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Quantitative multiplexed proteomics 
analysis reveals reshaping of the lysine 
2-hydroxyisobutyrylome in Fusarium 
graminearum by tebuconazole
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Abstract 

Backgrounds: Lysine 2-hydroxyisobutyrylation (Khib) is a newly discovered posttranslational modification (PTM) 
and has been identified in several prokaryotic and eukaryotic organisms. Fusarium graminearum, a major pathogen 
of Fusarium head blight (FHB) in cereal crops, can cause considerable yield loss and produce various mycotoxins 
that threaten human health. The application of chemical fungicides such as tebuconazole (TEC) remains the major 
method to control this pathogen. However, the distribution of Khib in F. graminearum and whether Khib is remodified 
in response to fungicide stress remain unknown.

Results: Here, we carried out a proteome-wide analysis of Khib in F. graminearum, identifying the reshaping of the 
lysine 2-hydroxyisobutyrylome by tebuconazole, using the most recently developed high-resolution LC–MS/MS 
technique in combination with high-specific affinity enrichment. Specifically, 3501 Khib sites on 1049 proteins were 
identified, and 1083 Khib sites on 556 modified proteins normalized to the total protein content were changed signifi-
cantly after TEC treatment. Bioinformatics analysis showed that Khib proteins are involved in a wide range of biologi-
cal processes and may be involved in virulence and deoxynivalenol (DON) production, as well as sterol biosynthesis, in 
F. graminearum.

Conclusions: Here, we provided a wealth of resources for further study of the roles of Khib in the fungicide resistance 
of F. graminearum. The results enhanced our understanding of this PTM in filamentous ascomycete fungi and pro-
vided insight into the remodification of Khib sites during azole fungicide challenge in F. graminearum.
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Introduction
Protein posttranslational modifications (PTMs), such 
as methylation, acetylation, and phosphorylation, 
play important roles in various biological events and 

cellular processes. Extensive studies in recent decades 
have revealed more than 200 different types of PTMs. 
Due to their unstable basic side chain, lysine residues 
are more prone to modification than other residues, 
and lysine acylation is one of the most common PTMs. 
Lysine 2-hydroxyisobutyrylation (Khib), a unique acyla-
tion, was first reported as a new type of histone marker in 
eukaryotic cells [1]. Recent studies have shown that this 
modification is evolutionarily conserved across bacteria, 
yeast, plants, animals, and humans on both histone and 
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nonhistone proteins [1–7]. Recently, the 2-hydroxyisobu-
tyrylomes of three filamentous fungi, namely, Ustilagi-
noidea virens, Botrytis cinerea, and Fusarium oxysporum, 
were also reported [8–10]. Khib adds a large 2-hydroxy-
isobutyryl group to the lysine residue, which increases 
the size of the lysine side chain, abolishes the positive 
charge, and introduces a hydroxyl group that enables the 
modified lysine to form hydrogen bonds with other mol-
ecules [1]. As a result, Khib can influence various biologi-
cal processes, such as the regulation of gene expression, 
energy metabolism, protein translation, and secondary 
metabolism [1, 11–13].

Fusarium graminearum is the major causal agent of 
Fusarium head blight (FHB), a devastating disease of 
wheat and barley worldwide. In addition, F. graminearum 
can produce various toxins, including zearalenone (ZEA) 
and trichothecenes, such as deoxynivalenol (DON), niva-
lenol (NIV) and their acetylated derivatives [14]. Con-
tamination of grains with mycotoxins produced by F. 
graminearum poses a threat to the health of humans and 
animals and leads to challenges in grain storage. Given its 
great impact on global grain production and food safety, 
F. graminearum was designated one of the top ten plant 
fungal pathogens by the international research commu-
nity [15, 16]. In agricultural practice, the application of 
chemical agents such as tebuconazole (TEC) and car-
bendazim (BCM) remains the major method to control 
this disease. Unfortunately, fungicide resistance is emerg-
ing in F. graminearum due to the abuse and long-term 
application of these substances. Extensive research on 
the mechanism of fungicide resistance in F. graminearum 
has been performed, but only a few studies on how PTMs 
participate in fungicide resistance have been reported.

The application of “omics” approaches, including tran-
scriptomics, has provided insights for deciphering how 
F. graminearum copes with fungicide stress [17–19]. 
Comparative transcriptomics and experimental evidence 
in other fungal studies revealed that transporter genes 
were involved in different levels of sensitivity to fungicide 
treatment [20, 21]. Proteomics has also been frequently 
employed in research on F. graminearum, especially in the 
discovery of virulence factors and in gene function stud-
ies [22–25]. However, there are only a few reports about 
the influence of fungicide treatment on the proteome of 
F. graminearum [19, 26]. To gain further insights into the 
fungal response to fungicide, we employed cutting-edge 
proteomics technologies, combining high-specific affin-
ity enrichment and high-resolution mass spectrometry 
(MS), to identify the proteins harboring Khib sites in F. 
graminearum. Multiplexed proteomics using different 
isobaric tags was applied to quantify changes in the lysine 
2-hydroxyisobutyrylome after treatment with TEC. This 
study provides a comprehensive profile of the lysine 

2-hydroxyisobutyrylome of F. graminearum and provides 
new insights into fungicide resistance in F. graminearum 
and disease control of FHB.

