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Abstract 

Background: Triticum aestivum is the most important staple food grain of the world. In recent years, the outbreak of 
a major seed-borne disease, common bunt, in wheat resulted in reduced quality and quantity of the crop. The disease 
is caused by two fungal pathogens, Tilletia caries and Tilletia laevis, which show high similarity to each other in terms 
of life cycle, germination, and disease symptoms. The host–pathogen protein–protein interactions play a crucial role 
in initiating the disease infection mechanism as well as in plant defense responses. Due to the availability of limited 
information on Tilletia species, the elucidation of infection mechanisms is hampered.

Results: We constructed a database WeCoNET (http:// bioin fo. usu. edu/ wecon et/), providing functional annotations 
of the pathogen proteins and various tools to exploit host–pathogen interactions and other relevant information. 
The database implements a host–pathogen interactomics tool to predict protein–protein interactions, followed by 
network visualization, BLAST search tool, advanced ‘keywords-based’ search module, etc. Other features in the data-
base include various functional annotations of host and pathogen proteins such as gene ontology terms, functional 
domains, and subcellular localization. The pathogen proteins that serve as effector and secretory proteins have also 
been incorporated in the database, along with their respective descriptions. Additionally, the host proteins that serve 
as transcription factors were predicted, and are available along with the respective transcription factor family and 
KEGG pathway to which they belong.

Conclusion: WeCoNET is a comprehensive, efficient resource to the molecular biologists engaged in understanding 
the molecular mechanisms behind the common bunt infection in wheat. The data integrated into the database can 
also be beneficial to the breeders for the development of common bunt-resistant cultivars.
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Background
Wheat (Triticum aestivum L.), an important staple 
grain throughout the world, is an integral source of 
plant-derived protein, calories, and other nutrients [1]. 
A recent report on wheat production data by the Food 
and Agriculture Organization of the United Nations 
estimated an adequate wheat supply with respect to the 
global demand (http:// www. fao. org/ world foods ituat ion/ 
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csdb/ en/, Accessed 20 August 2021). However, due to the 
growing human population and changing dietary habits, 
the demand for wheat is increasing continuously. Despite 
the ample availability of wheat, there is a need to escalate 
wheat production, owing to losses in the yield (estimated 
to be around 21.5%) and reduced quality by a variety of 
pests and diseases. Among these, fungal diseases are con-
sidered as a major constraint to yield quality and wheat 
production, worldwide [2]. A major seed-borne disease 
in wheat, common bunt, is incited by two pathogenic 
fungi viz., Tilletia caries (synonym: T. tritici) and Tilletia 
laevis (synonym: T. foetida), which share high similarities 
in terms of germination, life cycle, and disease symptoms 
but differ in their morphology [3]. The disease is known 
to cause a significant reduction in grain yield and qual-
ity in the infected plants in comparison to the healthy 
plants in many parts of the world. During the infection 
mechanism, the wheat grains are replaced by the brown-
black bunt balls that produce an unpleasant smell due to 
the presence of trimethylamine, thus the disease is also 
referred to as “stinking smut” [4, 5].

The interaction mechanism between host and patho-
gen involves gene-for-gene resistance, thus leading to 
the generation of a cascade of immune signals through 
various signaling pathways such as the jasmonic acid (JA) 
pathway, salicylic acid (SA) pathway, and others [6]. In 
the past years, significant research has been carried out 
to diagnose the infection mechanism of Tilletia species at 
certain stages of plant growth but due to the highly simi-
lar genetic makeup of T. caries and T. laevis, the success 
of molecular techniques/tools is limited [7]. Recently, 15 
SNPs associated with bunt resistance were identified on 
chromosomes 2A, 3D, and 4A using genome-wide asso-
ciation study (GWAS) [8]. In another study, 123 SNPs 
related to resistance were found to be located on 14 chro-
mosomes [9]. Although various chemical seed treatments 
are available to control the disease, these may cause nega-
tive effect on the environment, and also increase the pro-
duction cost [10]. Due to sparse knowledge about the 
functions of Tilletia proteins, the crucial disease-related 
pathways and the respective genes involved in the path-
way have not been deciphered.

