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Western flower thrips (Frankliniella occidentalis) are among the most important

pests globally that transmit destructive plant viruses and infest multiple

commercial crops. Lysine lactylation (Klac) is a recently discovered novel

post-translational modification (PTM). We used liquid chromatography-mass

spectrometry to identify the global lactylated proteome of F. occidentalis, and

further enriched the identified lactylated proteins using Kyoto Encyclopedia of

Genes and Genomes (KEGG) and Gene Ontology (GO). In the present study, we

identified 1,458 Klac sites in 469 proteins from F. occidentalis. Bioinformatics

analysis showed that Klac was widely distributed in F. occidentalis proteins, and

these Klac modified proteins participated in multiple biological processes. GO

and KEGG enrichment analysis revealed that Klac proteins were significantly

enriched in multiple cellular compartments and metabolic pathways, such as

the ribosome and carbon metabolism pathways. Two Klac proteins were found

to be involved in the regulation of the TSWV (Tomato spotted wilt virus)

transmission in F. occidentalis. This study provides a systematic report and a

rich dataset of lactylation in F. occidentalis proteome for potential studies on

the Klac protein of this notorious pest.
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Introduction

Protein post-translational modifications (PTMs) are important cellular regulatory

mechanisms. A majority of the proteins are post-translationally modified, and the same

proteins can also undergo multiple PTMs, enriching the types and functions of proteins.

PTMs endow distinct biological functions to the same proteins, resulting in a diverse

functional repertoire of the post-translationally modified protein even if the expression

level of the protein does not change (Robertson et al., 2008). The PTM modified proteins

participate in various processes, such as protein synthesis and degradation, transcriptional

regulation, signal recognition transduction, metabolic regulation, response to biotic and
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abiotic stress, and other metabolic processes (Goudarzi et al.,

2016; Li et al., 2016; Pelletier et al., 2017). Furthermore, PTMs

can affect host-pathogen protein interactions by altering the

function of the proteins. Network analysis of modified

proteins has revealed that PTMs regulate the widely studied

virulence factors (Xu et al., 2021). Previous studies have shown

that DNA methylation and histone modifications influence the

virulence of plant pathogens by altering protein function.

Additionally, PTMs also regulate fungal pathogenicity and

host response to infections (Dubey and Jeon, 2017; Kong

et al., 2018; Nai et al., 2020; Retanal et al., 2021). Plant

pathogens attack the immune system by interfering with the

phosphorylation state of host proteins, which also enhances

pathogen’s pathogenicity (Desclos-Theveniau et al., 2012; Luo

et al., 2017).With recent advances in protein separation andmass

spectrometry technologies, significant breakthroughs were made

in protein modification omics research, and a greater number of

PTMs were discovered. A majority of the novel PTMs identified

are classified as short-chain lysine acylation modifications (Gao

et al., 2020).

Lysine lactylation (Klac) is identified as a novel PTMs.

According to previous reports, Klac stimulates the

transcription of histone chromatin in human and mouse cells

(Zhang et al., 2019a). Besides, Klac influences carbon metabolism

and protein synthesis in rice (Meng et al., 2021). Klac also plays

an important role in the pathogenicity of Botrytis cinerea (Gao

et al., 2020). Klac affects energy metabolism and microtubule

motor gene expression in Trypanosoma brucei (Zhang et al.,

2021). Klac plays an important role in Toxoplasma gondii

invasion of host cells and significantly affects the energy

metabolism of Toxoplasma gondii (Yin et al., 2022).

Klac is produced by p300 catalyzing the covalent attachment

of L-lactic acid-derived lactyl groups to lysine (Zhang et al.,

2019a; Cui et al., 2021). The level of Klac correlates with

intracellular lactate concentration. L-lactate is one of the

crucial intermediate metabolites of glucose metabolism and is

used as mobile fuel for aerobic metabolism. L-lactate can mediate

redox reactions between different compartments and is involved

in cell survival and gene expression as a signaling molecule

(Brooks, 2002; Hashimoto et al., 2007; Passarella et al., 2008;

Tauffenberger et al., 2019). Klac was observed in the histone and

non-histone proteins in mammalian cells and plant-fungal

pathogens (Gao et al., 2020). Previous studies have shown

that inhibition of glycolysis can reduce Klac levels. Exogenous

glucose may also affect cellular lactylation levels (Hagihara et al.,

2021). However, the systematic analysis of Klac modifications in

insects has not been much explored.

The species of thrips are rich and diverse. According to

incomplete statistics, there are more than 7,700 species of thrips

in the world, of which about 1% of thrips species cause damage to

crops (Healey et al., 2017). There are four main species of these

harmful thrips: Western flower thrips (F. occidentalis Pergande),

onion thrips (Thrips tabaci Lindeman), melon thrips (T. palmi

Karny), and yellow tea thrips (Scirtothrips dorsalis Hood) (Reitz

et al., 2020). Thrips feed on various food sources, such as melons,

fruits, vegetables, and plants, and they hide in different host plant

parts.

In addition to direct feeding on tissue sap, resulting in a large-

scale reduction in plant yields, thrips can also transmit various

viruses to the host plant, resulting in fatal damage. Previous

studies have reported that the secondary damage caused by thrips

to plants by transmitting viruses is more severe than the damage

caused by direct feeding (Whitfield et al., 2005; Park et al., 2010).

Out of these viruses, tomato spotted wilt virus (TSWV), which

causes serious economic losses, ranks second among the top ten

harmful plant viruses globally, second only to tobacco mosaic

virus (TMV) (Schoelz et al., 2011). F. occidentalis is the most

important transmission vector of TSWV.

In Europe, the migration and distribution of F. occidentalis

led to the prevalence and outbreak of TSWV disease (de Haan

et al., 1992; Wijkamp et al., 1993; Chatzivassiliou, 2008). F.

occidentalis can only be infected with TSWV at the larvae

stage but not at the adult stage. Also, F. occidentalis larvae

cannot transmit TSWV immediately after acquiring the virus

(Wijkamp et al., 1993; Pappu et al., 1998). The TSWV must

replicate and multiply in the F. occidentalis for more than 72 h

before transmission. After successfully acquiring TSWV, F.

occidentalis carry it for the lifetime (Jones, 2005). However,

PTMs in F. occidentalis proteins, especially the lactylation

modification, have not been explored.