Results and discussion
Alteration of Khib in Fusarium graminearum by fungicides
To investigate whether the status of Khib was altered 
after fungicide treatment, we treated F. graminearum 
with two fungicides, namely, TEC and BCM, which are 
commonly used fungicides in FHB control. Western blot-
ting of the total protein extracts of F. graminearum with 
or without fungicide treatment with a pan anti-2-hydrox-
yisobutyryllysine antibody was performed. The results 
showed that multiple protein bands larger than 25  kDa 
were detected in all the samples, indicating that Khib 
is widely distributed in F. graminearum. Interestingly, 
obvious enhancement of the blotted proteins in samples 
treated with the fungicide compared to control samples 
with equal amounts of DMSO was observed in each fun-
gicide trial (Fig. 1A). This demonstrates that the activity 
of Khib is enhanced in response to fungicide treatment 
in F. graminearum. This also suggests that fungicides may 
result in changes in the lysine 2-hydroxyisobutyrylome.

Identification of Khib peptides involved in the fungicide 
response in F. graminearum
Quantitative multiplexed proteomics using TMT 
labeling was applied for global profiling of the lysine 
2-hydroxyisobutyrylome in response to fungicide treat-
ment (Fig. 1B). To check the quality of the MS data, the 
mass errors of all identified peptides were analyzed. 
The mass errors of most of the identified peptides were 
less than 3  ppm, suggesting that the MS data were of 
high quality (Fig.  2A; Additional File 1: Table S1). The 
length of most peptides (91%) was between 7 and 20 
amino acids (Fig.  2B), which was consistent with the 
length distribution of peptides digested by trypsin. 
In total, we identified 3807 unique peptides, of which 
3492 were Khib modified. Finally, 3501 Khib sites on 
1049 proteins were identified, where 3035 modifica-
tion sites on 937 proteins were quantifiable (Additional 
File 1: Table S1). The proportion of identified Khib pro-
teins in F. graminearum is 7.4% (1049/14160), similar 
to another Fusarium species, F. oxysporum, in which 
3782 Khib sites on 1299 proteins have been identified, 
accounting for 7.3% of the total proteins in F. oxyspo-
rum. The identified proteins contained various numbers 
of Khib sites. Only approximately 42.4% of the proteins 
(445 proteins) had one Khib site, and 87% of the pro-
teins (913 proteins) contained fewer than 6 Khib sites 
(Fig.  2C). FGRAMPH1_01T23287 and FGSG_07375 
have as many as 30 Khib sites in the identified proteins. 
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Compared with the lysine acetylome in F. gramine-
arum reported by Zhou et al. [27], the identified Khib 
proteins in this study were much more abundant than 
the reported acetylated proteins (1049 vs. 364), and 
the average number of Khib sites per protein was also 
larger than that of acetylated sites per protein (3.3 vs. 

1.6). This result indicated that Khib is much more abun-
dant than lysine acetylation (Kac) in F. graminearum.

Motif analysis of 2‑hydroxyisobutyrylated lysine in F. 
graminearum
To clarify the amino acid residue preference around 
the Khib sites, we analyzed the motif patterns in the 

Fig. 1 Detection of lysine 2-hydroxyisobutyrylation in F. graminearum. A SDS-PAGE gel stained with Coomassie blue was used as a loading control. 
Total proteins in F. graminearum treated with tebuconazole (TEC), carbendazim (BCM) or an equal volume of DMSO as control were loaded in each 
lane. B Western blotting analysis of the samples in (A) was performed with pan-2-hydroxyisobutyryllysine antibody. The bands corresponding to the 
samples in (A) were shown. C Schematic illustration of the proteomic analytical steps for mycelium collection, protein extraction, tryptic digestion, 
TMT labeling, affinity enrichment, LC–MS/MS and bioinformatics analysis
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identified proteins using the Motif-X program. As 
shown in Fig.  3, the nearest position adjacent to the 
Khib site is less well conserved, which is different from 

the acetylation motif reported in F. graminearum but is 
similar to the Khib motif pattern reported in other organ-
isms [3–7]. Among the 11 significantly enriched motifs, 

Fig. 2 Quality control validation of MS data. A Mass error distribution of all identified peptides. B Length distribution of all identified peptides. C 
Distribution of the number of Khib modification sites per protein. Detailed data are listed in Additional File 1: Table 1
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only five motifs with amino acids at positions -1, -2 or + 1 
were overrepresented, namely, the GK, DxK, DK, KK, 
and KE motifs. Peptides with these motifs accounted for 
46.7% of all the identified peptides. The GK motif had 
the highest proportion, accounting for 16.1%. All these 
motifs except GK are also present in developing rice 
seeds [3]. According to the heatmap, the frequencies of 
alanine (A), aspartic acid (D), glutamic acid (E), and gly-
cine (G) were the highest at position -1, while glutamic 
acid (E), phenylalanine (F), glycine (G) and tyrosine (Y) 
were most abundant at position + 1. The amino acid 
preference at position -1 in F. graminearum is similar to 
that in Physcomitrella patens but is different from that in 
Toxoplasma gondii, while the preference at position + 1 
varies [4, 6]. Lysine residues were overrepresented at 

positions -10 to -5 and + 5 to + 10, which has been 
observed in most reported 2-hydroxyisobutyrylatomes. 
The specific Khib motif patterns indicate unique sub-
strate preferences in F. graminearum.