The molecular interactions between host and patho-
gen are highly involved in infection mechanisms as well 
as in initiating disease-related defense signals. Therefore, 
the elucidation of protein–protein interactions (PPIs) 
using the systems biology approach helps in the under-
standing of various underlying disease mechanisms, and 
related pathways [11–14]. Further, the identification of 
potential host transcription factors and effector proteins 
in pathogens will enhance the knowledge of infection 
mechanisms, and lead to the development of resistant 
cultivars. Till now, there are no resources available to 

retrieve host–pathogen PPI data for common bunt dis-
ease. WeCoNET aims to provide the research community 
with a platform that serves as a resource of host–patho-
gen interactome data, along with the various functional 
annotations and enhanced PPI network of the proteins 
involved in common bunt disease. This is the first open-
source, user-friendly interface for providing information 
for Triticum-Tilletia inter-species PPIs. The database is 
available for public use at http:// bioin fo. usu. edu/ wecon 
et/.

Construction and content
Database design and architecture
WeCoNET is an open-source web server, served by 
Apache 2.4.41. MySQL stores the data at the backend, 
and is queried by PHP scripts. Results are displayed via 
a typical JavaScript/HTML/CSS stack, and Bootstrap 4 
was used as a CSS framework. WeCoNET implements 
a user-friendly query system that can be used to access 
the information of the host and pathogen protein anno-
tations, distributed across several individual pages. To 
further ease the database browsing, a “Help” page is 
deployed, which guides the users through different tools/
features of the database. The dataset for each species 
used to develop the database can also be accessed from 
the “Datasets” page. A brief overview of the database 
framework is available in Fig. 1.

WeCoNET datasets
For the database development, the publicly available 
datasets of Triticum and Tilletia species were used. The 
proteome of each species was retrieved from their 
respective sources and subjected to CD-HIT [15] at 100% 
to avoid redundancy. The detailed information about the 
proteomes is available in Table 1.

Host–pathogen interactomics tool
The host–pathogen interactome comparison tool 
employs sequence homology-based interolog approach, 
which implements seven known PPI databases, viz., 
HPIDB [16], MINT [17], DIP [18], STRING [19], 
BioGRID [20], IntAct [21], and PHI-base [22] at the 
backend. The proteomes of wheat and Tilletia species 
were then BLAST-searched against these PPI databases. 
When a user submits the job for interolog-based predic-
tion, the resulting BLAST alignment files are subjected 
to in-house R scripts and various SQL queries, which are 
based on BLAST parameters such as identity, e-value, 
and coverage, as provided by the user. In this module, 
the network visualization for the predicted interac-
tions is implemented using SigmaJS (http:// sigma js. org/, 
Accessed 11 September 2021).

http://www.fao.org/worldfoodsituation/csdb/en/
http://bioinfo.usu.edu/weconet/
http://bioinfo.usu.edu/weconet/
http://sigmajs.org/
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BLAST module
The BLAST module in the database implements the 
proteomes of wheat and Tilletia species at the back-
end. For displaying the aligned results in an interactive 
format, we employed a JavaScript-based library, Blast-
erJS [23] that provides a user-friendly exploration of 
the BLAST alignments.

Annotation sources for different features
The database implements pre-calculated interolog-based 
host–pathogen PPIs between wheat and Tilletia species. 
These interactions are based on the highest number of 
effector and secretory proteins obtained from the fil-
tered BLAST alignments (identity ≥ 30%, evalue ≤ 1e-04, 
coverage ≥ 40%). To obtain the “functional annotations” 

Fig. 1 Overall framework of WeCoNET database

Table 1 Sources of protein datasets used in WeCoNET

Species Source Number of proteins

Downloaded After 
CD-HIT 
analysis

Triticum aestivum Ensembl Plants (https:// plants. ensem bl. org/ index. html, Accessed 5 April 2021) 133,346 104,701

Tilletia caries strain DAOM 238032 Ensembl Fungi (https:// fungi. ensem bl. org/ index. html, Accessed 5 April 2021) 10,204 10,170

Tilletia laevis strain DAOMC 238040 NCBI (https:// www. ncbi. nlm. nih. gov/, Accessed 5 April 2021) 9,651 9,637

https://plants.ensembl.org/index.html
https://fungi.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/
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of wheat and Tilletia species proteins, we analyzed the 
proteins in the standalone version of InterProScan [24], 
which provided functional information of the proteins 
such as protein description, protein length, conserved 
domains, and essential sites. The GO terms for the pro-
teins were also obtained using “goterms” parameter in 
InterProScan. The “subcellular localization” of the host 
proteins was obtained using the SVM-based tool, Plant-
mSubP (http:// bioin fo. usu. edu/ Plant- mSubP/, Accessed 
26 April 2021) [25], while the localization of patho-
gen proteins was predicted using DeepLoc 1.0 (https:// 
servi ces. healt htech. dtu. dk/ servi ce. php? DeepL oc-1.0, 
Accessed 27 April 2021) [26].