In this study, we used Gene Ontology (GO) and the Kyoto

Encyclopedia of Genes and Genomes (KEGG) to analyze Klac

site motifs and modified protein structures, and to analyze

protein functions, pathways, cellular localization, and domain

enrichment. Protein-protein interaction (PPI) network analysis

was performed to study protein interactions and explore proteins

involved in viral transmission in F. occidentalis. Our study

systematically revealed the distribution of Klac in F.

occidentalis for the first time and provided important data

support for the control of F. occidentalis.

Experimental procedures

Insect rearing

Western flower thrips (F. occidentalis) were collected from

the clover plants (Trifolium repens L.) in 2018 from the

experimental site located at Qingdao Agricultural

University (N 36°31′, E 120°39′). These thrips were grown

in glassware in a lighted incubator at 28°C, fed regularly with

lentil pods, and the incubator light cycle was set to 16 h light

and 8 h dark. The thrips mixed samples containing the four

developmental stages of egg, larva, pupa, and adult were

collected in centrifuge tubes (60 mg per tube, three tubes in

total) for protein extraction.
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Protein extraction and trypsin digestion

Thrips samples ground in liquid nitrogen were placed in

buffer (1% protease inhibitor (Cat# MBP003, Micron

Biotechnology Co., Ltd., Hangzhou, China), 10 mM

dithiothreitol, 1% Triton X-100, 8 M urea, and 50 μM PR-619)

on ice and sonicated using a sonicator (set the sonicator (Scientz,

Ningbo, China) to 30% power, sonicate for 3 s, stop for 5 s,

continue for 2 min, and repeat the process three times). After

centrifugation at 20,000 g for 10 min at 4°C, the supernatant was

collected and pre-cooled 15% trichloroacetic acid (TCA) was

added, and the reaction was carried out at −20°C for 2 h. After

centrifugation at 20,000 g for 10 min at 4°C, the supernatant was

discarded, the pellet was washed three times with acetone and

redissolved in buffer (100 mM Ammonium carbonate, 8 M urea,

pH 8.0). To digest proteins, the solution was reduced with 10 mM

DTT for 1 h at 37°C, followed by alkylation with 20 mM

iodoacetamide (IAA) for 45 min at 25°C, protected from light.

To eliminate the effect of urea on trypsin digestion, add 100 mM

Ammonium carbonate to dilute the urea concentration to 2 M,

the first digestion overnight is to mix trypsin to protein mass

ratio 1:50, the second digestion takes 4 h and trypsin to protein

mass ratio of 1 :100. We used the GE Healthcare 2-D Quant Kit

(SKU: 80-6483-56) to determine protein mass.

Affinity enrichment

To purify Klac peptides, tryptic peptides were incubated with

Pan Anti-L-Lactyl Lysine Rabbit pAb (Cat#WM101, Micron

Biotechnology Co., Ltd., Hangzhou, China) in NETN buffer

(0.5% NP-40, 50 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl,

pH 8.0) overnight at 4°C. The beads were washed four times with

NETN buffer and twice with ddH2O. The Klac peptide on the

beads was eluted with 0.1% TFA and dried under vacuum. Final

analysis using liquid chromatography-tandem mass

spectrometry (LC-MS/MS).

LC-MS/MS analysis

The peptides were solubilized with 300 μl of 0.1% formic

acid, loaded onto a reversed-phase pre-column, and separated

using a reversed-phase analytical column. First complete linear

gradient over 24 min with 6%–22% solvent B (0.1% FA in 98%

acetonitrile (ACN)), then 8 min with 22%–40% solvent B, ramp

up to 80% over 5 min and hold at 80% over the last 3 min, and

maintained a constant flow rate of 300 nl/min on the EASY-

NLC1000UPLC system. The washed peptides were analyzed by a

Q ExactiveTM Plus Hybrid Quadrupole-Bitrap mass

spectrometer. Peptides were placed under a nanospray (NSI)

source and connected online to UPLC for tandem mass

spectrometry (MS/MS) using a Q Exactive™ Plus MS. The

Orbitrap was adjusted to a resolution of 70,000 for detection

of intact peptides. Peptides were selected for MS/MS with

Normalized Collision Energy (NCE) set to 30. The ion

fragments were detected in orbit with a resolution of 17,500.

For the first 20 progenitors with ion counts above the 5 × 103

threshold in theMS overview scan, a data correlationmethod was

used to switch between 1 MS scan and 20 MS/MS scans with a

dynamic cutoff of 15.0 s. The electrospray voltage was set to

2.0 kV. Automatic gain control (AGC) was used to avoid

overfilling the Orbitrap until 5 × 104 ions were accumulated

to generate the correct MS/MS spectrum. The MS scan range was

set from 350 to 1800 m/z and the initial mass was fixed at

100 m/z.

Data analysis

MS/MS data were retrieved using the MaxQuant search

engine (v.1.4.2). Erroneous tandem mass spectra were

excluded by adding a reverse contamination database. The

cleavage enzyme was trypsin/P and the maximum missing

value was set to 4, the maximum number of labeled amino

acids was set to 5, the minimum length was set to 7 amino acid

residues, and the maximum number of peptide modifications

was set to 5. Mass errors were set to 10 ppm (error of parent ions)

and 0.02 Da (error of fragment ions). Aminomethylation of Cys

was a fixed modification, oxidation of Met was a variable

modification, and lactylation of Lys and lactylation of the

N-terminus of proteins are variable modifications. A 1% false

detection rate (FDR) threshold was set for proteins, peptides, and

modification sites.

Bioinformatics analysis

All database protein sequences were set as background

parameters, and the rest of the parameters were kept

unchanged by default, and the amino acid sequence model

around 21-mers (10 amino acids upstream of the site and

10 amino acids downstream of the site) in the modified

protein sequence was generated by MoMo program (V5.0.2)

(Chou and Schwartz, 2011). The MOMO algorithm was set to

motif-x, the minimum number of occurrences was set to 20, and

the p-value threshold was 0.000001. Protein secondary structure

analysis was performed using NetSurfP (Klausen et al., 2019).

The subcellular localization of lactylalted proteins was predicted,

classified and analyzed by WOLF PSORT software.

Gene Ontology (GO) annotation was used to categorize

proteins into three broad categories, i.e., biological processes,

intracellular compartments, and molecular functions. For each

category, a two-tailed Fisher’s exact test was used to test the

significance of the identified protein enrichment for all database

proteins. Fixed multiple assumptions for testing false detection
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rates with standard controls were also used. The GO with a

corrected p-value < 0.05 was considered to be significant. The

identified proteins were GO-annotated using the UniProt-GOA

database (http://www.ebi.ac.uk/GOA/). These protein IDs were

first converted to UniProt IDs, which in turn were mapped to GO

IDs. If the identified protein has no annotation information in

the UniProt-GOA database, the GO function of the protein was

predicted using InterProScan v.5.14-53.0 (http://www.ebi.ac.uk/

interpro/).

