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Abstract 

Background Fusarium wilt is a devastating soil-borne fungal disease of tomato across the world. Conventional 
method of disease prevention including usage of common pesticides and methods like soil solarisation are usu-
ally ineffective in the treatment of this disease. Therefore, there is an urgent need to identify virulence related genes 
in the pathogen which can be targeted for fungicide development.

Results Pathogenicity testing and phylogenetic classification of the pathogen used in this study confirmed it 
as Fusarium oxysporum f. sp. lycopersici (Fol) strain. A recent discovery indicates that EF1α, a protein with conserved 
structural similarity across several fungal genera, has a role in the pathogenicity of Magnaporthe oryzae, the rice blast 
fungus. Therefore, in this study we have done structural and functional classification of EF1α to understand its role 
in pathogenicity of Fol. The protein model of Fol EF1α was created using the template crystal structure of the yeast 
elongation factor complex EEF1A:EEF1BA which showed maximum similarity with the target protein. Using 
the STRING online database, the interactive information among the hub genes of EF1α was identified and the pro-
tein–protein interaction network was recognized using the Cytoscape software. On combining the results of func-
tional analysis, MCODE, CytoNCA and CytoHubba 4 hub genes including Fol EF1α were selected for further investiga-
tion. The three interactors of Fol EF1α showed maximum similarity with homologous proteins found in Neurospora 
crassa complexed with the known fungicide, cycloheximide. Through the sequence similarity and PDB database anal-
ysis, homologs of Fol EF1α were found: EEF1A:EEF1BA in complex with GDPNP in yeast and EF1α in complex with GDP 
in Sulfolobus solfataricus. The STITCH database analysis suggested that EF1α and its other interacting partners interact 
with guanosine diphosphate (GDPNP) and guanosine triphosphate (GTP).

Conclusions Our study offers a framework for recognition of several hub genes network in Fusarium wilt that can be 
used as novel targets for fungicide development. The involvement of EF1α in nucleocytoplasmic transport pathway 
suggests that it plays role in GTP binding and thus apart from its use as a biomarker, it may be further exploited 
as an effective target for fungicide development. Since, the three other proteins that were found to be tightly associ-
ated Fol EF1α have shown maximum similarity with homologous proteins of Neurospora crassa that form complex 
with fungicide- Cycloheximide. Therefore, we suggest that cycloheximide can also be used against Fusarium wilt 
disease in tomato. The active site cavity of Fol EF1α can also be determined for computational screening of fungicides 
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using the homologous proteins observed in yeast and Sulfolobus solfataricus. On this basis, we also suggest 
that the other closely associated genes that have been identified through STITCH analysis, they can also be targeted 
for fungicide development.

Keywords Centrality analysis, Hub geness, Protein–protein interactions, Fusarium oxysporum f. sp. lycopersici, Tomato, 
Elongation factor 1α

Background
Fusarium oxysporum (FO) is a filamentous, asexual fun-
gus that causes several diseases like root rot, wilting and 
necrosis in a large number of host plants. Fusarium wilt 
(FW) disease is one of the most devastating diseases of 
tomato. A soil-inhabiting fungus Fusarium oxysporum f. 
sp. lycopersici (Fol) is the causal organism of this disease 
which is very prominent in temperate countries like USA 
where it is most severe in central and southern states [1] 
and majorly infects the tomato plants grown in greenhouse 
and field conditions [2]. The primary symptoms of this dis-
ease include yellowing and wilting of leaves with little to no 
crop production. The disease related yield loss may range 
between be 30 to 40% and under favourable weather condi-
tions, this may reach up to 80% [2, 3]. It has been ranked 
as the fifth most important plant pathogen of scientific/
economic importance [4, 5]. The Fol–tomato pathosystem 
is the most studied, and is considered as the best model sys-
tem to study the molecular mechanisms underlying plant 
disease and resistance [6]. During infection, Fol invades the 
root epidermis and colonizes the vascular tissue by pro-
ducing mycelium and conidia [2, 7, 8]. The development of 
apparent wilt symptoms results from the clogging of xylem 
vessels, which obstruct the vasculature and prevents the 
transport of water and nutrients [7].