To predict the wheat proteins that serve as transcrip-
tion factors, we analyzed the proteins on PlantTFDB 
4.0 (http:// plant tfdb. gao- lab. org/, Accessed 18 August 
2021), a publicly available database of transcription fac-
tors in green plants [27]. The database also implements 
the information about the “KEGG pathways” in which 
the host proteins are involved. Due to limited annotation 
information available for the wheat proteins, the KEGG 
pathways were obtained using KOBAS server [28], and 
in-house python scripts.

The effector proteins are generally known to hijack 
host cell machinery, and suppress the basal immune sys-
tem [29], whereas the secretory proteins perform diverse 
functions such as protein translocation, acquisition of 
nutrients from the host, signaling, and others [30]. In 
this regard, we identified the proteins of T. caries and T. 
laevis that serve as effector and secretory proteins using 
the online web servers, EffectorP 2.0 (http:// effec torp. 
csiro. au/, Accessed 23 April 2021) [31] and SignalP-5.0 
(https:// servi ces. healt htech. dtu. dk/ servi ce. php? Signa 
lP-5.0, Accessed 23 April 2021) [32], respectively. Fur-
thermore, since T. caries and T. laevis are highly similar 
to each other, hence the “orthologs” of both the Tilletia 
species were predicted using OrthoFinder [33].

Utility and discussion
In recent years, systems biology has gained a significant 
interest of researchers around the globe. The disease 
infection mechanism involves various molecular interac-
tions, amongst which, protein–protein interactions play a 
crucial role. Hence, in-depth knowledge of the biological 
functions of the proteins provide more insights into the 
host defense mechanisms and pathogen infection [34]. 
The molecular techniques such as co-immunoprecipi-
tation, yeast two-hybrid are suitable for the prediction 
of a limited number of PPIs and are time-consuming, 
labor-intensive. Therefore, to predict PPIs on a large-
scale, computational approaches are highly efficient [35]. 
In the past years, the increase in the number of known 
PPIs has led to the development of various PPI databases 

[36]. WeCoNET is a reservoir of numerous functional 
protein annotations of wheat and Tilletia species proteins 
involved in the common bunt disease.

WeCoNET tools
Common bunt is caused by two different species (T. car-
ies and T. laevis), belonging to the same genus “Tilletia” 
that are highly similar to each other. Thus, a comparative 
study of both the pathogen strains will lead to species-
specific treatment of the disease in wheat. The database 
implements three tools that provide information about 
the host–pathogen PPIs and their functional annotations. 
The primary functionality is the “interactome compari-
son” tool, whereby the user can predict interolog-based 
PPIs between wheat and the two Tilletia species (Fig. 2). 
The users can select the PPI databases of their choice and 
define customized BLAST alignment filtering options (% 
identity, e-value, and % coverage). The (optional) e-mail 
feature in the module enables the user to get alerts for the 
completed job. The resulting interactome is provided in 
downloadable (Excel or PDF) tabular format, which can 
also be filtered using keywords. Additionally, the network 
of the predicted PPIs can be visualized, which also pro-
vides the information (such as protein name, organism, 
description, and degree) of the proteins in the network 
(Fig. 3). The different colored edges in the network rep-
resent the known PPI databases selected by the user to 
predict the PPIs. The network can also be exported in 
SVG/JSON format, thus enabling the user to enhance the 
network in other visualization packages.

WeCoNET facilitates the users to filter the Tilletia 
proteins using keywords and/or by genomic informa-
tion parameters through an extensive “advanced search” 
module (Fig. 4). The proteins can also be filtered accord-
ing to a specific subcellular localization of the protein. 
Being comprehensive in nature, this module compiles 
functional information from various other features of 
the database (such as localization, functional domain 
mappings, InterPro annotations, gene coordinates) in 
accordance with the search criteria provided, thus per-
forming several tasks/queries in a fraction of seconds. 
The sequences of the resultant proteins are also available. 
The availability of multiple features in a single interface 
makes the database user-friendly and more time-efficient.