Kyoto Encyclopedia of Genes and Genomes (KEGG)

database was used to determine the significance of

enriched proteins versus all proteins in the database using

a two-tailed Fisher’s exact test. Fixed multiple assumptions

were used for testing false detection rates by implementing

standard controls. Pathways with post-test p-value <
0.05 were judged to be significantly different. These

pathways were categorized using the KEGG website. The

InterPro database which can be used to classify protein

families, predict protein domains and modification sites,

and analyze protein sequence function was used to study

each protein class obtained, as well as a two-tailed Fisher’s

exact test—using a long list of rigorous probabilistic tests of

the key methods for identifying proteins were applied to all

databases. Correction for multiple hypothesis testing was

carried out using standard FDR control methods, and

domains with a corrected p-value < 0.05 were considered

to be significant. The STRING database of Protein-Protein

Interaction Name Identifier Version 10.0 (http://string-db.

org/) was searched for all proteins with Klac modifications

(associated with the ribosome pathway). External candidates

were excluded because only interactions between proteins

belonging to the study dataset were selected. STRING defined

FIGURE 1
Protein lysine lactylation assay of F. occidentalis. (A) Technical route of Klac assay. (B)Mass error range for all identified Klac peptides (The error
distribution for Klac peptides is close to 0, and the vast majority are less than 0.02 Da). (C) Klac peptide length range (Most of the peptides are
distributed in 7–20 amino acids, which conform to the general rules based on trypsin enzymatic hydrolysis and HCD fragmentation). (D) Number of
Klac sites in the protein of F. occidentalis (Most of the Klac proteins have less than three modification sites).
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metric “trust score” was used to determine the trust in an

interaction. Cytoscape (version 3.3.0) aggregated all

interactions with trust scores ≥0.9 in the STRING

interaction network. MCODE (Molecular Complex

Detection) was used to analyze densely connected regions

of graphs for theoretical clustering algorithms.

Results

Lysine lactylation proteomic analysis of
Frankliniella occidentalis

We used a proteomic approach involving affinity

enrichment and mass spectrometry to identify the complete

lactylome of F. occidentalis and map the associated Klac sites

(Figure 1A). A total of 1,458 Klac sites were identified in

469 Klac proteins (Supplementary Tables S1,S2). A total of

20,885 proteins were estimated to be encoded by the F.

occidentalis genome, indicating that proteins with Klac

modification accounted for 2.2% (469/20,885) of the F.

occidentalis proteome. Validation of mass errors for all

detected Klac peptides revealed that the error distribution

was close to 0, and the vast majority were <0.02 Da, implying

that our MS data were reliable (Figure 1B). The properties of

the screened Klac peptides were consistent with those of the

trypsin peptides and met the standard, and their lengths were

mostly between 8 and 20 (Figure 1C). For all detected Klac

proteins, 47.3% (222/469) contained one modification site,

17.5% (82/469) and 8.3% (39/469) contained two or three

modification sites, in addition, we also found that 4.5% (21/

469) of the Klac proteins had more than ten modification sites

(Figure 1D; Supplementary Table S3).

Structural analysis of lysine lactylation
proteins and motif analysis of lysine
lactylation sites in Frankliniella
occidentalis

MoMo program was used to evaluate specific amino acid

sequence motifs around the Klac sites. A total of four

FIGURE 2
Analysis of related properties of Klac peptides in F. occidentalis. (A) Analysis of specific amino acid enrichment ± 10 flanking the Klac site
(position 0). Lactylation motifs were constructed using the MOMO program. The central K (position 0) represents lactated lysine. Letters of different
heights represent the frequency of occurrence of a particular amino acid. (B) The heat map represents the degree of enrichment of amino acids
around the Klac site. Red indicates high frequency and greenmeans low frequency. (C) Identification of the frequency of occurrence of different
secondary structures (α-helix, β-strand and coil structures) in the resulting Klac proteins. (D) Surface accessibility of predicted Klac sites.
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conserved motifs in the lactylome around Klac sites were

detected (Figure 2A; Supplementary Table S4). These

motifs were identified in the ten amino acids upstream and

downstream of Klac sites (−10 Klac +10) in the lactylalted

peptides, accounting for 83.2% (3,081/3,503) of all identified

peptides. Amino acid frequencies flanking the Klac site were

enriched and analyzed as follows (Figure 2B): alanine (A)

at −1 position; glycine (G) at −1, +2 and +3 positions; and +3;

−7, +7 positions of lysine (K). These sites were found to be

favorable for lactylation. The GKlac motifs were found in

Botrytis cinerea (Gao et al., 2020) and the AKlac motifs also

were found in Toxoplasma gondii (Yin et al., 2022).

Furthermore, to determine the preferred secondary structure

of Klac sites in proteins, we used NetSurfP for processing

analysis. It was found that 64.7% of Klac sites were in

disordered helices, 29.2% in α-helices, and the rest in β-sheets.
The distribution of the lactylalted lysine was not significantly

different from that of non-modified lysine (Figure 2C). However,

the surface accessibility of non-modified sites was higher than

that of Klac sites (Figure 2D), suggesting selective modification of

proteins for different biological processes.

Functional annotation and cellular
localization of lysine lactylation proteins in
Frankliniella occidentalis

To study the Klac modification in F. occidentalis proteins, the

proteins with Klac modification were subjected to the GO

functional analysis (biological process, cellular component,

and molecular function) (Figures 3A–C; Supplementary Table

S5). In the GO biological process analysis, most of these proteins

with Klac modification were enriched in amide biosynthetic

(12%) (Figure 3A) and peptide biosynthetic (11%) processes.

In the GO cellular component analysis, 20% and 17% of the

proteins with Klac modification were enriched in the cytosol and

ribonucleoprotein complex, respectively (Figure 3B). In the GO

molecular function analysis of proteins with Klac modification, a

majority of these proteins were enriched in structural molecule

activity (25%), oxidoreductase activity (22%), structural

constituent of ribosome (20%), and RNA binding (18%)

(Figure 3C). In the subcellular localization analysis, most of

the proteins with Klac modification were enriched in the

cytoplasm (40.0%), nucleus (19.4%), cytoskeleton (13.5%),

FIGURE 3
Pie chart showing Gene Ontology analysis of F. occidentalis proteins with Klac modifications. (A) Klac proteins classified according to biological
process. (B) Klac proteins classified according to cellular component. (C) Klac proteins classified according to molecular function.
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endoplasmic reticulum (12.8%), extracellular (5.1%),

mitochondria (3.2%), nucleus (3.0%), and plasma membrane

(0.9%) (Supplementary Table S6).

