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In recent years, there has been an increase in the number of reported cases of Mycobacterium microti infection in various animals, which can interfere with the ante-mortem diagnosis of animal tuberculosis caused by Mycobacterium bovis. In this study, whole genome sequencing (WGS) was used to search for protein-coding genes to distinguish M. microti from M. bovis. In addition, the population structure of the available M. microti genomic WGS datasets is described, including three novel Belgian isolates from infections in alpacas. Candidate genes were identified by examining the presence of the regions of difference and by a pan-genome analysis of the available WGS data. A total of 80 genes showed presence-absence variation between the two species, including genes encoding Proline-Glutamate (PE), Proline-Proline-Glutamate (PPE), and Polymorphic GC-Rich Sequence (PE-PGRS) proteins involved in virulence and host interaction. Filtering based on predicted subcellular localization, sequence homology and predicted antigenicity resulted in 28 proteins out of 80 that were predicted to be potential antigens. As synthetic peptides are less costly and variable than recombinant proteins, an in silico approach was performed to identify linear and discontinuous B-cell epitopes in the selected proteins. From the 28 proteins, 157 B-cell epitope-based peptides were identified that discriminated between M. bovis and M. microti species. Although confirmation by in vitro testing is still required, these candidate synthetic peptides containing B-cell epitopes could potentially be used in serological tests to differentiate cases of M. bovis from M. microti infection, thus reducing misdiagnosis in animal tuberculosis surveillance.
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Introduction

Animal tuberculosis (TB) is a chronic infectious disease caused by members of the Mycobacterium tuberculosis complex (MTBC), whose natural hosts are wild and domestic mammals (1). Mycobacterium bovis is the primary cause of TB in cattle (bovine TB, bTB) and is capable of infecting a wide range of other animal species as well as humans (2). This zoonotic pathogen therefore poses a high risk to animal and human health and to international trade in domestic animals and animal products, highlighting the need for surveillance.

The first reported case of M. bovis infection on an alpaca farm in Belgium occurred in 2015 (personal communication from M. Mori, Sciensano, Belgium), increasing the interest in ante-mortem diagnostics in New World Camelids (NWCs), such as llamas and alpacas. Diagnostic tests for animal TB detection based on cell-mediated immunity (CMI), such as the intradermal tuberculin test or the IFNɤ assay, have been reported to have poor accuracy in NWCs (3, 4). Serological diagnostic assays may be a promising alternative, as shown by (5). Over the last decade, several serological assays have been developed to detect animal TB in camelids, such as the ELISA INgezim Tuberculosis DR multispecies test (Ingenasa, Spain) and the multiplexed Enferplex Camelids TB test (Enfer Scientific, Ireland) (6, 7).

In 2020, alpacas from two different Belgian farms, one of which was involved in the 2015 animal TB outbreak, were suspected of being infected with M. bovis based on positive serological diagnostic results (INgezim Tuberculosis DR multispecies and Enferplex Camelids TB). Necropsy of these animals revealed lesions typical of tuberculosis, and the real-time PCR (qPCR), performed on the organs and using the IS6110 insertion sequence for identifying MTBC members, was positive. However, the qPCR test to differentiate the MTBC members, based on polymorphisms of the gyrB gene and performed from bacterial culture (8), identified M. microti (data from the National Reference Laboratory for Bovine Tuberculosis, Sciensano, Belgium).

First identified in voles, M. microti is another, less virulent, member of MTBC that can infect a wide range of animal species and cause tuberculous lesions (9–11). Furthermore, the impact of the epidemiological situation of M. microti in some areas does not seem to be irrelevant (11–13). However, the European Animal Health Law (EU 2016/429) does not include M. microti as an etiological agent of animal TB, which according to the legislation only includes M. bovis, M. caprae and M. tuberculosis. Consequently, M. microti infections are non-notifiable and do not lead to the same sanitary measures (e.g., removed animals, blocked farms) as M. bovis or M. caprae outbreak declarations. M. microti, therefore, represents a risk of interference in the animal TB diagnosis.

Research into biomarkers to accurately distinguish M. bovis from M. microti infection at ante-mortem examination in animals has received limited attention. While the serological tests used to diagnose animal TB in NWCs and other species, such as cattle, are effective in detecting infected animals, they are not specific enough to distinguish between M. bovis and M. microti infection (14–16). It is therefore important to identify specific antigenic proteins that can elicit an antibody response and that can be used in serological tests. B-cell epitopes are segments of antigenic proteins that can be recognized by antibodies (17), and are categorized into linear (i.e., continuous amino acid sequences) and conformational (i.e., folded three-dimensional structures) epitopes. Of particular interest is the identification of specific B-cell epitopes that could be used to construct synthetic peptides as biomarkers.