Apart from the functional annotations, the database 
also hosts the “BLAST search” tool, implementing the 
proteomes of wheat, T. caries, and T. laevis, which can be 
BLAST-searched using any user-provided sequences. An 
optional email feature is also provided that sends a link 
of the BLAST alignment results to the user after comple-
tion. The tool automatically detects whether the provided 
sequence is a nucleotide or amino acid sequence, and 
performs the BLAST alignment (BLASTp or BLASTx) 

http://bioinfo.usu.edu/Plant-mSubP/
https://services.healthtech.dtu.dk/service.php?DeepLoc-1.0
https://services.healthtech.dtu.dk/service.php?DeepLoc-1.0
http://planttfdb.gao-lab.org/
http://effectorp.csiro.au/
http://effectorp.csiro.au/
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
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accordingly. The resulting alignments are available to 
download in Excel/PDF format. From the “Detailed” sub-
menu on the BLAST results page (Fig. 5), the alignments 
can also be visualized using an enhanced graphical form 
that is downloadable as JPEG/PNG format. This page also 
allows the user to change the scoring method (Max score 
or e-value), and color schema (grayscale or full colored) 
of the BLAST alignment results.

Functional annotations in WeCoNET
WeCoNET implements various functional annotations 
of T. aestivum and Tilletia species proteins under the 
“Features” submenu. The common functional annota-
tions for host and pathogen proteins include subcellular 
localizations, gene ontology (GO) term annotations, and 
functional domain mappings. The gene ontology module 
includes the GO terms in which the proteins are involved. 
The InterPro accessions of the proteins have been linked 
to InterPro (https:// www. ebi. ac. uk/ inter pro/, Accessed 
14 July 2021) for a detailed description (Fig.  6). In the 
“functional domain mappings” module, various identi-
fied protein domains have been implemented, along with 

their respective source of prediction and description of 
the domain.

The host proteins that serve as transcription factors are 
implemented on the database, along with their respec-
tive transcription factor family and KEGG pathway, 
which are further linked to external databases (Plant-
TFDB and KEGG GENOME database, respectively) to 
obtain detailed information about the transcription fac-
tor family and biological pathway (Fig. 7). KEGG pathway 
ID and KEGG pathway description of host proteins are 
also available as a separate feature. To better understand 
the role of the host proteins in biological pathways, these 
proteins have been linked to respective pathways in the 
KEGG GENOME database.

Since both the Tilletia species are highly similar to 
each other, we decided to predict the proteins that 
are orthologs of each other, which led to 423 Tilletia 
orthologs. The users can download the protein sequences 
of the orthologs using the ‘Ortho Group’ identifier 
(Fig. 8). Further, the annotational information about the 
Tilletia proteins that serve as effector and secretory 
proteins is also available. We also identified the Tilletia 

Fig. 2 Host–pathogen interactomics tool of WeCoNET

https://www.ebi.ac.uk/interpro/
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Fig. 3 Network visualization of the predicted protein–protein interactions through the host–pathogen interactome tool

Fig. 4 Interface of the comprehensive advanced search module
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Fig. 5 The “Detailed” submenu of BLAST alignment results page
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species proteins that serve as both effector and secretory 
proteins, which are implemented as a separate module in 
the database.

Experimental validation: a study on common bunt 
resistance SNPs/QTLs in Triticum aestivum
To validate the predicted PPIs in WeCoNET, various 
studies that reported the identification of common bunt 
resistance SNPs/QTLs in T. aestivum were taken into 
consideration [8, 9, 37, 38]. The reported SNPs/QTLs 
were primarily identified using genotyping-by-sequenc-
ing (GBS), and GWAS. Additionally, 16 race-specific 
common bunt resistance (R) genes (Bt1-Bt15, Btp) have 
been identified, few of which have been mapped [39]. 
These SNPs/QTLs/R genes were identified on differ-
ent wheat chromosomes, viz., 1A, 1B, 1D, 2A, 2B, 2D, 
3A, 3B, 3D, 4A, 5A, 5B, 5D, 6A, 6B, 6D, 7A, 7B, and 7D. 
The 72,201 host proteins associated with bunt-resistance 
chromosomes were found interacting with 386 pathogen 
proteins, which resulted in 4,219,533 interactions. These 
host proteins can be considered as novel targets for fur-
ther understanding the protein function.