Kyoto encyclopedia of genes and
genomes pathway and domain
enrichment analyses of lysine lactylation
proteins in Frankliniella occidentalis

In order to explore the types and abundance of Klac

proteins, we systematically analyzed F. occidentalis Klac

proteins using KEGG pathway and protein domain

enrichment. In KEGG pathway enrichment analysis, the

majority of the proteins were enriched in the ribosomes,

carbon metabolism, biosynthesis of amino acids, the citrate

cycle (TCA cycle), glycolysis/gluconeogenesis, 2-

oxocarboxylic acid metabolism, oxidative phosphorylation,

Parkinson disease, thermogenesis, the pyruvate metabolism,

fatty acid degradation, tryptophan metabolism, glyoxylate,

dicarboxylate metabolism, and so on (Figure 4A;

Supplementary Table S7). At the same time, the results of

protein domain enrichment were consistent with the results of

KEGG pathway analysis, we found that many protein domains

involved in energy metabolism and stress defense response

were lactylalted modified, such as the isocitrate/

isopropylmalate dehydrogenase and alcohol dehydrogenase

GroES-like domain, hemocyanin, and all-alpha domain

(Figure 4B; Supplementary Table S8). These results showed

that Klac modifications may affect the role of F. occidentalis

proteins in metabolic pathways, biosynthesis and adaptation

to stress.

Lysine lactylation proteins in Frankliniella
occidentalis are involved in central
metabolism

Through KEGG pathway enrichment analysis, we found that

many proteins related to ribosomes and carbon metabolism were

Klac modified. In ribosomes, half of the large subunit and small

unit proteins were found to have Klac modifications at several

sites (Figure 5A). Carbon metabolism is an important metabolic

process that provides the necessary carbon framework and

energy to synthesize amino acids, proteins, and nucleic acids.

We observed that lactylation was widespread in various proteins

involved in the carbon metabolism (Figure 5B). Therefore, this

means that Klac modification affects the energy metabolism and

protein synthesis of F. occidentalis.

Protein interaction network analysis

To study the interactions between proteins in multiple

molecular processes, we constructed a PPI network of Klac

proteins in F. occidentalis using the STRING database

(Figure 6; Supplementary Table S9). A total of 106 Klac

proteins were enriched for this network and these proteins

were found to mainly affect the ribosomal pathway. This

result was consistent with GO and KEGG pathway

FIGURE 4
Systematic enrichment analysis of Klac proteins in F. occidentalis. (A) Klac proteins enrichment analysis based on the KEGG pathway. (B) Protein
domain-based Klac proteins enrichment analysis.
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enrichment, suggesting that the enriched Klac proteins were

involved in specific pathways in F. occidentalis.

Analysis of lysine lactylation proteins
involved in the mechanism of tomato
spotted wilt virus transmission by
Frankliniella occidentalis

F. occidentalis is an important virus transmission vector. The

data showed that the two proteins involved in the mechanism of

TSWV transmission by F. occidentalis were lactylated. EndoCP-

GN (GenBank accession: MH884757) showed two modification

sites (K51 and K214) (Figure 7A), and the location of this protein

was the midgut and salivary glands of F. occidentalis. Besides, it

interacts with the glycoprotein of TSWV and affects TSWV

infection of F. occidentalis. (Badillo-Vargas et al., 2019). We

also found another protein cyclophilin (GenBank accession:

MH884760), with five modification sites (K71, K89, K122,

K181, and K191) (Figure 7B). This protein is involved in

metabolic activities and is closely related to TSWV-GN

interaction (Badillo-Vargas et al., 2019). Cyclophilin has been

shown to prevent viral infections and play a vital role in the

transmission of grain yellow dwarf virus via aphids as a carrier

(Liu et al., 2018; von Hahn and Ciesek, 2015; Tamborindeguy

et al., 2013). These findings suggested that Klac protein might be

involved in viral transmission and energy metabolism in F.

occidentalis, in line with the GO and KEGG enrichment

analysis data.

Disscussion

Klac is the newly identified PTM, which is involved in

multiple biological functions. Klac has been found in a few

species, engineered humans, mice, rice, and Botrytis cinerea

(Zhang et al., 2019a; Gao et al., 2020; Meng et al., 2021). Till

now, protein lactylation in insects, especially F. occidentalis has

not been explored. F. occidentalis is an important pest of

cultivated crops. Thus, in this study, for the first time, we

have systematically investigated the lactylation of proteins in

F. occidentalis.

We identified a total of 1,458 lactylation sites in 469 proteins

using liquid chromatography-tandem mass spectrometry (LC-

MS/MS). F. occidentalis proteins with Klac modification

accounted for 2.2% of the total proteome of F. occidentalis.

Analysis of the secondary structure of F. occidentalis proteins

showed that Klac sites were located in the secondary structures of

different proteins, which indicated that Klac modification was

widely distributed in all proteins. We also observed that Klac

modifications primarily occur in α-helical structures than in β-
sheet structures. The α-helical structure is the most abundant

secondary structure in proteins and is involved in various

functions, including DNA binding, protein interactions, and

membrane protein stability (McKay et al., 2018; Manav et al.,

2019, P et al., 2019). Therefore, this result suggests that Klac may

be involved in the above-mentioned biological functions.

The Subcellular localization results indicated that Klac

proteins were distributed in multiple intracellular

compartments, belonging to multiple functional groups, and

FIGURE 5
KEGG pathway enrichment analysis of proteins with Klac modifications. (A) Klac proteins were involved in the ribosomes. (B) Klac proteins were
involved in carbon metabolism. Proteins with Klac modifications are highlighted in red.
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may play unique and important roles in regulating various

cellular processes in F. occidentalis. In addition, a myriad of

Klac proteins is involved in cellular and metabolic processes,

suggesting that Klac may be involved in the cellular development

and metabolic activities in F. occidentalis. Besides, proteins with

Klac modifications are also associated with ribosomes, a vital

organelle for protein synthesis. Previous studies have shown that

PTMs are crucial for the biological function of ribosomal

proteins. For instance, N-acetylation of ribosomal proteins

significantly affects the protein synthesis of yeast ribosomes

(Kamita et al., 2011). Differential translation of human-

specific mRNAs is regulated via phosphorylation of the

ribosomal protein Rps15/Us19 (D and M, 2017). Thus, the

outcomes of this study suggest that lactylation of ribosomal

proteins may play an important role in their functions. In

addition, proteins with Klac modification were also found to

be involved in carbon metabolism, amino acid biosynthesis,

glycolysis, TCA, oxidative phosphorylation, pyruvate

metabolism, tryptophan metabolism, glyoxylate metabolism,

fatty acid degradation, and so on. This suggests that

lactylation significantly affects the metabolic pathwaysand

biosynthesis aspects of F. occidentalis.