Members of the MTBC have over 99.9% DNA sequence identity to each other, but they differ in phenotype, virulence and host species. Differences between species are mostly limited to deletions of regions of difference (RDs), single nucleotide polymorphisms (SNPs) in protein-coding genes and hypervariable regions. Molecular typing of MTBC members is often performed using spoligotyping, a polymerase chain reaction-based method that examines the deletion of spacer sequences in the Direct Repeat (DR) region (18). The resulting spoligotype profiles can be used to understand the genetic diversity and relatedness of MTBC strains. Diverse spoligotypes were reported for M. microti strains (11) among them the more dominant are the “llama-type” and “vole-type” spoligotypes, named after the host animals in which they were first observed (19). Studies have shown that M. microti strains are characterized by M. microti-specific deletion regions (MiD) together with the deletion of part of the RD1 region (RD1mic), which includes open reading frames (ORF) of known virulence genes (20). These genomic variations may be useful for the epidemiological surveillance and diagnosis of animal TB (21–23). The genomic organization of members of the MTBC, mainly M. bovis and M. tuberculosis, has been further explored using whole-genome sequencing (WGS), allowing a better understanding of the pathology and the identification of biomarkers for the diagnosis and management of TB (24–27). However, to date, there has been very little research on M. microti, and very few WGS datasets are currently available in public databases.

This study was initiated to identify potential biomarkers for distinguishing M. microti from M. bovis using WGS. The genomic information was used to screen for variations affecting proteins that could form the basis of serological diagnostic methods. An in silico approach was used to extract B-cell epitopes from the identified putative antigenic proteins. In addition, this study describes the genomic diversity of M. microti based on publicly available data, including the recently collected strains from Belgium.



Materials and methods


Bacterial strains and DNA extraction

Three M. microti strains were isolated from the organs of alpacas from Belgian farms. Two were isolated on the same farm from animals with a positive result in serological tests for animal TB (i.e., isolates MI20-1 and MI20-2). Both alpacas showed tuberculous lesions at necropsy. The third isolate was collected from an alpaca that was found dead (with tuberculous lesions) and originating from another farm (i.e., isolate VAR696). There was no apparent geographical or epidemiological link between the two farms. All samples were collected in 2020.

M. microti strains MI20-1 and MI20-2 were grown either on a solid stone-brink medium or using a BACTEC™ MGIT™ automated liquid system (Becton Dickinson, Sparks, MD, USA) at the European Reference Laboratory for bovine tuberculosis at the VISAVET Health Center (Madrid, Spain) and incubated at 37°C for several weeks. M. microti VAR696 was processed in a similar manner at the Belgian Reference Laboratory for bovine tuberculosis at the Belgian Institute of Health (Sciensano, Brussels, Belgium) and genomic DNA was extracted using the QIAGEN DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions for Gram-positive bacteria with a prior mechanical grinding step to meet the specific requirements for DNA extraction in the case of Mycobacteria spp. Genomic DNA of strains MI20-1 and MI20-2 was extracted from a pure culture grown in Middlebrook 7H9 medium supplemented with oleic albumin dextrose catalase (OADC) using phenol-chloroform-isoamyl alcohol (PCI) and was then purified using ethanol, as previously described by (28). The resulting DNA pellet was dried at room temperature and re-suspended in 50–200 μL of ultrapure distilled water (Sigma-Aldrich, St. Louis, MO, USA).

DNA quality and concentration were measured by spectrophotometry using the Nanodrop® 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and DNA purity was assessed using the A260/A280 and A260/A230 ratios.

Detection of members of the MTBC was performed by a qPCR based on the IS6110 element (29). The molecular characterization of MTBC mycobacteria was performed using a qPCR based on polymorphism of the gyrB gene (8) and/or direct variable repeat (DVR)-spoligotyping (30).