For management and control of wilt disease it is impor-
tant that Fusarium isolates are quickly and accurately 
identified. Although, ITS (Internal Transcribed Spacers) 
is a suitable DNA barcoding marker for fungal identifica-
tion, it does not work well with a highly speciose genera 
like Fusarium due to narrow or no barcode gap in their ITS 
region [9]. For species-level identification, the translation 
elongation factor 1α (EF1α) gene has been widely used in 
the taxonomy and systematics of the genus Fusarium [10, 
11]. This gene is regarded as the most suitable for Fusarium 
metabarcoding methods due to its phylogenetic utility and 
the fact that this organism has only a single copy of it.

Functionally, elongation factors in bacteria (EF-Tu, also 
referred to as Ef1α), and in eukaryotes (the eukaryotic Elon-
gation Factor 1 Complex [eEF1α]), transfers aminoacylated 
tRNAs to the ribosome during protein translation [12]. 
However, in bacteria, EF-Tu is also associated with viru-
lence in both Gram-positive and Gram-negative pathogenic 
bacteria [13] leading to the usage of selective antibiotics 
(elfamycins) as therapeutic target against EF-Tu since the 

1970s [14, 15]. Similarly, in eukaryotes several moonlighting 
or secondary functions of EF1α have been well established 
[16–20]. For instance, in the context of plant pathogen-
esis, a recent work on Magnaporthe oryzae the cause of 
rice blast disease, it was demonstrated that Ebg1 and EF1α 
interact to evade β-1,3-glucan-triggered host immunity 
during infection [21]. Ebg1 is an exo-β-1,3-glucanase of the 
GH17 family that acts as a pathogen-associated molecular 
pattern (PAMP) to elicit an immune response in the host. 
However, the interaction with EF1α masks the ability of the 
host to detect Ebg1 as a PAMP. It can thus be speculated 
that EF1α is a novel gene in fungi that contributes to patho-
genicity. Given the conserved structural similarity of EF1α 
amongst different genera of fungi, in addition to structural 
similarity between M. oryzae and Fusarium graminearum 
Ebg1, it is highly probable that this interaction also contrib-
utes to pathogenicity of Fusarium in tomato wilt disease. 
Hence, the sequential and structural classification of EF1α 
protein of Fol is important to elucidate its functional infor-
mation and particularly its role in Fol pathogenicity.

The functional association of partner genes of EF1α 
gene can be studied using bioinformatics approaches like 
Protein–protein interactions (PPIs) networking and by 
discovering the protein/chemical interactors. PPIs, the 
actual physical links between two or more proteins are a 
representation of intricate biological processes. Currently, 
PPIs are utilised to build PPI networks to analyse complex 
pathways and uncover the activities of unidentified pro-
teins [22]. PPIs are thought to be involved in many com-
plex biological processes such as metabolic pathways and 
signalling cascades, therefore it is very important to study 
the nature of these interactions [23, 24].

In the current study, we have used computational 
functional genomics methods to elucidate functional 
information based on the sequential and structural clas-
sification of EF1α gene. In order to find the novel cluster 
and putative hub genes linked to Fusarium wilt EF1α, we 
have performed cluster and centrality analyses (Fig. 1).

Materials and methods
Fungal strains, culture condition and pathogenicity test
The experimental fungus Fol strain MTCC10270 obtained 
from Microbial Type Culture Collection, Institute of Micro-
bial Technology (IMTECH), Chandigarh, India was rou-
tinely maintained in potato dextrose agar (PDA) medium 



Page 3 of 14Tripathi et al. BMC Microbiology          (2024) 24:336  

in 90 mm diameter petri dishes and grown at 25 ± 2 °C in 
the dark. It was given a code name as FUSOX_AT. Seeds 
of tomato cv. Sel 7, which has been previously reported to 
be susceptible to Fusarium wilt [25] was provided by the 
Indian Institute of Vegetable Research (IIVR), Varanasi, 
India. These seeds were used for the virulence analysis of 
the Fol strain.