Protein domain enrichment analysis revealed that many

proteins affecting stress defense responses and energy

metabolism were lactylalted, including hemocyanin.

Hemocyanin transports oxygen in the hemolymph of various

arthropods and affects the interaction of crucifers with the

diamondback moth (Plutella xylostella) (Burmester, 2002;

Zhang et al., 2019b). Hemocyanin could attenuate the

infection of penaeid shrimp by WSSV (White spot syndrome

virus) and enhance the antibacterial immune response of Penaeid

shrimp (Zhan et al., 2019; Aweya et al., 2022). Hemocyanin also

affects the metamorphosis, reproduction, and development of

Beet armyworm (Spodoptera exigua) (Tang et al., 2010). This

FIGURE 6
Protein-protein interaction (PPI) network analysis of Klac proteins in F. occidentalis. The interaction network of STRING was visualized in
Cytoscape (version 3.3.0). The size of the nodes corresponds directly to the number of Klac sites per protein. This group of proteins was highly
associated with ribosomes.
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study suggests that Klac proteins might be involved in

developmental processes, affecting energy metabolism, growth

and development, and the ability to cope with biotic and abiotic

stresses in thrips.

To identify the conservation of Klac sites across species, we

first compared Klac sites of F. occidentaliswith Klac sites ofOryza

sativa and Botrytis cinerea. This resulted in the identification of

conserved lysine sites in Klac. We identified a total of 1,314 Klac

sites in F. occidentalis in the two species. The number of

conserved Klac sites in Oryza sativa and Botrytis cinerea were

340 and 355, accounting for 54% and 51% respectively

(Supplementary Table S10). We also observed 117 conserved

Klac sites in two organisms (Supplementary Table S10). This data

suggests that in addition to many conserved Klac sites that may

regulate proteins involved in similar regulatory pathways and

cellular processes, different species may have unique Klac sites,

imparting specific physiological functions to Klac proteins.

Intermediate vector-borne diseases caused by viruses that infect

plants and animals are one of the most important agricultural

problems worldwide (Gubler, 2002). Most viruses infecting plants

are transmitted by arthropods. As the most important transmission

vector of TSWV, F. occidentalis causes devastating losses to

economic crops worldwide. TSWV synthesizes a structural

glycoprotein (GN) for viral attachment and viral expression in

arthropod vector host cells. A previous study reported that two

proteins, cyclophilin and endocuticle structural glycoprotein

(EndoCP-GN), interact with the GN of F. occidentalis (Badillo-

Vargas et al., 2019). We found that these two proteins have multiple

Klac sites, suggesting that lactylation may play an important role in

mediating the transmission of TSWV by F. occidentalis. Therefore,

exploring the link between the Klac proteins of F. occidentalis and

TSWVmay lead to the development of new strategies for the control

of TSWV transmission. Furthermore, cuticular proteins and

cyclophilins have been shown to be involved in various viral

infection processes.

Previous studie has shown that the CP of the hemipteran vector

Laodelphax striatellus interacts with the nucleocapsid protein (pc3)

of rice streak virus (genus Tenuivirus, family Phenuiviridae), which

affects virus transmission (Liu et al., 2015). A recent study has

reported interaction between the CP of another hemipteran vector,

Rhopalosiphum padi, with the readthrough protein of the barley

yellow dwarf virus-GPV (genus Luteovirus, family Luteoviridae),

which influences the aphid transmission of the barley yellow dwarf

virus-GPV (Wang et al., 2015). In addition, it has been reported that

cyclophilin A can affect the replication of tomato bushy stunt virus

(genus Tombusvirus, family Tombusviridae) (Kovalev and Nagy,

2013) by interacting with viral RNA, and the aphid vector Schizaphis

graminum cyclophilins have been reported to be efficient

transmitters of cereal yellow dwarf virus (genus Polerovirus,

family Luteoviridae) (Tamborindeguy et al., 2013). The current

study has shown that the cyclophilin and endocuticle structural

glycoprotein (EndoCP-GN) undergo lactylation, suggesting that

lactylation may be involved in this process. These findings have

important implications in developing plant pest management and

protection against intermediate host-transmitted viruses.

Conclusion

In conclusion, this study presents a global map of lactylation

in F. occidentalis. This study reveals that proteins with Klac

modification play crucial roles in biosynthesis, energy

metabolism, and adaptation to stress. Besides, this study also

provides two candidate proteins that might be involved in the

FIGURE 7
Schematic representation of the three-dimensional structures of two proteins in F. occidentalis involved in the transmission of TSWV. (A)
EndoCP-GN. (B) Cyclophilin. Structure predicted by I-TASSER. Identified Klac sites were highlighted in red.
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virus transmission and control strategy of F. occidentalis. Thus,

studying the lactylation function of the target protein might help

with the prevention and control F. occidentalis.

Data availability statement

The data presented in the study are deposited in the

ProteomeXchange Consortium repository (https://www.ebi.ac.

uk/pride/archive), accession number PXD030799.

Author contributions

Conceptualization, JY and FW;methodology, LJ; software, YL;

validation, DA and YL; formal analysis, DA andYW; investigation,

LS.; resources, DL; data curation, PM; writing—original draft

preparation, DA and LS; writing—review and editing, DA and

LS; visualization, DA; supervision, FW; project administration, JY;

funding acquisition, JY. All authors have read and agreed to the

published version of the manuscript.

Funding

This research was funded by Shandong Provincial Natural

Science Foundation Project, grant number ZR202103070049;

China National Tobacco Corporation Green Tobacco

Prevention and Control Major Special Project, grant numbers

110202101045(LS-05), 110202101027(LS-02); Henan Tobacco

Company Luoyang City Company Science and Technology

Project, grant number 2020410300270076.

Conflict of interest

Authors PM and YW were employed by Luoyang City

Company of Henan Province Tobacco Company. Authors DL

and LJ were employed by Liangshan State Company of Sichuan

Province Tobacco Company.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fgene.