Conservation analysis of Khib sites
To date, the 2-hydroxyisobutyrylomes of several fungi 
have been reported, including Ustilaginoidea virens, Bot-
rytis cinerea, Fusarium oxysporum, Candida albicans 
[8–10, 12]. To understand the evolutionary conserva-
tion of lysine 2-hydroxyisobutyrylation in different spe-
cies, identified Khib proteins and sites of F. graminearum 
were compared with those from the above four fungi by 
using BLASTp to identify orthologs followed by using 
MUSCLE to make alignments. In total, 1129 Khib sites 

Fig. 3 Motif analyses of the Khib peptides. A Sequence logo of Khib motifs and conservation of Khib sites identified by the Motif-X program. 
The motif shows the Khib sites at the center and 10 amino acids upstream and downstream of the Khib site. The motifs with the significance 
of p < 0.000001 are shown. B Heatmap of the amino acid compositions of Khib sites. The intensity map shows the relative abundance of ± 10 
amino acids from the Khib site. Colors represent the log10 of the ratio of frequencies within Khib-21-mers versus non-Khib-21-mers (red shows 
enrichment, green shows depletion)
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on 430 Khib proteins in F. graminearum were identified 
with equivalent sites in at least one 2-hydroxyisobu-
tyrylatome of the other four fungi, accounting for 32.3% 
of the total Khib sites and 41% of Khib proteins identi-
fied in F. graminearum (Fig.  4; Additional File 2: Tables 
S2). The number of orthologs with equivalent Khib sites 
in U. virens, B. cinerea, F. oxysporum, and C. albicans 
were 280, 261, 234, and 189, respectively (Fig.  4A). The 
proportions of proteins with orthologs in the three plant 
pathogenic fungi (U. virens, B. cinerea, and F. oxysporum) 
were 22.3%—26.7%, and in yeast C. albicans was 18%, 
which is slightly lower than the former. There were 168 
sites on 92 proteins conserved in the four phytopatho-
genic fungi, while only 93 Khib sites on 59 proteins were 
well conserved in all five fungi. As shown in Fig. 4B, most 
Khib sites identified in this analysis have equivalent sites 
in only one other fungus, which accounts for 45.2% of the 
total identified Khib sites (510/1129).

Characterization of Khib proteins in F. graminearum
To comprehensively elucidate the possible function and 
localization of Khib proteins in F. graminearum, we per-
formed GO classification with all the identified Khib 
proteins based on biological processes, molecular func-
tions, and cellular components. Most of the Khib pro-
teins were classified into three biological process groups, 
namely, metabolic process (34%), cellular process (24%) 
and single-organism process (21%), and were associated 
with catalytic activity (49%) and binding (36%) in terms 
of molecular function. In terms of cellular components, 

the Khib proteins were mainly distributed in cells (34%), 
organelles (25%), membranes (18%) and macromolecular 
complexes (17%) (Fig.  5A). The subcellular localization 
of the Khib proteins was also predicted with the Wolf 
PSORT program. The Khib proteins were distributed in 
the cytoplasm (29.17%), mitochondria (19.16%), nucleus 
(19.07%) and extracellular space (17.06%) (Fig.  5B). The 
GO classification of the Khib proteins in F. gramine-
arum was similar to that in other reported organisms 
and was also similar to that of the acetylated proteins 
reported in F. graminearum. Compared to the acety-
lome of F. graminearum, the subcellular localization 
analysis showed that a greater proportion of modified 
proteins was localized in the extracellular space in the 
2-hydroxyisobutyrylome.

Functional enrichment analysis of Khib proteins in F. 
graminearum
To better understand Khib in F. graminearum, GO, 
KEGG, and protein domain enrichment analyses of 
the Khib proteins were carried out (Fig.  6, Additional 
File 3–5: Tables S3, S4 and S5). GO-based enrichment 
analysis showed that the modified proteins were mainly 
significantly enriched in 14 biological process terms, 
such as peptide metabolic process, translation, peptide 
biosynthetic process and amide biosynthetic process, 
and enriched in 8 cellular component terms, includ-
ing the cytoplasm, cell, intracellular, and ribosome 
parts. In terms of molecular function, structural con-
stituents of ribosomes and various enzymatic activities 

Fig. 4 Conservation analysis of Khib sites. A The number of identified Khib sites of F. graminearum which are conserved in Candida albicans, 
Fusarium oxysporum, Botrytis cinerea, and Ustilaginoidea virens, and the number of orthologous proteins with these sites. The orthologs were 
identified by BLASTP using Khib protein of F. graminearum as queries, and the equivalent sites were then identified by sequence alignment using 
MUSCLE. B The analysis of Khib sites and proteins with these sites conserved in the above five fungi. The x-axis indicates the number of species that 
possess equivalent Khib sites of an F. graminearum Khib site. The y-axis shows the number of Khib sites in F. graminearum. Detailed data are listed in 
Additional File 2: Table S2



Page 7 of 18Zhao et al. BMC Genomics          (2022) 23:145  

(such as exopeptidase activity, peptidase activity, and 
hydrolase activity) were significantly enriched (Addi-
tional File 10: Figure S1 and Additional File 3: Table S3). 
In the protein domain enrichment analysis, 25 protein 
domains were identified, and these domains were also 
related to diverse enzymes, such as peptidase, hydro-
lase, and oxidase (Fig.  6A, Additional File 4: Table S4). 
All the results suggested that proteins with Khib modi-
fication were involved in various cellular and metabolic 

processes. The KEGG pathway enrichment analysis also 
suggested this. A large number of Khib proteins were 
enriched in 11 significant pathways, including the ribo-
some (fgr03010), oxidative phosphorylation (fgr00190), 
citrate cycle (TCA cycle, fgr00020), starch and sucrose 
metabolism (fgr00500), and proteasome (fgr03050) 
pathways (Fig.  6B, Additional File 5: Table S5). Further-
more, a protein–protein interaction network with 583 
nodes and 4800 interactions was constructed, and cluster 

Fig. 5 Functional annotation and subcellular localization of all the identified Khib proteins in F. graminearum. A Pie charts showing GO annotations 
of all the identified Khib proteins based on biological process (BP), cellular component (CC), and molecular function (MF). The percentage of each 
GO term represents the proportion of proteins in the respective group. B Subcellular localization analysis of Khib proteins predicted by WoLF PSORT 
software in F. graminearum 
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analysis identified the 5 most abundant clusters, namely, 
the ribosome subnetwork, oxidative phosphorylation 
subnetwork, proteasome subnetwork, spliceosome sub-
network, and aminoacyl-tRNA biosynthesis subnetwork 
(Additional File 10: Figure S2). These enrichment analysis 
results were similar to previous reports in other organ-
isms, which implies that Khib may have some conserved 
roles in different organisms.