Pathogenicity analysis was carried out using the stand-
ard root dip approach. The spore suspension used for 
inoculation was prepared from a 7  days-old culture and 
was applied at a concentration of 1 ×  107 spores/ml [26]. 
Tomato seedlings that were 14  days old were delicately 
pulled while maintaining the integrity of the roots. After 
trimming the root apex (approximately 1 cm) with sterile 
scissors, the roots were submerged in the spore suspen-
sion for two hours [27]. The inoculated seedlings and con-
trol plants were then transplanted into minipots (10 cm in 
diameter, 0.1% mercuric chloride surface sterilised), which 
contained sterilised soil and sand in a 1:1 ratio. Henceforth, 
the plants were watered twice daily with not more than 
30% moisture. As a control, non-inoculated tomato plants 
were used. The experiment was conducted in triplicate.

Molecular characterisation of the fungus
DNA extraction
The Fol isolate was cultivated on PDA medium for 5 days 
at 25 ± 2 °C, and then approximately 100 mg of mycelium 
was used for DNA extraction using the cetyltrimethyl 
ammonium bromide (CTAB) method [28]. The quality 
and quantity of DNA was estimated on 1% agarose gel as 

well as by using a ND-1000 spectrophotometer (Thermo 
Fisher Scientific Inc., Wilmington, DE, United States). 
DNA sample was diluted to a concentration approxi-
mately 20 ng/mL and stored at -20° C for further use.

PCR conditions
The translation EF1α gene was amplified for the molecu-
lar analysis using primers ef1 (5’- ATG GGT AAG GAA 
GAC AAG AC-3’) and ef2 (5’-GGA AGT ACC AGT GAT 
CAT GTT-3’) [29, 30]. PCR reaction was conducted in a 
25 µL final volume. The reaction mixture comprised of 
1.0 µL of DNA template, 2.0 µL of 10X PCR buffer  (Mg2+ 
included),0.5 µL of  MgCl2, 0.25 µL of Taq polymerase (2.5 
U/mL), 0.5 µL of deoxynucleotide triphosphate (dNTPs) 
(2.5  mM each), 1.0 µL forward and reverse primers 
(10  mM), and 18.75 µL MQ  H2O. The amplification 
reactions were conducted in a Takara Thermal Cycler 
(TP600), using conditions specific for EF1α gene. PCR 
cycling protocol for the amplification of EF1α gene was as 
follows: an initial preheating at 95ºC for 3 min, followed 
by 30 cycles of denaturation at 95ºC for 30 s, annealing at 
58ºC for 30 s and extension at 72ºC for 45 s, followed by 
one cycle of final extension at 72ºC for 10 min.

Amplicon sequencing, sequence analysis and phylogeny
ABI 3730xl DNA analyzer (Applied Biosystems, Foster 
City, CA, United States) was used for the Sanger sequenc-
ing. The sequence similarity was matched with available FO 
(taxid:5507) sequence datasets in GenBank using BLAST 
(http:// www. ncbi. nlm. nih. gov/). Full-length EF1α sequence 

Fig. 1 Study design flowchart

http://www.ncbi.nlm.nih.gov/
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was used as query in the BLAST analysis to find similari-
ties to published sequences. The sequence of FUSOX_AT 
(MTCC10270) obtained in the current study was uploaded 
to GenBank. The NCBI GenBank database was utilised to 
download the EF1α sequences of the FUSOX_AT and FO 
strains from various formae speciales, which were then used 
as reference sequences in the phylogenetic analysis. These 
nucleotide sequences were aligned with ClustalW using the 
Molecular Evolutionary Genetics Analysis software pack-
age, version 11 (MEGA 11) [31]. A UPGMA tree was con-
structed using the maximum composite likelihood method. 
Bootstrap analysis with 1000 replications was taken to 
assess group support with tree topology. Branch length was 
proportional to the number of nucleotide changes (bar).