2022.1014225/full#supplementary-material

References

Aweya, J. J., Zhuang, K., Liu, Y., Fan, J., Yao, D., Wang, F., et al. (2022). The ARM
repeat domain of hemocyanin interacts with MKK4 to modulate antimicrobial
peptides expression. iScience 25, 103958. doi:10.1016/j.isci.2022.103958

Badillo-Vargas, I. E., Chen, Y., Martin, K. M., Rotenberg, D., andWhitfield, A. E. (2019).
Discovery of novel thrips vector proteins that bind to the viral attachment protein of the
plant bunyavirus tomato spotted wilt virus. J. Virol. 93, 21. doi:10.1128/JVI.00699-19

Brooks, G. A. (2002). Lactate shuttles in nature. Biochem. Soc. Trans. 30, 258–264.
doi:10.1042/bst0300258

Burmester, T. (2002). Origin and evolution of arthropod hemocyanins and
related proteins. J. Comp. Physiol. B 172, 95–107. doi:10.1007/s00360-001-0247-7

Chatzivassiliou, E. K. (2008). Management of the spread of tomato spotted wilt
virus in tobacco crops with insecticides based on estimates of thrips infestation and
virus incidence. Plant Dis. 92, 1012–1020. doi:10.1094/PDIS-92-7-1012

Chou, M. F., and Schwartz, D. (2011). Biological sequence motif discovery using
motif-x. Curr. Protoc. Bioinforma. Chapter 13, 15–24. Chapter 13Unit 13 15. doi:10.
1002/0471250953.bi1315s35

Cui, H., Xie, N., Banerjee, S., Ge, J., Jiang, D., Dey, T., et al. (2021). Lungmyofibroblasts
promote macrophage profibrotic activity through lactate-induced histone lactylation.
Am. J. Respir. Cell Mol. Biol. 64, 115–125. doi:10.1165/rcmb.2020-0360OC

de Haan, P., Gielen, J. J., Prins, M., Wijkamp, I. G., van Schepen, A., Peters, D., et al.
(1992). Characterization of RNA-mediated resistance to tomato spotted wilt virus in
transgenic tobacco plants. Biotechnology. 10, 1133–1137. doi:10.1038/nbt1092-1133

Deniz, S., and Maria, B. (2017). An emerging role for the ribosome as a nexus for post-
translational modifications. Curr. Opin. Cell Biol. 45, 92–101. doi:10.1016/j.ceb.2017.02.010

Desclos-Theveniau, M., Arnaud, D., Huang, T. Y., Lin, G. J., Chen, W. Y., Lin, Y.
C., et al. (2012). The Arabidopsis lectin receptor kinase LecRK-V.5 represses
stomatal immunity induced by Pseudomonas syringae pv. tomato DC3000. PLoS
Pathog. 8, e1002513. doi:10.1371/journal.ppat.1002513

Dubey, A., and Jeon, J. (2017). Epigenetic regulation of development and
pathogenesis in fungal plant pathogens. Mol. Plant Pathol. 18, 887–898. doi:10.
1111/mpp.12499

Gao, M., Zhang, N., and Liang, W. (2020). Systematic analysis of lysine lactylation
in the plant fungal pathogen Botrytis cinerea. Front. Microbiol. 11, 594743. doi:10.
3389/fmicb.2020.594743

Goudarzi, A., Zhang, D., Huang, H., Barral, S., Kwon, O. K., Qi, S., et al. (2016).
Dynamic competing histone H4 K5K8 acetylation and butyrylation are hallmarks of
highly active gene promoters.Mol. Cell 62, 169–180. doi:10.1016/j.molcel.2016.03.014

Gubler, D. J. (2002). The global emergence/resurgence of arboviral diseases as public
health problems. Arch. Med. Res. 33, 330–342. doi:10.1016/s0188-4409(02)00378-8

Hagihara, H., Shoji, H., Otabi, H., Toyoda, A., Katoh, K., Namihira, M., et al.
(2021). Protein lactylation induced by neural excitation. Cell Rep. 37, 109820.
doi:10.1016/j.celrep.2021.109820

Hashimoto, T., Hussien, R., Oommen, S., Gohil, K., and Brooks, G. A. (2007).
Lactate sensitive transcription factor network in L6 cells: Activation of
MCT1 and mitochondrial biogenesis. FASEB J. 21, 2602–2612. doi:10.1096/
fj.07-8174com

Healey, M. A., Senior, L. J., Brown, P. H., and Duff, J. (2017). Relative
abundance and temporal distribution of adult Frankliniella occidentalis
(Pergande) and Frankliniella schultzei (Trybom) on French bean, lettuce,

Frontiers in Genetics frontiersin.org11

An et al. 10.3389/fgene.2022.1014225

https://www.ebi.ac.uk/pride/archive
https://www.ebi.ac.uk/pride/archive
https://www.frontiersin.org/articles/10.3389/fgene.2022.1014225/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1014225/full#supplementary-material
https://doi.org/10.1016/j.isci.2022.103958
https://doi.org/10.1128/JVI.00699-19
https://doi.org/10.1042/bst0300258
https://doi.org/10.1007/s00360-001-0247-7
https://doi.org/10.1094/PDIS-92-7-1012
https://doi.org/10.1002/0471250953.bi1315s35
https://doi.org/10.1002/0471250953.bi1315s35
https://doi.org/10.1165/rcmb.2020-0360OC
https://doi.org/10.1038/nbt1092-1133
https://doi.org/10.1016/j.ceb.2017.02.010
https://doi.org/10.1371/journal.ppat.1002513
https://doi.org/10.1111/mpp.12499
https://doi.org/10.1111/mpp.12499
https://doi.org/10.3389/fmicb.2020.594743
https://doi.org/10.3389/fmicb.2020.594743
https://doi.org/10.1016/j.molcel.2016.03.014
https://doi.org/10.1016/s0188-4409(02)00378-8
https://doi.org/10.1016/j.celrep.2021.109820
https://doi.org/10.1096/fj.07-8174com
https://doi.org/10.1096/fj.07-8174com
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1014225


tomato and zucchini crops in relation to crop age. J. Asia-Pacific Entomology
20, 859–865. doi:10.1016/j.aspen.2017.05.008

Jones, D. R. (2005). Plant viruses transmitted by thrips. Eur. J. Plant Pathol. 113,
119–157. doi:10.1007/s10658-005-2334-1

Kamita, M., Kimura, Y., Ino, Y., Kamp, R. M., Polevoda, B., Sherman, F., et al.
(2011). N(α)-Acetylation of yeast ribosomal proteins and its effect on protein
synthesis. J. Proteomics 74, 431–441. doi:10.1016/j.jprot.2010.12.007

