metabo-
lite derived from the phenylpropanoid pathway in plants [59]. An et al. [60] reported that
kaempferol induces disease resistance by activating NPR1 in an MPK- and SA-dependent
manner. Another study by An et al. [61] provided further evidence regarding the appli-
cation of kaempferol in plant disease resistance. The results confirmed that kaempferol
effectively induces plant defense against P. syringae pv. tomato DC3000 (Pst DC3000).
SLCMYV may activate the phenylpropanoid pathway of cassava to stimulate the production
of kaempferol during infection. However, the mechanism of action of kaempferol in cassava
plants with SLCMYV infection remains to be determined.

The secondary metabolite, 4-hydroxybenzaldehyde, possesses anti-diabetic, antioxidant,
and pro-angiogenic properties [62-64], and a recent study by Kim et al. [65] demonstrated
that 4-hydroxybenzaldehyde regulates immune tolerance and aggravated inflammatory
responses in humans. A previous study identified and characterized 4-hydroxybenzaldehyde
during grapevine trunk disease caused by Diaporthe eres, and the results demonstrated
that 4-hydroxybenzaldehyde was one of the phytotoxic metabolites that were detected
following infection [66]. Yu et al. [67] used 4-hydroxybenzaldehyde as an intermediate
during the synthesis of (E)-4-(4-hydroxyphenyl) but-3-en-2-one to prepare a series of
1,4-pentadien-3-one derivatives containing a 1,3,4-thiadiazole moiety, for determining
their curative, protective, and inactivating potential against Tobacco mosaic virus (TMV).
The results demonstrated that the compounds had excellent anti-TMV activity, which
can be employed for the development of novel antiviral agents. In the present study,
4-hydroxybenzaldehyde was detected in cassava plants infected with SLCMV. The study
indicated that 4-hydroxybenzaldehyde could be one of the potent compounds produced by
cassava plants against SLCMV infection, and the findings are consistent with the results of
previous studies. Nevertheless, there is a scarcity of information regarding the potential of
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4-hydroxybenzaldehyde in combating plant viruses, and further studies are necessary in
this regard.

Choline is one of the main components of eukaryotic membrane lipids, and choline can
be detected in cells only after the appearance of phosphatidylcholine (PC) [68]. Choline is
produced during the degradation of PC, and it changes into the active form, phospholipase
D (PLD) [69,70]. Choline is normally produced by soybean [71], and Chen et al. [72]
reported that P. syringae, a common pathogenic bacterium associated with various plant
species, has adapted to exploit and utilize the choline produced for the physiological
activities of soybean plants. The results of the present study demonstrated that high
levels of choline had accumulated in cassava plants infected with SLCMV. The association
between choline and plant viruses has not been previously reported; therefore, this finding
has significant implications for future studies on plant viruses, the metabolic processes
involved in plant defense mechanisms, and viral progression.

Trifolin is a flavonoid that is commonly detected in a wide range of plants and pos-
sesses bactericidal and antifungal properties [73,74]. However, Funayama et al. [75] re-
ported that trifolin is inactive against yeasts. Unfortunately, the antiviral properties of
trifolin in plants have not been elucidated to date. The antiviral potential of trifolin has
been extensively studied against the human virus, SARS-CoV-2. Recently, Makati et al. [76]
investigated the interactions of the flavonoids, afzelin and trifolin with the 3CLpro, Nspl,
Nsp3, RdRp, Nsp7-Nsp8 complex, and PLpro proteins of SARS-CoV-2 using molecular
docking approaches. The results demonstrated that the RARp, Nsp7-Nsp8 complex, and
Nsp3 protein of SARS-CoV-2, which are related to viral replication, virulence, and viral
spread, formed the highest number of interactions with trifolin. The proteins encoded
by the SLCMV genome could be similarly docked to trifolin to elucidate the mechanism
underlying the antiviral effect of trifolin in cassava plants.

Rhamnetin is a phenolic flavonoid and a methylated derivative of quercetin. Rham-
netin possesses the anti-inflammatory potential and inhibits the enzymatic activity of
secretory phospholipase A2, which plays an important role during acute inflammation [77].
Nawrot et al. [78] suggested that rhamnetin could be a candidate natural compound for
the development of novel anti-inflammatory drugs. However, compared to the number
of studies on humans, few studies have investigated the effects of rhamnetin against
plant diseases.

The five aforementioned metabolites have also been thoroughly investigated in human
diseases, especially against SARS-CoV-2. The approaches used for studying their effects
against human diseases can also be employed in plants to determine their antiviral potential
against plant diseases. Altogether, this study identified that the levels of five metabolites,
namely, kaempferol-3-O-rutin, 4-hydroxybenzaldehyde, choline, trifolin, and rhamnetin,
were increased in cassava plants infected with SLCMYV, compared with healthy plants.
However, the association between these five compounds and the defense system of plants
during viral infections remains to be elucidated.

5. Conclusions

Proteomics and metabolomics analysis of the SLCMV-infected and healthy cassava
cv. Kasetsart 50 revealed changes in the regulation of protein abundance and metabolites.
Proteomics analyses discovered that 359 proteins were particularly enriched in the plant-
pathogen interaction, plant hormone signal transduction, and MAPK signaling pathways.
By analyzing the metabolomes of the healthy and SLCMV-infected cassava plants, a total
of 79 substances were revealed. In 11 KEGG pathways, 9 proteins and 5 metabolites were
found to be enriched, according to integrated omics analysis, specifically the plant hormone
signal transduction and plant—pathogen interaction pathways.

Moreover, KEGG functional enrichment analysis revealed that plant-pathogen in-
teraction, plant hormone signal transduction, and metabolic pathways were linked via
the enriched protein (protein phosphatase 2C) and metabolites (cyclic nucleotide-binding
(AT2G20050) and D-serine). The result indicated that proteomics and metabolomics analy-
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sis could describe the pathogen and host interaction mechanisms and aid in cassava crop
improvement programs. The findings would also help in developing the cassava plant’s
defense response network and in identifying the potential proteins and metabolites for
selecting a particular SLCMV-resistant variety.
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