Full length protein sequence retrieval
Basic Local Alignment Search Tool (BLAST) which is a 
sequence similarity search program [32, 33] was used to 
retrieve the complete protein sequence, which showed 
100% similarity to the protein sequence of ON871818.1. It 
was taken for further structure modelling and validation.

Structure modelling and validation
BIOVIA Discovery Studio 2019 was used for structure 
prediction and PDBsum server was used for PROCHECK 
analysis which checks the stereo-chemical quality of a 
protein structure [34].

Protein–protein interaction analysis and hub genes 
identification
We constructed a PPI network using online STRING 
database (https:// cn. string- db. org/) [35]. The minimum 
required interaction score was medium confidence (0.400). 
Cytoscape software (version 3.8.0) was used to construct the 
PPI network and analyze the hub genes [36]. The Molecular 
COmplex DEtection (MCODE) algorithm, which is a plugin 
in Cytoscape was then used to construct the subnetwork 
and the highly coupled clusters in the PPI network. The 
criteria for the MCODE analysis parameter setting: degree 
cut off = 2, MCODE scores > 5, max depth = 100, k-core = 2, 
and node score cutoff = 0.2. Finally, CytoHubba (version 
0.1) and and CytoNCA (version 2.1.6) which are two other 
Cytoscape plug-ins were used to detect the top 10 hub genes 
[37]. The top 10 hub genes in the network were ranked by 
MCC method.

Protein‑chemical interaction analysis using STITCH server
STITCH server was used to check associations between 
chemicals and proteins [38]. Using the STITCH data-
base (stitch.embl.de/cgi), predicted protein targets 
were retrieved and a protein-chemical interaction 
(PCI) network was constructed. Functional enrich-
ment, including biological processes and KEGG path-
ways of the network were analysed using the STITCH 
database.

Fig. 2 Pathogenicity test. A Colony of Fol on PDA plate (B) Conidia of Fol as observed at 40X (C) Symptoms on infected tomato plant (D) Pure 
colony of Fol re-isolated from infected tomato plant on PDA plate (E) Conidia of re-isolated Fol as observed at 40X

https://cn.string-db.org/
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Fig. 3 Gel electrophoresis and phylogenetic analysis of Fusarium strain based on EF1α sequence. A Gel electrophoresis of the PCR product 
with primers, ef1/ef2 of DNA from the Fol culture. Lane L, molecular weight markers (1 kb ladder); lane 1, Fusarium oxysporum f. sp. lycopersici 
(647 bp). B Phylogenetic tree on a fungal strain, the Fusarium oxysporum f. sp. lycopersici, based on the 18S rDNA gene sequence. A boot strap 
consensus tree was drawn by multiple sequence alignment using UPGMA method

Fig. 4 Homology model prediction of Fusarium oxysporum elongation factor 1α using BIOVIA Discovery Studio 2019 based on Yeast EF1α (PDB ID: 
1F60_A) as a template
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Results
Pathogenicity test
The pathogenicity study showed that after 7 days of inoc-
ulation with FUSOX_AT, the symptoms of wilting began 
to manifest in the treated tomato plants (Fig.  2). The 
symptoms included: the initial appearance of slight vein 
clearing on the outer-portion of younger leaves; progres-
sion towards epinasty in the older leaves and stunting of 
the plants; lower leaves showed yellowing; defoliation; 
marginal necrosis of the rest of the leaves; and finally, the 
death of the entire plant.

Molecular characterization of the pathogen
The molecular identification of the fungal strain was 
based on EF1α gene amplification and sequencing. The 
647  bp partial sequence of EF1α gene was submitted to 
National Centre for Biotechnology Information (NCBI) 
gene bank database as Fusarium oxysporum isolate 
FUSOX_AT (GenBank accession no. ON871818.1). The 
phylogenetic analysis by using UPGMA method showed 

that the FO isolate FUSOX_AT was found together with 
Fusarium oxysporum f. sp. lycopersici F1237 (JQ965461.1) 
in the same clade as shown in Fig. 3.