Whole-genome sequencing

The DNA extracts from isolates MI20-1 and MI20-2 were sent to the National Veterinary Services Laboratory in Ames, Iowa (USA) for library preparation and whole genome sequencing, whereas the VAR696 isolate was sequenced at Sciensano (Belgium). Library preparation was achieved using the Nextera XT library preparation kit (Illumina, San Diego, CA, USA) according to manufacturer's instructions. Sequencing was carried out in both cases on a MiSeq system with the V3 chemistry, obtaining 250 bp paired-end reads, aiming for a theoretical coverage of 60X based on the expected genome size of ~ 4.4 Mbp of M. microti.



Pre-processing and de novo assembly

Pre-processing and de novo assembly were performed as previously described (31). Briefly, raw reads were trimmed using Trimmomatic 0.38 (32) with the following options: “LEADING” set to 10, “TRAILING” set to 10, “SLIDINGWINDOW” set to “4:20,” “MINLEN” set to 40, and “ILLUMINACLIP” set to “NexteraPE-PE.fa:2:30:10.” Processed reads were then assembled de novo using SPAdes 3.13.0 (33) with the “—careful” option enabled and “–cov-cutoff” set to 10. Contigs smaller than 1,000 bp were removed using the “seq” function of Seqtk 1.3 (available at https://github.com/lh3/seqtk). The quality of the assemblies was evaluated using QUAST 4.4 (34), with the filtered assemblies as input. Several additional quality checks included in the workflow were also evaluated: (1) screening for contaminants using Kraken 2 v2.0.7 (35); (2) evaluation of median sequencing depth and mapping rate using Bowtie 2 v2.4.1 (36) and SAMtools v1.9 (37); and (3) various quality checks on the input reads with FastQC v0.11.7 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Figure 1 illustrates the flow of the full bioinformatics analysis.
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FIGURE 1
 Overview of the bioinformatics processing. Overview of the study design. M. bovis and M. microti data are shown in blue and yellow boxes, respectively. The number of strains is indicated. The parts of the analysis are shown in green boxes. The arrows indicate the flow of the data, with the format indicated by the label. The green arrow shows the input FASTQ files for the phylogenomic analysis. The orange arrow indicates the data for the selected reference genomes: (1) the FASTQ files are used for the RD/MiD analysis, (2) the genome FASTA files are used as input for the pan-genome analysis. The red arrow indicates the FASTQ input of the Belgian and selected M. microti strains for the RD/MiD analysis. The gray arrow indicates the flow of data between the sub-analyses.




Phylogenomic analysis

All available M. microti datasets in the Sequence Read Archive (SRA) at the National Center for Biotechnology Information (NCBI) that were generated by Illumina sequencing were retrieved (accessed on the 24th of January 2022), for which an overview is provided in Table 1. Three datasets were available for isolate 8753/00, of which ERR551113 was selected because it had the highest coverage. The ERR553377 dataset was also excluded from the analysis as it clustered identically in the SNP analysis with ERR553376, which was collected in the same study. Similarly, the ERR2659165 dataset was excluded from analysis as it is a replicate of the ERR2659166 dataset. Datasets with an estimated coverage >100x, calculated based on the number of bases in the FASTQ files and the genome size of the M. microti OV254 genome (RefSeq accession GCF_904810325.1), were downsampled to ~100x using the “sample” function of seqtk 1.3. The SNP phylogeny was then performed using PACU 0.0.5 (44), which uses BCFtools 1.17 (45) for variant calling and Gubbins 3.3.1 (46) to remove SNPs in recombinant regions. First, the processed reads were mapped to the M. microti OV254 genome (RefSeq accession GCF_904810325.1), using the PACU_map function with the “–read-type” parameter set to “illumine” and other options left at their default values. The resulting BAM files were used as input for the PACU SNP workflow. The online PHASTER tool (47) was used to generate a BED file with (pro-) phage regions in the reference genome and provided to PACU with the “–ref-bed” option. The –use-mega' option was enabled to perform automatic model selection and tree building with MEGA X (48). The best-fit model was selected as the substitution model with the lowest Bayesian information criterion (BIC) value, selecting the Tamura 3-parameter model. Spoligotypes were determined in silico using SpoTyping 2.1 (49) and added as annotations to the phylogeny. The “—min” and “—rmin” parameter values were set to 1 for datasets with an estimated coverage of < 30x, estimated based on the mapping to the reference genome. For other datasets, the default parameter values were used.


TABLE 1 M. microti strains used in the phylogenomic analysis.