For further validation, we selected one interac-
tion pair randomly, for example, “TraesCS1A02G32 

3900.1—OAJ08159”, and investigated the biological func-
tion/pathway of host and pathogen proteins. The analysis 
showed that the host protein “TraesCS1A02G323900.1” 
is involved in small GTPase mediated signal transduc-
tion (GO:0007264), which is known to play a crucial 
role in disease resistance in rice [40, 41]. KEGG pathway 
enrichment revealed that this protein is also involved in 
biosynthesis of secondary metabolites (ko01110). Sec-
ondary metabolites are believed to be implicated in plant 
defense, and stress responses [42]. While the pathogen 
protein “OAJ08159” showed its role in GTPase activ-
ity (GO:0003924). A recent study showed the role of 
dynamin-like GTPase protein homologue (FgSey1) in the 
development and pathogenicity of a pathogenic fungus, 
Fusarium graminearum [43]. The functional analysis of 
the above-mentioned host–pathogen PPI pair shows it 
to be a candidate pair for experimental validation, thus 
confirming the viability of the database. Furthermore, 
based on a recent transcriptome analysis on wheat tassel 
[44], we found a few more potential PPI pairs in which 
the wheat genes show up- or down-regulation during the 
common bunt infection. These PPI pairs are available in 
Additional file 1.

Fig. 6 Gene ontology (GO) term annotations of the host proteins incorporated in the database
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Future developments
Currently, WeCoNET contains functional annotations 
of host and pathogen proteins involved in common 
bunt infection mechanism. Due to inadequate annota-
tional information of the Tilletia species proteins, this 
information will be updated with the latest annotations 
from experimental validations. We will also implement 
domain-based computational approach on the data-
base to predict the host–pathogen PPIs. To ensure the 
research community with the latest information, the 
proteomes of wheat and Tilletia species used in vari-
ous tools will be upgraded at the backend. The future 
updates may also involve the incorporation of other 
pathogen strains responsible for causing common bunt 
in wheat, thus enhancing the quality of the database.

Conclusions
WeCoNET is a web-based, freely available host–patho-
gen protein–protein interaction database, which hosts 
functional protein annotations of Triticum and Tille-
tia species proteins involved in common bunt disease. 
Apart from the functional annotations, the database 
implements “interactome comparison” tool to predict 
interolog-based PPIs between wheat and Tilletia spe-
cies, followed by network visualization of the PPIs. The 
BLAST utility enables the users to align the sequences 
against wheat and Tilletia proteomes. We believe 
WeCoNET would serve as an advantageous resource, and 
aid the research community in deeper understanding of 
the common bunt disease infection mechanism.

Fig. 7 Transcription factor family, and KEGG pathway IDs of the host proteins



Page 10 of 11Kataria and Kaundal  Plant Methods           (2022) 18:73 

Abbreviations
JA: Jasmonic acid; SA: Salicylic acid; GWAS: Genome-wide associa-
tion study; PPIs: Protein–protein interactions; GO: Gene ontology; GBS: 
Genotyping-by-sequencing.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13007- 022- 00897-9.

Additional file 1. Potential protein-protein interaction pairs for experi-
mental validation.

Acknowledgements
We are thankful to all the members of Kaundal Artificial intelligence & 
Advanced Bioinformatics Lab (KAABiL) for their valuable inputs in the con-
struction of the database. Special thanks to Shelby McCowan (Bioinformatics 
System Administrator) for helping in the implementation of the database, and 
maintaining the High-Performance Computing Cluster. The authors also thank 
Naveen Duhan for fixing the backend scripts.

Author contributions
R Kaundal formulated and designed the research. R Kataria analyzed the data, 
developed prediction models, and designed and constructed the web data-
base. Writing—original draft preparation, R Kataria; writing—review and edit-
ing, R Kaundal; visualization, R Kataria and R Kaundal; supervision, R Kaundal; 
project administration, R Kaundal; funding acquisition, R Kaundal. All authors 
have read and agreed to the published version of the manuscript.

Funding
The authors acknowledge the support to this study from the Utah Agricul-
turalExperiment Station (UAES), Utah State University, grant # A48025 to R 
Kaundal. This research was also supported by the UAES office and approved 
as journal paper number 9580. The funding body did not play any role in the 

design of this study; the collection,analysis, or interpretation of data; or in the 
writing of this manuscript.