Structure modelling and validation
Homology modelling
After BlastP analysis, full length EF1α was identified in 
Fusarium oxysporum f. sp. lycopersici 4287 with acces-
sion number XP_018237716.1 (FASTA sequence Supple-
mentary Info File 1). The homology model for Fol EF1α 
(XP_018237716.1) was constructed using Yeast EF1α 
(PDB ID: 1F60_A) as a template, with a sequence iden-
tity of 83.18% and query coverage of 95% (Fig.  4). The 
protein sequences of Fol EF1α /Yeast EF1α were aligned 
using ClustalW. Further, the homology model gener-
ated by BIOVIA was selected based on the lowest DOPE 
score value. The DOPE score for Fol EF1α was -47020.4 
(Table 1). When the sequence was aligned to template in 
the BIOVIA, the sequence identity was found to be 77.3% 
and the sequence similarity was 85.6%.

Fig. 5 Ramachandran plot determined by PROCHECK. The regions in the red indicates favoured region, yellow shows allowed region, light yellow 
indicate generously allowed region of amino acid and white region indicate disallowed region



Page 8 of 14Tripathi et al. BMC Microbiology          (2024) 24:336 

Evaluation of model quality
The model with the lowest DOPE score was selected and 
subjected for quality evaluation. The quality of the pre-
dicted model was evaluated using PROCHECK. The 
Ramachandran plot analysis for Fol Ef1α model showed 
that most of the residues are in the favourable zones i.e. the 
allowed regions. 95.6% residues are in the most favoured 
region, 3.9% residues are in additionally allowed region 
and 0.6% are in generously allowed region (Fig. 5). Further 
model validation was also carried out using PROCHECK 
based G-factors that indicates the quality of covalent and 
bond-angle distance. The Gfactors, indicating the quality of 
covalent and bond angle distance, were 0.06 for dihedrals, 
-0.12 for covalent, and overall -0.01 for Fol EF1α. The pla-
nar groups were 100% within the limits for Fol EF1α. The 
overall main-chain and sidechain parameters as evaluated 
by PROCHECK were favourable for Fol EF1α.

Protein–protein interaction analysis and hub genes 
identification
The interactive information among hub genes and the 
PPI network was obtained using the STRING online 
database (Fig. 6). The details of the homologous sequence 
(A0A0C4DHQ7) with 100% identity are mentioned in 
Table 2 (Supplementary Info file 2). The PPI network at a 
combined score > 0.9 (high confidence interaction score) 
consisted of 44 nodes and 625 edges visualized with 
Cytoscape, (Fig.  7a). Finally, imported and interacted 
proteins were used for further analysis. The Cytoscape 
software was used to see the association among the 
selected candidate proteins using its plug-ins MCODE, 
CytoHubba and CytoNCA. MCODE clusters in a pro-
tein–protein interaction network are usually the protein 
complexes and components of pathways. The CytoNCA 
and the CytoHubba are two Cytoscape plug-ins for 

Fig. 6 Protein–protein functional association network using STRING server
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centrality analysis and give information about the most 
influential nodes or edges in a network. The MCC 
approach has been found to be the most accurate at pre-
dicting important proteins from PPI networks among the 
11 topological analysis methods offered by CytoHubba, 
based on short paths [37]. CytoNCA supports eight dif-
ferent centrality measures and helps in detecting specific 
nodes by integrating biological data with topological data 
and also by using it, centrality can be calculated with 
ease. It is an excellent tool for evaluating and visualizing 
biological networks [39].

Network nodes (colored circles) represent query pro-
teins or first shell of interactors, with a single node rep-
resenting all the proteins produced by a single protein 
coding gene. Colored lines between the nodes (edges) 
represent protein–protein associations evidenced by 

fusion of genes (red line), neighborhood of genes (green 
line), gene co- occurrence (blue line), from curated data-
base (sky blue) experimentally determined (purple line), 
text mining of abstracts from literature (yellow line), pro-
tein homology (light blue line), co-expression in the same 
or others species (black line). Based on the MCODE scor-
ing system a cluster consisting of 35 nodes was screened 
with a net score cut-off = 0.2 and k-core = 2 (Fig. 7b). We 
ran CytoHubba application and extracted data from MCC 
(Maximal Clique Centrality) calculation method. The 
top 10 nodes ranked by this method were selected (Sup-
plementary Info file 3). Moreover, in CytoNCA applica-
tion, applying all centralities (without weight) approach 
the top 10 proteins, including A0A0C4DHQ7 (Elonga-
tion factor 1-alpha), A0A0D2Y2M4 (50S ribosomal pro-
tein L23Ae), A0A0D2XVM8 (60S ribosomal protein L3), 