[image: Table 1]



Genomic characterization of RDs and MiDs regions

The presence of RDs and MiDs was assessed using a read mapping-based approach. The RD and MiD nomenclature used in this study is based on that of (20, 21, 50–52) and differs from that proposed by (53). An overview of the evaluated RDs and MiDs is provided in Table 2. Bowtie2 2.4.1 was used with the “–very-sensitive-local” preset enabled to map the processed reads to the sequences of the RD regions, obtained from the M. tuberculosis H37Rv reference genome (RefSeq accession NC_000962.3). The analysis included the Illumina FASTQ datasets for the M. bovis BCG Danish 1311 (SRR7983756), M. bovis AF2122/97 (ERR1744454), M. bovis MB3601 (ERR3825346), and M. microti OV254 (ERR027295) reference genomes and all M. microti strains included in the phylogenomic analysis. Regions that were covered for at least 75% and with a median depth >5x were considered to be present.


TABLE 2 Overview of the evaluated RDs and MiDs.
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Pan-genome analysis

Roary was used for the pan-genomic analysis. Three M. bovis reference strains (i.e., the M. bovis BCG vaccine strain and the two virulent M. bovis strains AF2122/97 and MB3601) and one M. microti reference strain (OV254) were used, for which the circular genomes were downloaded from NCBI RefSeq. In addition, the assembled genomes of the M. microti strains used in the phylogenomic analysis were also used, including those of the three Belgian strains. Prokka 1.14.6 (54) was used with default options for gene prediction and functional annotation. The proteins from the M. tuberculosis H37Rv, M. microti OV254, M. bovis AF2122/97, and M. bovis BCG Danish 1311 reference genomes were provided with the “—proteins” options as a basis for gene annotation. Roary 3.12.0 (55) was then used for the pan-genome analysis with the “—mafft” option enabled, minimum identity set to 90%, and paralogs not split (“-s”). UpSet plots were generated using the UpSetPlot python package v0.8.0 (available at https://github.com/jnothman/UpSetPlot) to show the overlap of genes between species and strains. The results of the pan genome analysis were used to identify protein-encoding genes that could be used as potential biomarkers for the differentiation of M. microti from virulent M. bovis (i.e., excluding the M. bovis Danish 1311 BCG vaccine strain).



Selection of potential biomarkers

Proteins, from the RD/MiDs and pan-genome analyses, present in the virulent M. bovis strains (i.e., not the M. bovis BCG vaccine strain) and absent in all M. microti strains, and vice-versa, were selected as potential biomarkers. They were then evaluated according to the following three criteria: subcellular localization, sequence homology and antigenicity, as elaborated below.


Prediction of subcellular localization

SignalP 6.0 was used to predict the presence of sec- and tat-dependent signal peptides in proteins (56). These short N-terminal amino acid sequences are recognized by the classical sec or tat translocation machinery and thus control protein secretion and translocation in bacteria. SecretomeP 2.0 was used for the prediction of non-classical secreted proteins (57). Both programs are freely available on the website of the Center for Biological Sequence Analysis at the Technical University of Denmark (http://www.cbs.dtu.dk/services). In addition, Psortb v3.0.3 [(58); https://www.psort.org/psortb/], Gpos-mPLoc [(59); http://www.csbio.sjtu.edu.cn/bioinf/Gpos-multi/] and CELLO2.5 [(60); http://cello.life.nctu.edu.tw/] were used for predictions of the subcellular localization of the candidate proteins. CELLO2.5 is a multi-class Support vector machine (SVM) classification system using four types of sequence coding schemes. Psortb3.0.3 uses a combination of modules, each of which is known to influence subcellular location of the proteins (e.g., the number of transmembrane helices, signal peptides, outermembrane motifs, ...). Gpos-mPLoc identifies subcellular localization of Gram positive bacterial proteins by fusing the information of gene ontology, as well as the functional domain information and sequential evolution information. Amino acid sequences were retrieved from the NCBI protein database and used as input for all tools. The UniProt database (http://www.uniprot.org/) was also queried to obtain the subcellular localization of the proteins.



Sequence homology analysis

Putative biomarkers with high sequence similarity to proteins from members of the Mycobacterium avium-intracellulare complex (MAC; M. avium subspecies paratuberculosis, “M. avium subspecies hominissuis,” M. avium subspecies avium, and M. intracellulare) were removed. These environmental mycobacteria are commonly isolated from cattle and share proteins with members of MTBC that can cross-react in diagnosis (61–63). Sequence similarities of all proteins were evaluated using the non-redundant protein sequence database of the NCBI BLASTp tool (https://blast.ncbi.nlm.nih.gov/). Putative proteins with percent identity ≥55% and query coverage ≥40% to those in the NCBI database were discarded.