Reshaping of the lysine 2‑hydroxyisobutyrylome of F. 
graminearum by TEC treatment
TEC-treated and control samples (TEC vs. TEC_CK) 
were labeled with different TMT tags prior to LC–MS/
MS. After the fragmentation of TMT tags in MS2, the 
complement reporter ions were detected and quanti-
fied to determine the change in Khib peptides between 
TEC and TEC_CK samples. With the criterion of fold 
change greater than 1.3, 1083 Khib sites of 509 proteins, 
normalized to total proteins, were considered signifi-
cantly affected by TEC treatment. Specifically, Khib on 
876 sites of 401 proteins was enhanced, while Khib on 
207 sites of 151 proteins was suppressed. In addition, 43 

proteins showed both upregulation and downregulation 
of Khib (Fig. 7A, Additional File 6: Table S6). The results 
indicated that the overall Khib in F. graminearum was 
enhanced after TEC treatment, which was consistent 
with the Western blotting results (Fig.  1). The ten sites 
accounting for the highest and lowest changes in Khib 
proportion are listed in Table 1.

To further understand the distribution of proteins 
with identified changes in Khib caused by TEC, we per-
formed a subcellular localization analysis. Similar to the 
total Khib protein distribution, the TEC-affected Khib 
proteins (TAKPs) were also mainly located in the cyto-
plasm (32.2%), extracellular space (20.8%), mitochondria 
(18.7%), and nucleus (14.7%). In all the compartments, 
the upregulated Khib proteins were always more abun-
dant than the suppressed Khib proteins. Remarkably, in 
the extracellular space, the upregulated Khib proteins 
were disproportionately more abundant than the down-
regulated Khib proteins (Fig. 7B).

Then, GO and protein domain classification and 
enrichment analysis of all the identified TAKPs were 
conducted. As shown in Fig.  7C, regarding biological 

Fig. 6 Enrichment analysis of all the identified Khib proteins in F. graminearum. A Protein domain enrichment analysis. The InterPro domain 
database was used in the analysis. The -log10(Fisher’s exact p-value) is shown on the x-axis. Protein domains with a p-value < 0.05 were considered 
significant. Detailed data are listed in Additional File 4: Table S4. B KEGG pathway enrichment analysis (p-value < 0.05). The size of the circle 
represents the protein number, and the color gradient (from red to light blue) represents the corrected p-value (0–0.05). Detailed data are listed in 
Additional File 5: Table S5
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processes, 304 TAKPs were involved in metabolic pro-
cesses, 200 in cellular processes and 187 in single-organ-
ism processes. In the cellular component category, 169 

TAKPs were cell proteins, 119 were organelle proteins, 
92 were membrane proteins and 88 were macromolecu-
lar complex proteins. Regarding molecular function, 287 

Fig. 7 Characterization of tebuconazole-affected Khib proteins (TAKPs) in F. graminearum. A The number of identified Khib sites and Khib proteins 
affected by tebuconazole. B The subcellular localization of TAKPs predicted by WoLF PSORT. The number of TAKPs in each compartment is shown 
above the bar. (C) GO classification of TAKPs. The number of TAKPs at GO term level 2 is shown beside the bar. Detailed data are listed in Additional 
File 6: Table S6
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proteins were involved in catalytic activity, 190 proteins 
in binding activity and 35 in structural molecule activity. 
We did not determine the preference of TAKPs compared 
to the global Khib proteins in the classification analysis. 
Moreover, the biological process enrichment analysis of 
TAKPs, especially the upregulated proteins, indicated 
that the most significantly enriched terms were related 
to cellular detoxification; molecular function enrichment 
also showed that antioxidant activity, aminopeptidase 
activity, and peroxidase activity were among the enriched 
terms; and in the cellular component category, Golgi-
associated vesicle, proton-transporting ATPase complex, 
and proteasome core complex-related components were 
significantly enriched (Fig. 8A, Additional File 10: Figure 
S3, and Additional File 7: Table S7). All these GO terms 
were associated with the stress response, which demon-
strated that 2-hydroxyisobutyrylation was reshaped in 
response to fungicide treatment. This assumption was 
also supported by the analyses of protein domain enrich-
ment and KEGG pathway enrichment (Fig.  8B and 8C; 
Additional File 10: Figure S4, and Additional File 8–9: 
Table S8 and Table S9), where the related domains of 
the hydrolase fold, peptidase M26 and heat shock pro-
tein and the KEGG pathway phagosome (fgr04145) 
were significantly enriched among all the Khib proteins. 
The KEGG pathways autophagy (fgr04138), starch and 

sucrose metabolism (fgr00500), proteasome (fgr03050), 
and glycolysis/gluconeogenesis (fgr00010) were also sig-
nificantly enriched in the analysis of upregulated and 
downregulated Khib proteins.