Table 2 Homology search details with STRING database for protein–protein functional association

Protein Organism Annotation Identity Bitscore e‑value

A0A0C4DHQ7 Fusarium oxysporum f. sp. lycopersici 4287 Elongation factor 1-alpha; This protein promotes the GTP-
dependent binding of aminoacyl- tRNA to the A-site of ribo-
somes during protein biosynthesis

100.00% 885.2 1E-257

Fig. 7 PPI network and identification of cluster and hub genes. A Cluster analysis includes 35 nodes and 539 edges identified using MCODE 
module of Cytoscape software (B) Hub genes were calculated by CytoHubba using MCC method (C) A Venn diagram of 4 overlapping genes 
between different calculation methods of Cytohubba, MCODE and CytoNCA. PPI, protein–protein interaction
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A0A0D2XCJ2 (50S ribosomal protein L4e), A0A0D2Y8P1 
(40S ribosomal protein S23), A0A0D2X8U8 (60S 
ribosomal protein L11), A0A0D2Y4M4 (40S riboso-
mal protein S2), A0A0D2YBR1 (40S ribosomal pro-
tein S24), A0A0D2XA87 (Ribosomal protein L15) and 
A0A0D2XNM9 (Ribosomal protein L18e/L15P domain-
containing protein) were obtained (Supplementary Info 
file 4). Besides, a Venn diagram was created using Venny 
2.1.0 to identify the significant hub genes which were 
showing similarity (Fig. 7c).

Protein‑chemical interaction analysis
Using the STITCH database, the functional partners 
of EF1α were analysed, which resulted in 8 candidate 
proteins viz. zinc-finger protein zpr1 (FOXB_06147), 
elongation factor 2 (FOXB_06787), eukaryotic peptide 
chain release factor subunit 1(FOXB_17523), elonga-
tion factor 1-beta (FOXB_02170), hypothetical protein 
similar to elongation factor 1-gamma 2(  FOXB_14687), 
116 kDa U5 small nuclear ribonucleoprotein component 
(FOXB_06716), hypothetical protein similar to elonga-
tion factor 2 (FOXG_06276), hypothetical protein similar 
to cpc-3 protein (  FOXB_08906) along with two known 
chemicals, guanosine diphosphate (GDPNP) and guano-
sine triphosphate (GTP) (Fig. 8).

In addition, the protein EF1α is involved in Nucleo-
cytoplasmic transport pathway (https:// www. genome. 
jp/ dbget- bin/ www_ bget? fox: FOXG_ 03515) (Fig.  9). The 
regulation of nucleocytoplasmic transport, through its 
influence on gene expression, signal transduction, and 
development, has been previously reported to play a signif-
icant role in disease development in eukaryotes [40]. Over-
all, these results indicate the role of EF1α in GTP binding 
(GO:0005525), GTPase activity, translation elongation 
factor activity and protein biosynthesis and as a potential 
marker [41]. Statistical significance through clustering and 
hub gene analysis was successfully conducted and protein–
protein/chemical details (coexpression, experimentally 
determined interaction, database annotated, automated 
text mining and combined score) are reported in Table 3.