Availability of data and materials
WeCoNET can be freely accessed at http:// bioin fo. usu. edu/ wecon et/, and has 
been tested in the browsers such as Google Chrome, and Safari.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details
1 Department of Plants, Soils, and Climate, College of Agriculture and Applied 
Sciences, Utah State University, Logan, UT 84322, USA. 2 Bioinformatics Facility, 
Center for Integrated BioSystems, Utah State University, Logan, UT 84322, USA. 
3 Department of Computer Science, College of Science, Utah State University, 
Logan, UT 84322, USA. 

Received: 15 October 2021   Accepted: 1 May 2022

References
 1. Figueroa M, Hammond-Kosack KE, Solomon PS. A review of wheat 

diseases—a field perspective. Mol Plant Pathol. 2018;19:1523–36.
 2. Simón MR, Börner A, Struik PC. Editorial: fungal wheat diseases: etiology, 

breeding, and integrated management. Front Plant Sci. 2021;12(March):1–5.

Fig. 8 Tilletia species proteins predicted as Orthologs

https://doi.org/10.1186/s13007-022-00897-9
https://doi.org/10.1186/s13007-022-00897-9
http://bioinfo.usu.edu/weconet/


Page 11 of 11Kataria and Kaundal  Plant Methods           (2022) 18:73  

 3. Menzies JG, Knox RE, Popovic Z, Procunier JD. Common bunt resistance gene 
Bt10 located on wheat chromosome 6D. Can J Plant Sci. 2006;86:1409–12.

 4. Mourad A, Mahdy E, Bakheit BR, Abo-elwafaa A, Baenziger PS. Effect of 
common bunt infection on agronomic traits in wheat (Triticum aestivum 
L.). J plant Genet Breed. 2018;2:1–7.

 5. Sholberg PL, Gaudet DA, Puchalski B, Randall P. Control of common bunt 
(Tilletia tritici and T. laevis) of wheat (Triticum aestivum cv. ’Laura’) by 
fumigation with acetic acid vapour. Can J Plant Sci. 2006;86:839–43.

 6. Lu ZX, Gaudet DA, Frick M, Puchalski B, Genswein B, Laroche A. Identifica-
tion and characterization of genes differentially expressed in the resist-
ance reaction in wheat infected with Tilletia tritici, the common bunt 
pathogen. J Biochem Mol Biol. 2005;38:420–31.

 7. Pieczul K, Perek A, Kubiak K. Detection of Tilletia caries, Tilletia laevis 
and Tilletia controversa wheat grain contamination using loop-
mediated isothermal DNA amplification (LAMP). J Microbiol Methods. 
2018;154(August):141–6. https:// doi. org/ 10. 1016/j. mimet. 2018. 10. 018.

 8. Bhatta M, Morgounov A, Belamkar V, Yorgancılar A, Baenziger PS. 
Genome-wide association study reveals favorable alleles associated with 
common bunt resistance in synthetic hexaploid wheat. Euphytica. 2018. 
https:// doi. org/ 10. 1007/ s10681- 018- 2282-4.

 9. Mourad AMI, Sallam A, Belamkar V, Mahdy E, Bakheit B, Abo El-Wafaa A, 
et al. Genetic architecture of common bunt resistance in winter wheat 
using genome-wide association study. BMC Plant Biol. 2018;18:1–14.

 10. Wang S, Knox RE, Depauw RM, Clarke FR, Clarke JM, Thomas JB. Markers to a com-
mon bunt resistance gene derived from “Blizzard” wheat (Triticum aestivum L.) 
and mapped to chromosome arm 1BS. Theor Appl Genet. 2009;119:541–53.

 11. Kataria R, Kaundal R. alfaNET: a database of alfalfa-bacterial stem blight 
protein-protein interactions revealing the molecular features of the disease-
causing bacteria. Int J Mol Sci. 2021. https:// doi. org/ 10. 3390/ ijms2 21583 42.

 12. Durmus S, Çakir T, Özgür A, Guthke R. A review on computational systems 
biology of pathogen-host interactions. Front Microbiol. 2015;6(APR):1–19.

 13. Kataria R, Kaundal R. Deciphering the host–pathogen interactome of 
the wheat–common bunt system: a step towards enhanced resilience in 
next generation wheat. Int J Mol Sci. 2022;26;23(5):2589. https:// doi. org/ 
10. 3390/ ijms2 30525 89.