Khib proteins involved in virulence and DON production 
in F. graminearum
F. graminearum is the predominant causal agent of wheat 
scab disease and produces several mycotoxins, including 
DON. DON not only threatens the health of livestock 
and humans but also acts as a critical virulence factor in 
the fungal infection process. In our data, we found that 
many proteins involved in pathogenicity were identified 
to be 2-hydroxyisobutyrylated (Table  2). These proteins 
are involved in several biological processes, including 
transcription, translation, and autophagy. For example, 
FgAtg8 and FgAtg15 function in the autophagy pathway, 
and their deletion mutants showed reduced conidium 
production, reduced DON production and impaired 
virulence compared with the wild type [28, 29]. FgPrb1 
is a subtilisin protease and is involved in autophagy regu-
lation. Deletion of FgPrb1 also led to decreased DON 
production and pathogenicity [30]. Three components 
of the retromer complex, namely, FgVps5, FgVps29 and 
FgVps35, were also identified in the Khib list. Loss of any 
gene among them could lead to growth and development 

Table 1 Top ten sites with the highest and lowest ratios (TEC/TEC_CK) in the estimation of the change in Khib in response to 
tebuconazole

Locus Khib Position TEC/TEC_CK 
Ratio

Regulation Type Protein Description/Predicted Function

FGSG_07822 290 4.23 Up Serine protease

FGRAMPH1_01T19927 123 4.06 Up Glucoamylase

FGSG_00639 401 3.94 Up Tubulin alpha chain, TUB1

FGSG_04022 177 3.67 Up Putative amidase

FGSG_04289 80 3.67 Up Histone H4

FGSG_08723 259 3.33 Up Transaldolase

FGSG_02328 641 3.29 Up Multicopper oxidase GIP1

FGSG_05906 265 3.16 Up Lipase

FGRAMPH1_01T05035 331 3.14 Up Clavaminate synthase-like protein

FGSG_01574 326 3.12 Up Autophagy-related protein 27, ATG27

FGSG_09532 317 0.42 Down 3’(2’),5’-bisphosphate nucleotidase

FGSG_04410 201 0.41 Down Proteasome subunit alpha type

FGRAMPH1_01T24163 303 0.41 Down Protein disulfide-isomerase erp38

FGRAMPH1_01T06765 195 0.38 Down 5’-amp-activated protein kinase subunit beta-2

FGSG_05177 90 0.38 Down Perilipin mpl1

FGSG_06035 120 0.36 Down Cell division control protein

FGSG_02770 114 0.34 Down Fructose-bisphosphate aldolase

FGSG_01099 132 0.32 Down GTP-binding nuclear protein

FGSG_02783 60 0.31 Down Sterol 24-C-methyltransferase

FGSG_02770 308 0.31 Down Fructose-bisphosphate aldolase
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defects in F. graminearum [31]. An increasing number of 
reports have shown that protein PTMs could play criti-
cal roles in fungal virulence. For example, acetylation 
of the autophagy-related proteins MoAtg3 and MoAtg9 
by the histone acetyltransferase MoHat1 is important 
for autophagy and pathogenicity in Magnaporthe ory-
zae [32]. Acetylation of the BcHpt K161 site can affect 

virulence in Botrytis cinerea [33]. A recent study revealed 
that both lysine succinylation and SUMOylation play 
roles in virulence and aflatoxin biosynthesis in Aspergil-
lus flavus [34, 35]. In recent reports, Khib in two plant 
pathogenic fungi, U. virens and B. cinerea, was found 
to be involved in fungal virulence [8, 9]. Here, our data 
also provide extensive insights to develop the possible 

Fig. 8 Enrichment analysis of TAKPs in F. graminearum. A GO enrichment of TAKPs. -Log10(Fisher’s exact p-value) is shown on the x-axis. A GO term 
with a p-value < 0.05 was considered significant. Detailed data are listed in Additional File 7: Table S7. B Protein domain enrichment analysis of TAKPs. 
Detailed data are listed in Additional File 8: Table S8. C KEGG pathway enrichment analysis of TAKPs. Detailed data are listed in Additional File 9: Table 
S9. In all the enrichment analyses, a p-value < 0.05 was considered significant
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link between Khib modification and fungal virulence and 
DON production in F. graminearum.

Enzymes involved in sterol biosynthesis are modified 
on Khib sites by tebuconazole
TEC, an azole fungicide, works as an inhibitor target-
ing sterol 14-demethylase, encoded by CYP51B and 
CYP51A, to block the sterol biosynthesis that is essen-
tial for fungal growth in F. graminearum [53]. The spe-
cific targeting led us to examine all the sterol biosynthesis 
enzymes that harbored the Khib site and the possibil-
ity of modulating Khib activity by using TEC. Typically, 
fungal sterol biosynthesis consists of two stages accord-
ing to KEGG pathway analysis. The terpenoid back-
bone is synthesized in the first stage (fgr00900), while 
steroid biosynthesis is synthesized in the second stage 
(fgr00100). Four enzymes, in the first stage, were identi-
fied to be 2-hydroxyisobutyrylated, and all the enzymes 
played roles in the biosynthesis pathways of farnesyl 
pyrophosphate (farnesyl-PP) (Table  3, Additional File 

10: Figure S5). Three of the four, except FGSG_05911, 
showed enhanced Khib modification after TEC treat-
ment. Remarkably, the farnesyl diphosphate synthase 
FGSG_06784 harbored nine Khib sites, and five of them 
were upregulated at the level of Khib by TEC (Table 3). In 
the second stage of sterol biosynthesis, 16 Khib sites were 
identified in eight proteins, and three sites from three 
proteins were remodified at Khib sites by TEC. Spe-
cifically, there was a notable suppression, approximately 
3.24-fold, of the Khib level on the only identified Khib 
site in ERG6B (FGSG_02783) by TEC. In addition, two 
Khib sites on FgERG9 (FGSG_09381) were identified, and 
the Khib modification was enhanced at one site, K381, 
after TEC treatment. Six Khib sites from FgCYP51B 
(FGSG_01000) were identified, and the Khib on one site 
was suppressed to a lower level by TEC.