Klausen, M. S., Jespersen, M. C., Nielsen, H., Jensen, K. K., Jurtz, V. I., Sonderby,
C. K., et al. (2019). NetSurfP-2.0: Improved prediction of protein structural features
by integrated deep learning. Proteins 87, 520–527. doi:10.1002/prot.25674

Kong, X., van Diepeningen, A. D., van der Lee, T. A. J., Waalwijk, C., Xu, J., Xu, J.,
et al. (2018). The Fusarium graminearum histone acetyltransferases are important
for morphogenesis, DON biosynthesis, and pathogenicity. Front. Microbiol. 9, 654.
doi:10.3389/fmicb.2018.00654

Kovalev, N., and Nagy, P. D. (2013). Cyclophilin A binds to the viral RNA and
replication proteins, resulting in inhibition of tombusviral replicase assembly.
J. Virol. 87, 13330–13342. doi:10.1128/JVI.02101-13

Li, Y., Sabari, B. R., Panchenko, T., Wen, H., Zhao, D., Guan, H., et al. (2016).
Molecular coupling of histone crotonylation and active transcription by
AF9 YEATS domain. Mol. Cell 62, 181–193. doi:10.1016/j.molcel.2016.03.028

Liu, H., Xue, Q., Cao, W., Yang, F., Ma, L., Liu, W., et al. (2018). Foot-and-mouth
disease virus nonstructural protein 2B interacts with cyclophilin A, modulating
virus replication. FASEB J. 32, 6706–6723. doi:10.1096/fj.201701351

Liu, W., Gray, S., Huo, Y., Li, L., Wei, T., andWang, X. (2015). Proteomic analysis
of interaction between a plant virus and its vector insect reveals new functions of
Hemipteran cuticular protein. Mol. Cell. Proteomics 14, 2229–2242. doi:10.1074/
mcp.M114.046763

Luo, X., Xu, N., Huang, J., Gao, F., Zou, H., Boudsocq, M., et al. (2017). A lectin
receptor-like kinase mediates pattern-triggered salicylic acid signaling. Plant
Physiol. 174, 2501–2514. doi:10.1104/pp.17.00404

Manav, M. C., Turnbull, K. J., Jurenas, D., Garcia-Pino, A., Gerdes, K., and
Brodersen, D. E. (2019). The E. coli HicB antitoxin contains a structurally stable
helix-turn-helix DNA binding domain. Structure 27, 1675–1685. doi:10.1016/j.str.
2019.08.008

Mckay, M. J., Afrose, F., Koeppe, R. E., and Greathouse, D. V. (2018). Helix
formation and stability in membranes. Biochim. Biophys. Acta. Biomembr. 1860,
2108–2117. doi:10.1016/j.bbamem.2018.02.010

Meng, X., Baine, J. M., Yan, T., and Wang, S. (2021). Comprehensive analysis of
lysine lactylation in rice (Oryza sativa) grains. J. Agric. Food Chem. 69, 8287–8297.
doi:10.1021/acs.jafc.1c00760

Moulinier-Anzola, J., Schwihla, M., de-Araujo, L., Artner, C., Jorg, L.,
Konstantinova, N., et al. (2020). TOLs function as ubiquitin receptors in the
early steps of the ESCRT pathway in higher plants. Mol. Plant 13, 717–731.
doi:10.1016/j.molp.2020.02.012

Nagashima, Y., von Schaewen, A., and Koiwa, H. (2018). Function of
N-glycosylation in plants. Plant Sci. 274, 70–79. doi:10.1016/j.plantsci.2018.05.007

Nai, Y. S., Huang, Y. C., Yen, M. R., and Chen, P. Y. (2020). Diversity of fungal
DNA methyltransferases and their association with DNA methylation patterns.
Front. Microbiol. 11, 616922. doi:10.3389/fmicb.2020.616922

Pappu, H. R., Todd, J. W., Culbreath, A. K., Bandla, M. D., and Sherwood, J. L. (1998).
First report on the multiplication of tomato spotted wilt tospovirus in tobacco thrips,
Frankliniella fusca. Plant Dis. 82, 1282. doi:10.1094/PDIS.1998.82.11.1282D

Park, C.-G., Kim,H.-Y., and Lee, J.-H. (2010). Parameter estimation for a temperature-
dependent development model of Thrips palmi Karny (Thysanoptera: Thripidae).
J. Asia-Pacific Entomology 13, 145–149. doi:10.1016/j.aspen.2010.01.005

Passarella, S., de Bari, L., Valenti, D., Pizzuto, R., Paventi, G., and Atlante, A.
(2008). Mitochondria and L-lactate metabolism. FEBS Lett. 582, 3569–3576. doi:10.
1016/j.febslet.2008.09.042

Pelletier, N., Gregoire, S., and Yang, X. J. (2017). Assays for acetylation and other
acylations of lysine residues. Curr. Protoc. Protein Sci. 87 (14 11 1), 1–14. doi:10.
1002/cpps.26

Peng, S., Min, Z., Yan, S., Chunpu, L., Sami, A., Qi, L., et al. (2019). Inhibition of β-
catenin/B cell lymphoma 9 protein-protein interaction using α-helix-mimicking
sulfono-γ-AApeptide inhibitors. Proc. Natl. Acad. Sci. U. S. A. 116, 10757–10762.
doi:10.1073/pnas.1819663116

Reitz, S. R., Gao, Y., Kirk, W. D. J., Hoddle, M. S., Leiss, K. A., and Funderburk,
J. E. (2020). Invasion biology, ecology, and management of western flower thrips.
Annu. Rev. Entomol. 65, 17–37. doi:10.1146/annurev-ento-011019-024947

Retanal, C., Ball, B., and Geddes-Mcalister, J. (2021). Post-translational
modifications drive success and failure of fungal-host interactions. J. Fungi 7,
124. doi:10.3390/jof7020124

Robertson, M., Helliwell, C. A., and Dennis, E. S. (2008). Post-translational
modifications of the endogenous and transgenic FLC protein in Arabidopsis
thaliana. Plant Cell Physiol. 49, 1859–1866. doi:10.1093/pcp/pcn167

Schoelz, J. E., Harries, P. A., and Nelson, R. S. (2011). Intracellular transport of
plant viruses: Finding the door out of the cell. Mol. Plant 4, 813–831. doi:10.1093/
mp/ssr070

Tamborindeguy, C., Bereman, M. S., Deblasio, S., Igwe, D., Smith, D. M., White,
F., et al. (2013). Genomic and proteomic analysis of Schizaphis graminum reveals
cyclophilin proteins are involved in the transmission of cereal yellow dwarf virus.
PLoS One 8, e71620. doi:10.1371/journal.pone.0071620