 14. Loaiza CD, Duhan N, Lister M, Kaundal R. In silico prediction of host–pathogen 
protein interactions in melioidosis pathogen Burkholderia pseudomallei 
and human reveals novel virulence factors and their targets. Brief Bioinform. 
2021;22(3):bbz162. https:// doi. org/ 10. 1093/ bib/ bbz162.

 15. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: Accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28:3150–2.

 16. Ammari MG, Gresham CR, McCarthy FM, Nanduri B. HPIDB 2.0: a curated 
database for host-pathogen interactions. Database (Oxford). 2016;2016:1–9.

 17. Licata L, Briganti L, Peluso D, Perfetto L, Iannuccelli M, Galeota E, et al. 
MINT, the molecular interaction database: 2012 Update. Nucleic Acids Res. 
2012;40:857–61.

 18. Salwinski L, Miller CS, Smith AJ, Pettit FK, Bowie JU, Eisenberg D. The database 
of interacting proteins: 2004 update. Nucleic Acids Res. 2004;32(DATABASE 
ISS):449–51.

 19. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. 
STRING v11: protein-protein association networks with increased coverage, 
supporting functional discovery in genome-wide experimental datasets. 
Nucleic Acids Res. 2019;47:D607–13.

 20. Chatr-Aryamontri A, Oughtred R, Boucher L, Rust J, Chang C, Kolas NK, 
et al. The BioGRID interaction database: 2017 update. Nucleic Acids Res. 
2017;45:D369–79.

 21. Kerrien S, Aranda B, Breuza L, Bridge A, Broackes-Carter F, Chen C, et al. 
The IntAct molecular interaction database in 2012. Nucleic Acids Res. 
2012;40:841–6.

 22. Urban M, Cuzick A, Seager J, Wood V, Rutherford K, Venkatesh SY, et al. 
PHI-base: the pathogen-host interactions database. Nucleic Acids Res. 
2020;48:D613–20.

 23. Blanco-Míguez A, Fdez-Riverola F, Sánchez B, Lourenço A. BlasterJS: a novel 
interactive JavaScript visualisation component for BLAST alignment results. 
PLoS ONE. 2018;13:1–10.

 24. Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics. 
2014;30:1236–40.

 25. Sahu SS, Loaiza CD, Kaundal R. Plant-mSubP: a computational frame-
work for the prediction of single- and multi-target protein subcellular 

localization using integrated machine-learning approaches. AoB Plants. 
2021;12:1–10.

 26. Almagro Armenteros JJ, Sønderby CK, Sønderby SK, Nielsen H, Winther O. 
DeepLoc: prediction of protein subcellular localization using deep learn-
ing. Bioinformatics. 2017;33:3387–95.

 27. Jin J, Tian F, Yang DC, Meng YQ, Kong L, Luo J, et al. PlantTFDB 4.0: toward 
a central hub for transcription factors and regulatory interactions in 
plants. Nucleic Acids Res. 2017;45:D1040–5.

 28. Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 20: A web server for 
annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 
2011;39(SUPPL 2):316–22.

 29. Rafiqi M, Ellis JG, Ludowici VA, Hardham AR, Dodds PN. Challenges and 
progress towards understanding the role of effectors in plant-fungal 
interactions. Curr Opin Plant Biol. 2012;15:477–82. https:// doi. org/ 10. 
1016/j. pbi. 2012. 05. 003.

 30. Choi J, Park J, Kim D, Jung K, Kang S, Lee YH. Fungal Secretome database: 
integrated platform for annotation of fungal secretomes. BMC Genomics. 
2010;11:1–15.

 31. Sperschneider J, Dodds PN, Gardiner DM, Singh KB, Taylor JM. Improved 
prediction of fungal effector proteins from secretomes with EffectorP 2.0. 
Mol Plant Pathol. 2018;19:2094–110.

 32. Almagro Armenteros JJ, Tsirigos KD, Sønderby CK, Petersen TN, Winther 
O, Brunak S, et al. SignalP 5.0 improves signal peptide predictions using 
deep neural networks. Nat Biotechnol. 2019;37:420–3. https:// doi. org/ 10. 
1038/ s41587- 019- 0036-z.

 33. Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for 
comparative genomics. Genome Biol. 2019;20:1–14.

 34. Wei L, Xing P, Zeng J, Chen JX, Su R, Guo F. Improved prediction of 
protein–protein interactions using novel negative samples, features, and 
an ensemble classifier. Artif Intell Med. 2017;83:67–74. https:// doi. org/ 10. 
1016/j. artmed. 2017. 03. 001.