Discussion
Fusarium wilt is a common disease in tomato. The con-
ventional methods of chemical control and soil solarisa-
tion are ineffective in control of this disease. Therefore, 
it is very important to find out the genes responsible for 
disease progression so that fungicides can be designed 
and targeted against these genes in order to prevent the 
wilt disease development in tomato [42]. In the present 
work, using in silico approach, we have established the 

Fig. 8 Predicted Fusarium oxysporum elongation factor 1α partners and interaction network. EF1α interacting proteins were screened 
and the interaction networks were constructed using Chemical-Protein Interaction Networks STITCH database

https://www.genome.jp/dbget-bin/www_bget?fox:FOXG_03515
https://www.genome.jp/dbget-bin/www_bget?fox:FOXG_03515
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base for prevention, diagnosis and treatment of Fusarium 
wilt disease in tomato by characterizing features and 
interacting partners associated with EF1α gene of Fol.

The structurally homologous templates of full-length 
protein (XP_018237716.1) of Fol EF1α were retrieved 
using BLASTp. The homology modelling was done 
using template crystal structure of the yeast elonga-
tion factor complex EEF1A:EEF1BA (PDB ID: 1F60_A) 
which showed maximum similarity with the target pro-
tein (83.18%). Three-dimensional structure of EF1α 
was modelled successfully having 95.6% residues in 
the most favoured region. This indicates better stereo-
chemical quality of the predicted model since the model 
has > 90% amino acid in the most favoured region [43].

From the Venn diagram, 4 common elements in "MCODE", 
"CytoHubba" and "CytoNCA" were identified, which are the 
significant hub genes that are similar between all groups 
(Fig. 7c). These 4 proteins were 50S ribosomal protein L23Ae 

(A0A0D2Y2M4), Ribosomal protein L18e/L15P domain-
containing protein (A0A0D2XNM9), 40S ribosomal protein 
S24 (A0A0D2YBR1) and EF1α (A0A0C4DHQ7). The other 
three proteins were identified as prominent interactors of 
A0A0C4DHQ7. They can play potential role in fusarium wilt 
disease management. In previous studies, it has been found 
that 40S ribosomal proteins play role in regulating virulence 
ability of  disease-causing fungi. PsRPs26, a 40S ribosomal 
protein regulates growth and pathogenicity of rust causing 
fungus, Puccinia striiformis f. sp. tritici [44]. In Saccharomyces 
cerevisiae, pre-40S small ribosomal subunit is synthesised by 
the ATPase activity of Fap7, an important ribosome assem-
bly factor. MoFap7, a homologous protein of ScFap7 in rice 
blast causing fungus M. oryzae has been reported to play role 
in development and pathogenesis [45]. The homologs of iden-
tified prominent hub genes (A0A0D2Y2M4, A0A0D2XNM9 
and A0A0D2YBR1) showed maximum similarity with Neu-
rospora crassa ribosome arrested by cycloheximide (PDB 

Fig. 9 Picture showing details of EF1α (FOXG_03515) involved in Nucleocytoplasmic transport pathway from Fusarium oxysporum 
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ID: 7R81). Cycloheximide is a known fungicide that inhibits 
eukaryotic ribosomes engaged in translation elongation [46]. 
This study thus proves that the identified targets from Fol, 
through gene network, cluster and hub gene analysis can be 
prominent targets to manage wilt disease in tomato caused 
by Fol.

Mining of proteins that interact with Fol EF1α was 
done using STITCH database. From the STITCH data-
base analysis, it was found that EF1α and its interact-
ing protein partners also interact with two known 
chemicals, guanosine diphosphate (GDPNP) and 
guanosine triphosphate (GTP) (Fig.  8) A homolog of 

Fol EF1α was identified as Yeast EEF1A:EEF1BA in 
complex with GDPNP (PDB ID: 1G7C). Further, when 
Fol EF1α sequence was subjected to NCBI PDB Blast, 
it was found similar to the crystal structure of Sulfolo-
bus solfataricus EF1α in complex with GDP having 94% 
query coverage and 51.20% identity [47]. These stud-
ies suggest that Fol EF1α is structurally similar with 
yeast and Sulfolobus solfataricus which already have a 
known ligand complex, and that may help in determin-
ing their active site cavity for computational screen-
ing of fungicides. The other eight proteins that were 
found to be functional partners of EF1α from STITCH 