Tang, B., Wang, S., and Zhang, F. (2010). Two storage hexamerins from the beet
armyworm spodoptera exigua: Cloning, characterization and the effect of gene
silencing on survival. BMC Mol. Biol. 11, 65. doi:10.1186/1471-2199-11-65

Tauffenberger, A., Fiumelli, H., Almustafa, S., andMagistretti, P. J. (2019). Lactate
and pyruvate promote oxidative stress resistance through hormetic ROS signaling.
Cell Death Dis. 10, 653. doi:10.1038/s41419-019-1877-6

von Hahn, T., and Ciesek, S. (2015). Cyclophilin polymorphism and virus
infection. Curr. Opin. Virol. 14, 47–49. doi:10.1016/j.coviro.2015.07.012

Wang, H., Wu, K., Liu, Y., Wu, Y., andWang, X. (2015). Integrative proteomics to
understand the transmission mechanism of Barley yellow dwarf virus-GPV by its
insect vector Rhopalosiphum padi. Sci. Rep. 5, 10971. doi:10.1038/srep10971

Whitfield, A. E., Ullman,D. E., andGerman, T. L. (2005). Tospovirus-thrips interactions.
Annu. Rev. Phytopathol. 43, 459–489. doi:10.1146/annurev.phyto.43.040204.140017

Wijkamp, I., van Lent, J., Kormelink, R., Goldbach, R., and Peters, D. (1993).
Multiplication of tomato spotted wilt virus in its insect vector, Frankliniella
occidentalis. J. Gen. Virol. 74 (3), 341–349. doi:10.1099/0022-1317-74-3-341

Xu, M., Zhang, X., Yu, J., Guo, Z., Li, Y., Song, X., et al. (2021). Proteome-wide
analysis of lysine 2-hydroxyisobutyrylation in Aspergillus Niger in peanuts. Front.
Microbiol. 12, 719337. doi:10.3389/fmicb.2021.719337

Yin, D., Jiang, N., Cheng, C., Sang, X., Feng, Y., Chen, R., et al. 2022.

Zhan, S., Aweya, J. J., Wang, F., Yao, D., Zhong, M., Chen, J., et al. (2019).
Litopenaeus vannamei attenuates white spot syndrome virus replication by specific
antiviral peptides generated from hemocyanin. Dev. Comp. Immunol. 91, 50–61.
doi:10.1016/j.dci.2018.10.005

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019a).
Metabolic regulation of gene expression by histone lactylation. Nature 574,
575–580. doi:10.1038/s41586-019-1678-1

Zhang, L. L., Jing, X. D., Chen, W., Wang, Y., Lin, J. H., Zheng, L., et al. (2019b).
Host plant-derived miRNAs potentially modulate the development of a
cosmopolitan insect pest, plutella xylostella. Biomolecules 9, E602. doi:10.3390/
biom9100602

Zhang, N., Jiang, N., Yu, L., Guan, T., Sang, X., Feng, Y., et al. (2021). Protein
lactylation critically regulates energy metabolism in the Protozoan parasite
trypanosoma brucei. Front. Cell Dev. Biol. 9, 719720. doi:10.3389/fcell.2021.
719720

Frontiers in Genetics frontiersin.org12

An et al. 10.3389/fgene.2022.1014225

https://doi.org/10.1016/j.aspen.2017.05.008
https://doi.org/10.1007/s10658-005-2334-1
https://doi.org/10.1016/j.jprot.2010.12.007
https://doi.org/10.1002/prot.25674
https://doi.org/10.3389/fmicb.2018.00654
https://doi.org/10.1128/JVI.02101-13
https://doi.org/10.1016/j.molcel.2016.03.028
https://doi.org/10.1096/fj.201701351
https://doi.org/10.1074/mcp.M114.046763
https://doi.org/10.1074/mcp.M114.046763
https://doi.org/10.1104/pp.17.00404
https://doi.org/10.1016/j.str.2019.08.008
https://doi.org/10.1016/j.str.2019.08.008
https://doi.org/10.1016/j.bbamem.2018.02.010
https://doi.org/10.1021/acs.jafc.1c00760
https://doi.org/10.1016/j.molp.2020.02.012
https://doi.org/10.1016/j.plantsci.2018.05.007
https://doi.org/10.3389/fmicb.2020.616922
https://doi.org/10.1094/PDIS.1998.82.11.1282D
https://doi.org/10.1016/j.aspen.2010.01.005
https://doi.org/10.1016/j.febslet.2008.09.042
https://doi.org/10.1016/j.febslet.2008.09.042
https://doi.org/10.1002/cpps.26
https://doi.org/10.1002/cpps.26
https://doi.org/10.1073/pnas.1819663116
https://doi.org/10.1146/annurev-ento-011019-024947
https://doi.org/10.3390/jof7020124
https://doi.org/10.1093/pcp/pcn167
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.1371/journal.pone.0071620
https://doi.org/10.1186/1471-2199-11-65
https://doi.org/10.1038/s41419-019-1877-6
https://doi.org/10.1016/j.coviro.2015.07.012
https://doi.org/10.1038/srep10971
https://doi.org/10.1146/annurev.phyto.43.040204.140017
https://doi.org/10.1099/0022-1317-74-3-341
https://doi.org/10.3389/fmicb.2021.719337
https://doi.org/10.1016/j.dci.2018.10.005
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.3390/biom9100602
https://doi.org/10.3390/biom9100602
https://doi.org/10.3389/fcell.2021.719720
https://doi.org/10.3389/fcell.2021.719720
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1014225

	Comprehensive analysis of lysine lactylation in Frankliniella occidentalis
	Introduction
	Experimental procedures
	Insect rearing
	Protein extraction and trypsin digestion
	Affinity enrichment
	LC-MS/MS analysis
	Data analysis
	Bioinformatics analysis

	Results
	Lysine lactylation proteomic analysis of Frankliniella occidentalis
	Structural analysis of lysine lactylation proteins and motif analysis of lysine lactylation sites in Frankliniella occidentalis
	Functional annotation and cellular localization of lysine lactylation proteins in Frankliniella occidentalis
	Kyoto encyclopedia of genes and genomes pathway and domain enrichment analyses of lysine lactylation proteins in Franklinie ...
	Lysine lactylation proteins in Frankliniella occidentalis are involved in central metabolism
	Protein interaction network analysis
	Analysis of lysine lactylation proteins involved in the mechanism of tomato spotted wilt virus transmission by Frankliniell ...

	Disscussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