In addition, we also examined the Khib modification 
in the regulatory transcription factors involved in sterol 
biosynthesis in fungi. There are two theories regarding 
the regulatory mechanisms of sterol biosynthesis. One 

Table 2 List of Khib proteins involved in DON production and virulence in F. graminearum 

Protein Gene locus Predicted functions DON production Virulence Khib 
influenced by 
TEC or not

References

Ptc3 FGSG_10239 Phosphatase reduced reduced no [36]

FgHal2 FGSG_09532 Phosphatase loss reduced yes [37, 38]

FgMcm1 FGSG_08696 MADS-box transcription factor reduced reduced no [39]

GzMyb016 FGSG_10269 Myb transcription factor loss normal no [40]

FgAtg8 FGSG_10740 Component of autophagosomes and Cvt vesicles reduced reduced yes [41]

FgAtg15 FGSG_02519 Lipase required for intravacuolar lysis of autophagic and Cvt 
bodies

reduced reduced yes [28]

FgVps5 FGSG_02011 A subunit of retromer complex, vacuolar protein sorting-
associated

reduced reduced no [31]

FgVps35 FGSG_02756 A subunit of retromer complex, vacuolar protein sorting-
associated

reduced reduced yes [31]

FgVps29 FGSG_01552 A subunit of retromer complex, vacuolar protein sorting-
associated

reduced reduced no [31]

FgChs5 FGSG_01964 Chitin synthase reduced loss no [42, 43]

FgGpa1 FGSG_05535 Putative Ga subunit Increased normal no [44]

FgCap1 FGSG_01923 Adenylate cyclase-associated protein related to cAMP 
signaling

reduced reduced no [45]

Acl2 FGSG_06039 ATP citrate lyase reduced reduced yes [46]

Fim FGSG_09862 Fimbrin reduced reduced yes [46]

FgIlv5 FGSG_10118 Keto-acid reductoisomerase reduced reduced no [47]

FgGlx FGSG_11097 Glyoxal oxidase reduced reduced yes [48]

FgSrp1 FGSG_09864 SR (serine/arginine-rich) proteins in pre-mRNA splicing and 
processing

reduced reduced yes [49]

FgEb1 FGSG_06627 Microtubule end-binding protein reduced reduced no [50]

OXP1 FGSG_10203 5-oxoprolinase reduced reduced yes [51]

FgZuo FGSG_02785 Hsp70 cochaperone reduced reduced no [52]

FgSsz FGSG_08644 Hsp70 protein reduced reduced no [52]

FgPrb1 FGSG_00192 Subtilisin-like protease reduced reduced yes [30]
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involves the sterol regulatory element-binding protein 
(SREPBP), which is found in mammals and some fungi, 
such as Aspergillus fumigatus, Cryptococcus neoformans, 
and Schizosaccharomyces pombe [54–56]. The other is 
the transcription factor Upc2 in Saccharomycotina cer-
evisiae [57]. However, Liu et  al. recently reported that 
sterol biosynthesis in F. graminearum was not regulated 
by SREBP or Upc2 orthologs but was directed by the 
phosphorylated transcription factor FgSR [58]. However, 
our results revealed that there were no Khib sites identi-
fied in SREBP orthologs, Upc2 orthologs or FgSR.

Our results revealed that the status of Khib in the sterol 
biosynthesis pathways in F. graminearum was reshaped 
by TEC. In the first stage, the stressed fungi accumulated 
higher levels of Khib modification on three enzymes 
that were implicated in the biosynthesis of farnesyl-PP, 
which is an intermediate metabolite for steroids and is 
associated with many biological processes, such as pro-
tein modification [59] and the biosynthesis of various 
secondary metabolites, including sterol and DON [53, 
60]. In the second stage, TEC led to an elevated Khib 
level on the farnesyl-diphosphate farnesyltransferase 
ERG9, which directed the conversion of farnesyl-PP to 
squalene. The suppression of Khib on ERG6B, a sterol 
24-C-methyltransferase, ranking as the second strong-
est effect, was notable given that a recent study showed 
that FgERG6B was regulated by FgSR, the master regula-
tor of sterol biosynthesis in F. graminearum [58]. In addi-
tion, the suppression of Khib on one site of FgCYP51B is 

also notable. Based on the structural interaction between 
TEC and FgCYP51B [61], the suppressed Khib site seems 
to be far away from the ligand-binding pocket (Fig. 9). It 
is unknown how the physical interaction between TEC 
and FgCYP51B attenuates the Khib level on FgCYP51B.

Two studies revealed that succinylation and malonyla-
tion on lysine residues changed enzyme activity [62, 
63]. Did the change in Khib status on the listed proteins 
involved in sterol biosynthesis tell a similar story? Fur-
ther experiments are required to reveal the potential role 
of these remodified Khib sites with respect to azole fun-
gicide sensitivity.

Conclusions
In this study, we performed a TMT-based quantitative 
lysine 2-hydroxyisobutyrylomic analysis using high-res-
olution LC–MS/MS in combination with high-specific 
affinity enrichment. We identified 3501 Khib sites on 
1049 proteins in F. graminearum. Among them, 3035 
Khib sites on 937 proteins were quantifiable, and 1083 
Khib sites on 556 modified proteins were affected signifi-
cantly by TEC treatment. Our results revealed that Khib 
proteins were localized to multiple cellular compart-
ments, involved in a wide range of biological processes, 
and associated with virulence and DON production, 
as well as sterol biosynthesis, in F. graminearum. Most 
Khib proteins affected by TEC were upregulated, and 
the enrichment analysis showed that TAKPs were sig-
nificantly enriched in terms associated with the stress 

Table 3 List of Khib proteins involved in sterol biosynthesis in F. graminearum 

a  Number of Khib sites which influenced by TEC

Gene locus Protein accession Gene function Number of 
Khib sites

Number of 
changed Khib 
 sitesa

Khib proteins involved in terpenoid backbone biosynthesis (fgr00900)
 FGSG_10424 I1S130 MVD, ERG19, diphosphomevalonate decarboxylase [EC:4.1.1.33] 2 1 up