 35. Ding Z, Kihara D. Computational identification of protein-protein interac-
tions in model plant proteomes. Sci Rep. 2019;9:1–13. https:// doi. org/ 10. 
1038/ s41598- 019- 45072-8.

 36. Lehne B, Schlitt T. Protein-protein interaction databases: keeping up with 
growing interactomes. Hum Genomics. 2009;3:291–7.

 37. Muellner AE, Buerstmayr M, Eshonkulov B, Hole D, Michel S, Hagenguth 
JF, et al. Comparative mapping and validation of multiple disease resist-
ance QTL for simultaneously controlling common and dwarf bunt in 
bread wheat. Theor Appl Genet. 2021;134:489–503. https:// doi. org/ 10. 
1007/ s00122- 020- 03708-8.

 38. Bokore FE, Cuthbert RD, Knox RE, Singh A, Campbell HL, Pozniak CJ, et al. 
Mapping quantitative trait loci associated with common bunt resistance 
in a spring wheat (Triticum aestivum L.) variety Lillian. Theor Appl Genet. 
2019;132:3023–33. https:// doi. org/ 10. 1007/ s00122- 019- 03403-3.

 39. Hafeez AN, Arora S, Ghosh S, Gilbert D, Bowden RL, Wulff BBH. Creation 
and judicious application of a wheat resistance gene atlas. Mol Plant. 
2021;14:1053–70. https:// doi. org/ 10. 1016/j. molp. 2021. 05. 014.

 40. Chen L, Shiotani K, Togashi T, Miki D, Aoyama M, Wong HL, et al. Analysis 
of the Rac/Rop small gtpase family in rice: expression, subcellular localiza-
tion and role in disease resistance. Plant Cell Physiol. 2010;51:585–95.

 41. Ono E, Wong HL, Kawasaki T, Hasegawa M, Kodama O, Shimamoto K. 
Essential role of the small GTPase Rac in disease resistance of rice. Proc 
Natl Acad Sci U S A. 2001;98:759–64.

 42. Jan R, Asaf S, Numan M, Kim KM. Plant secondary metabolite biosynthesis 
and transcriptional regulation in response to biotic and abiotic stress 
conditions. Agronomy. 2021;11:1–31.

 43. Chong X, Wang C, Wang Y, Wang Y, Zhang L, Liang Y, et al. The dynamin-
like GTPase FgSey1 plays a critical role in fungal development and viru-
lence in Fusarium graminearum. Appl Environ Microbiol. 2020. https:// 
doi. org/ 10. 1128/ AEM. 02720- 19.

 44. He T, Ren Z, Muhae-Ud-Din G, Guo Q, Liu T, Chen W, et al. Transcriptom-
ics analysis of wheat tassel response to Tilletia laevis Kühn, which causes 
common bunt of wheat. Front Plant Sci. 2022;13(5):1–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.mimet.2018.10.018
https://doi.org/10.1007/s10681-018-2282-4
https://doi.org/10.3390/ijms22158342
https://doi.org/10.3390/ijms23052589
https://doi.org/10.3390/ijms23052589
https://doi.org/10.1093/bib/bbz162
https://doi.org/10.1016/j.pbi.2012.05.003
https://doi.org/10.1016/j.pbi.2012.05.003
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/j.artmed.2017.03.001
https://doi.org/10.1016/j.artmed.2017.03.001
https://doi.org/10.1038/s41598-019-45072-8
https://doi.org/10.1038/s41598-019-45072-8
https://doi.org/10.1007/s00122-020-03708-8
https://doi.org/10.1007/s00122-020-03708-8
https://doi.org/10.1007/s00122-019-03403-3
https://doi.org/10.1016/j.molp.2021.05.014
https://doi.org/10.1128/AEM.02720-19
https://doi.org/10.1128/AEM.02720-19

	WeCoNET: a host–pathogen interactome database for deciphering crucial molecular networks of wheat-common bunt cross-talk mechanisms
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Construction and content
	Database design and architecture
	WeCoNET datasets
	Host–pathogen interactomics tool
	BLAST module
	Annotation sources for different features

	Utility and discussion
	WeCoNET tools
	Functional annotations in WeCoNET
	Experimental validation: a study on common bunt resistance SNPsQTLs in Triticum aestivum

	Future developments
	Conclusions
	Acknowledgements
	References