Table 3 Protein-drug interaction analysis using STITCH server

#node1 node2 coexpression Experimentally 
determined interaction

Database 
annotated

Automated text 
mining

Combined score

FOXB_14687 FOXB_02170 0.76 0.93 0.674 0.538 0.997

guanosine trip guanosine diph 0 0 0.9 0.962 0.996

EF1 FOXB_02170 0.215 0.762 0.751 0.892 0.994

EF1 guanosine trip 0 0.601 0.867 0.627 0.979

FOXB_06787 guanosine diph 0 0.771 0.867 0.231 0.975

FOXB_06787 guanosine trip 0 0.538 0.867 0.627 0.975

EF1 guanosine diph 0 0.771 0.867 0.197 0.974

EF1 FOXB_14687 0.44 0.836 0.44 0.538 0.973

FOXB_17523 guanosine trip 0 0.69 0.867 0.202 0.965

FOXB_02170 guanosine diph 0 0.771 0.849 0 0.964

FOXB_06716 guanosine trip 0 0.538 0.792 0.627 0.962

FOXG_06276 guanosine trip 0 0.538 0.758 0.596 0.952

FOXB_06716 guanosine diph 0 0.704 0.792 0.231 0.95

FOXB_08906 EF1 0 0.59 0 0.869 0.944

FOXG_06276 FOXB_06787 0 0 0 0 0.943

FOXB_06787 EF1 0.521 0.239 0.448 0.536 0.939

FOXG_06276 EF1 0.521 0.197 0.448 0.536 0.937

FOXG_06276 guanosine diph 0 0.674 0.758 0.231 0.935

FOXB_06147 EF1 0 0.81 0 0.658 0.932

FOXB_06716 EF1 0.521 0.239 0.448 0.536 0.923

EF1 FOXB_17523 0.134 0.638 0.46 0.567 0.917

FOXB_14687 guanosine trip 0 0 0.897 0.107 0.905

FOXB_14687 guanosine diph 0 0 0.897 0 0.897

FOXB_02170 guanosine trip 0 0 0.849 0.234 0.881

FOXG_06276 FOXB_14687 0.785 0 0 0.43 0.872

FOXB_06787 FOXB_14687 0.785 0 0 0.43 0.872

FOXB_06716 FOXB_14687 0.785 0 0 0.43 0.872

FOXB_17523 guanosine diph 0 0 0.867 0 0.867

FOXB_17523 FOXB_14687 0.278 0.656 0 0.474 0.857

FOXB_08906 FOXB_06716 0 0.674 0 0.223 0.735

FOXB_06716 FOXB_02170 0.268 0 0 0.441 0.573

FOXB_06787 FOXB_02170 0.268 0 0 0.441 0.573

FOXB_17523 FOXB_02170 0.169 0.303 0 0.065 0.411

FOXB_08906 FOXB_06787 0 0.27 0 0.223 0.408

FOXB_08906 FOXG_06276 0 0.267 0 0.223 0.406



Page 13 of 14Tripathi et al. BMC Microbiology          (2024) 24:336  

analysis, they can also be used for protein–ligand inter-
action study to screen potential fungicides. Thus, the 
overall study suggests that Fol EF1α and its interacting 
partners can be used as possible targets for fungicide 
screening against Fol pathogenesis.

Conclusions
In this study, one cluster with top 10 hub genes (RPS0, 
A0A0D2YBR1, A0A0D2XMI5, A0A0D2Y2S2, A0A0D2X 
HU2, A0A0D2XB71, A0A0D2XNM9, A0A0D2Y2M4, A0A0 
D2XDZ1 and A0A0C4DHQ7) out of which 4 major interac-
tors (A0A0D2Y2M4, A0A0D2XNM9, A0A0D2YBR1 and 
A0A0C4DHQ7) were identified. KEGG pathway analysis 
concluded that EF1α is associated with the Nucleocytoplas-
mic transport pathway (Pathway ID: fox03013). These findings 
give us fresh insights into potential targets for fungicide devel-
opment against tomato Fusarium wilt and points towards new 
possibilities in wilt disease management.
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