 FGSG_09722 I1RZ92 IDI; isopentenyl-diphosphate delta-isomerase [EC:5.3.3.2] 4 1 up

 FGSG_06784 V6RG22 FDPS; farnesyl diphosphate synthase [EC:2.5.1.1 2.5.1.10] 9 5 up

 FGSG_05911 A0A098E2N1 FNTA; protein Farnesyltransferase/geranylgeranyltransferase type-1 
subunit alpha [EC:2.5.1.58 2.5.1.59]

1 0

Khib proteins involved in steroid biosynthesis
 FGSG_09381 V6RPN0 FDFT1, ERG9; farnesyl-diphosphate farnesyltransferase [EC:2.5.1.21] 2 1 up

 FGSG_04092 I1RJR2 CYP51A; sterol 14-demethylase [EC:1.14.13.70] 1 0

 FGSG_01000 I1RBR4 CYP51B; sterol 14-demethylase [EC:1.14.13.70] 6 1 down

 FGSG_01203 I1RCA0 NSDHL, ERG26; sterol-4alpha-carboxylate 3-dehydrogenase (decar-
boxylating) [EC:1.1.1.170]

2 0

 FGRAMPH1_
01T26961

A0A1C3YLL7 ERG27; 3-keto steroid reductase [EC:1.1.1.270] 1 0

 FGSG_05740 A0A0E0SMA3 SMT1A, ERG6A; sterol 24-C-methyltransferase [EC:2.1.1.41] 1 0

 FGSG_02783 I1RGC4 SMT1B, ERG6B; sterol 24-C-methyltransferase [EC:2.1.1.41] 1 1 down

 FGSG_07315 I1RT23 ERG2; C-8 sterol isomerase [EC:5.-.-.-] 2 0
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response. Specifically, several Khib-modified enzymes 
in sterol biosynthesis were affected by tebuconazole. 
These results expanded our understanding of the biologi-
cal functions of Khib in F. graminearum. This study also 
offers a wealth of resources for further study of the roles 
of Khib in the fungicide resistance of F. graminearum.

Methods
Fungal strain and culture
The F. graminearum strain PH-1, stored in the key lab of 
integrated crop disease and pest management of Shan-
dong Province (China), was used in this study and cul-
tured on potato dextrose agar (PDA) at 25  °C. Conidia 
were induced and collected according to a previous 
report [53]. A total of 2 ×  105 spores were cultured in 
potato dextrose broth (PDB) at 25 °C for 72 h. Then, TEC 
(dissolved in dimethyl sulfoxide (DMSO)) was added at a 
final concentration of 0.09 μg/mL, which is close to the 
previously reported EC50 value [64]. In the control sam-
ple, the same amount of DMSO was added. Mycelia were 
collected by centrifugation after further incubation for 
24 h.

Protein extraction
The harvested mycelia were first ground to pow-
der in liquid nitrogen. After the addition of four 
volumes of lysis buffer (1% Triton X-100, 10 mM dithi-
othreitol (DTT), 1% protease inhibitor cocktail, 3  μM 

trichostatin A (TSA), 50  mM nicotinamide (NAM)), 
samples were lysed by sonication. An equal volume of 
Tris-saturated phenol (pH 8.0) was added to the lysate, 
and then the mixture was further vortexed. After cen-
trifugation at 4 °C and 5 000 × g for 10 min, the upper 
solution was transferred to a new centrifuge tube. Pro-
teins were precipitated by adding at least four volumes 
of ammonium sulfate-saturated methanol and incubat-
ing at -20  °C overnight. Then, the samples were cen-
trifuged at 4  °C for 10  min, and the resulting pellets 
were washed once with cold acetone and then washed 
three times with cold acetone. Finally, the protein was 
redissolved in 8  M urea, and the protein concentra-
tion was determined with a BCA kit (Beyotime, China) 
according to the manufacturer’s instructions. For each 
treatment, protein extracted from three independ-
ent biological replicates was mixed for the subsequent 
assays.

Western blot
The proteins were extracted as mentioned above. For 
each sample, 15  μg of proteins was separated by 12% 
SDS-PAGE and then transferred to a polyvinylidene 
fluoride (PVDF) membrane. The membrane was then 
blocked with 5% milk. Then, the total Khib proteins were 
detected with a pan anti-2-hydroxyisobutyryllysine anti-
body (PTM BioLabs, China).

Fig. 9 Illustration of the predicted FgCYP51B structure reported by Qian et al. [61]. The heme molecule and Khib sites are shown as sticks, and the 
positions are labeled. Carbon atoms of the suppressed Khib site K269 are colored in magenta, and those of all the other five Khib sites are colored in 
yellow. The figure was prepared using PyMOL (v2.4.1, Schrödinger, Inc.)
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Trypsin digestion, TMT labeling and affinity enrichment
Before trypsin digestion, the protein solution was first 
reduced and alkylated and then diluted with triethylam-
monium bicarbonate (TEAB) to reduce the concentra-
tion of urea to less than 2  M. Finally, the proteins were 
digested with trypsin (Promega, USA) at a trypsin-to-
protein mass ratio of 1:50 for the first digestion overnight 
and 1:100 for a second 4  h digestion. Then, the tryptic 
peptides were desalted with a Strata X C18 SPC column 
(Phenomenex, USA), vacuum dried, and reconstituted 
in 0.5 M TEAB. The sample was subsequently processed 
according to the manufacturer’s protocol for a tan-
dem mass tag (TMT) kit (Thermo Fisher, USA). Briefly, 
one unit of TMT reagent was thawed and dissolved in 
acetonitrile. After incubation for 2  h, the reaction was 
stopped with hydroxylamine. The peptide mixtures were 
then pooled, desalted, and dried. Then, the tryptic pep-
tides were dissolved in NETN buffer (100  mM NaCl, 
1  mM EDTA, 50  mM Tris–HCl, 0.5% NP-40; pH 8.0) 
and incubated with prewashed anti-Khib antibody beads 
(PTM Bio, China) at 4 °C overnight with gentle shaking. 
Then, the bound peptides were eluted from the beads 
with 0.1% trifluoroacetic acid, followed by four washes 
with NETN buffer and two washes with  H2O. The result-
ing peptides were desalted with C18 ZipTips (Millipore, 
USA) according to the manufacturer’s instructions.

UPLC‑MS/MS analysis
UPLC separation was performed on an in-house 
reversed-phase analytical column (15-cm length, 75  μm 
i.d.) using an EASY-nLC 1000 UPLC system. The tryp-
tic peptides were first dissolved in 0.1% formic acid. The 
mobile phase, composed of solvent A (0.1% formic acid 
in 2% acetonitrile) and solvent B (0.1% formic acid in 
98% acetonitrile), was pumped at a flow rate of 350 nL/
min. The elution gradient was set as follows: 0–38 min, 
10%-25% solvent B; 38–52  min, 25%-38% solvent B; 
52–56 min, 38%-80% solvent B; and holding at 80% sol-
vent B for at least 3 min.

The peptides were then subjected to nanoelectrospray 
ionization (NSI) followed by tandem mass spectrometry 
(MS/MS) in a Q Exactive™ Plus instrument (Thermo 
Fisher, USA) coupled online to the UPLC instrument. 
The electrospray voltage applied was 2.0  kV. The intact 
peptides and ion fragments were detected in the Orbit-
rap at resolutions of 70 000 and 17 500, respectively. The 
full MS scan range was set from 350  m/z to 1800  m/z. 
Peptides were then selected for MS/MS using normal-
ized collision energy (NCE) setting of 28. The fixed first 
mass was set to 100  m/z. A data-dependent acquisition 
procedure that alternated between one MS scan followed 
by 20 MS/MS scans was applied to the top 20 precursor 
ions with the highest signal intensity with 15.0 s dynamic 

exclusion. Automatic gain control (AGC) was set at 5E4 
with a maximus ion injection time of 200 ms.

Database search
The MaxQuant search engine (v.1.5.8) was used to pro-
cess the raw MS/MS data [65, 66]. Tandem mass spectra 
were searched against the UniProt Gibberella zeae strain 
PH-1 protein database (version 2019.06, 14,160 entries) 
concatenated with the reverse decoy database. Trypsin/P 
was specified as the cleavage enzyme with up to 2 missing 
cleavages allowed and 5 modifications per peptide. The 
mass tolerance for precursor ions and fragment ions was 
set as 20 ppm and 0.02 Da, respectively. Carbamidometh-
ylation on cysteine was specified as a fixed modification, 
and N-terminal acetylation, decarboxamidation, oxida-
tion on methionine and lysine 2-hydroxyisobutyrylation 
were specified as variable modifications. The false discov-
ery rate (FDR) was adjusted to < 0.01, and the minimum 
score for modified peptides was set to > 40. Several rep-
resentative MS/MS spectra and peak assignments for the 
Khib peptides are shown in Additional File 10: Figure S6.

Bioinformatics methods
Gene Ontology (GO) annotations of the 2-hydroxyisobu-
tyrylome were derived from the UniProt-GOA database 
(http:// www. ebi. ac. uk/ GOA/) [67]. All the Khib pro-
teins were classified by GO annotation based on three 
categories: biological process, cellular component, and 
molecular function [68, 69]. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database was used to anno-
tate protein pathways. The KEGG pathways of all iden-
tified Khib proteins were annotated using the KEGG 
online service tools KAAS (https:// www. genome. jp/ 
tools/ kaas/) and KEGG Mapper (https:// www. genome. 
jp/ kegg/ mapper. html) [70, 71]. Protein domain annota-
tion was performed by InterProScan based on the protein 
sequence alignment method, and the InterPro domain 
database was used [72]. The program WoLF PSORT, an 
updated version of PSORT/PSORT II, was used for sub-
cellular localization prediction [73]. MoMo software 
(Motif-x algorithm) was employed to analyze the model 
of sequences constituted by amino acids in specific posi-
tions of modify-21-mers (10 amino acids upstream and 
downstream of the Khib site) in all protein sequences 
[74].

For GO, KEGG pathway and protein domain enrich-
ment analyses, a Perl module (https:// metac pan. 
org/ pod/ Text:: NSP:: Measu res:: 2D:: Fisher) was used 
to perform a two-tailed Fisher’s exact test to verify 
the enrichment of Khib proteins against all identi-
fied proteins. In all analyses, a term with a corrected 
p-value < 0.05 was considered significant. A pro-
tein–protein interaction network of the Khib proteins 

http://www.ebi.ac.uk/GOA/
https://www.genome.jp/tools/kaas/
https://www.genome.jp/tools/kaas/
https://www.genome.jp/kegg/mapper.html
https://www.genome.jp/kegg/mapper.html
https://metacpan.org/pod/Text::NSP::Measures::2D::Fisher
https://metacpan.org/pod/Text::NSP::Measures::2D::Fisher
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was generated by STRING by searching against the 
STRING database, version 10.1, and visualized by the 
R package “networkD3” (https:// CRAN.R- proje ct. org/ 
packa ge= netwo rkD3) [75]. All interactions with a con-
fidence score ≥ 0.7 (high confidence) were fetched.
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