Prediction of antigenicity

The antigenicity of all proteins was estimated using ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) and VaxiJen v2.0 (https://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). The predictions from ANTIGENpro are based on a two-step approach, combining multiple representations of the primary sequence and machine learning algorithms. A final support vector machine (SVM) classifier summarizes the resulting predictions and provides a probability of whether the protein is likely to be antigenic (64). VaxiJen 2.0 is an alignment-free approach for antigen prediction, which is based on auto cross covariance transformation of protein sequences into uniform vectors of key amino acid properties (65). A prediction threshold of 0.5 was used for both programs, as recommended in literature (64, 65). Proteins predicted to be antigenic by at least one of these two tools were considered likely to be antigenic.




Prediction of linear and conformational B-cell epitopes

The prediction of linear and conformational B-cell epitopes was performed for all proteins predicted as extracellular, low conserved in environmental mycobacteria and antigenic.

For the prediction of linear B-cell epitopes, protein sequences in FASTA format were submitted to five different tools available in the Epitope Database and Analysis Resource (IEDB; https://www.iedb.org/), based on the following scales: beta turn (66), surface accessibility (67), flexibility (68), hydrophilicity (69), and antigenicity (70). For each tool, the window size was set to seven amino acids and the default threshold was used. BepiPred-2.0, available on the IEDB server, was also used to predict linear B-cell epitopes from amino acid sequences in FASTA format. The Bepipred 2.0 tool is based on a random forest algorithm trained on epitope and non-epitope amino acids as determined from crystal structures. The default threshold value of 0.50 was used (71). All results (i.e., all linear B-cell epitopes predicted) obtained with the IEDB tools were compared to find similar epitopes using the Epitope Cluster Analysis v2.0 tool (http://tools.iedb.org/cluster/), with a minimum sequence identity threshold of 70%. The consensus epitopes obtained with the Epitope Cluster tool were selected as the final linear B-cell epitopes. Prediction of linear B-cell epitopes via multiple tools and peptides clustering was limited for protein sequences with a high number of amino acids (>1,500), meanly PE_PGRS50 (Rv3345c) and PPE55 (Rv3347c). Consequently, only antigenic linear B-cell epitopes predicted by the Kolaskar and Tongaonkar method were used for these proteins.

As most of B-cell Epitopes in native proteins are conformational (72), the conformational B-cell epitopes were predicted by using the Discotope 3.0 (https://services.healthtech.dtu.dk/services/DiscoTope-3.0/) and ElliPro http://tools.iedb.org/ellipro/; (73) servers. Proteins structures were downloaded from the PDB database (https://www.rcsb.org/) or the AlphaFold protein structure database [https://alphafold.ebi.ac.uk/; (74)]. The default parameters were used. Amino acid sequences, ranging from 8 to 25 residues, that were common to the predicted B-cell linear and conformational epitopes, were retained. The antigenicity of B-cell Epitopes predicted as linear and conformational was analyzed with Vaxijen2.0. The epitopes with a value >0.5 were considered as the best B-cell epitope peptides.



Data availability

The datasets supporting the conclusions of this study have been deposited in the NCBI SRA under accession number PRJNA1000766. Individual accession numbers are provided in Table 1.




Results


Pre-processing and data quality

Data quality metrics for the de novo assembly and read mapping analysis of the in-house generated datasets (i.e., the Belgian M. microti isolates) are provided in Supplementary Table 1. All three datasets passed the quality checks of the workflow (31), indicating that the data were suitable for further analysis.



Phylogenomic analysis of available M. microti genomes

Of the 27 M. microti datasets collected from NCBI, 19 were included in the phylogenomic analysis, with eight excluded due to low quality. These data were supplemented by the three M. microti strains sequenced in this study, resulting in a total of 22 M. microti strains (Table 1). The output of the maximum likelihood analysis is shown in Figure 2 and pairwise SNP distances are shown in Supplementary Table 2. The isolates collected in this study show very high genomic similarity, with only eight SNP differences between MI20-1 and MI20-2, and 18 SNPs between these two isolates and VAR696. However, a direct epidemiological link between these strains seems unlikely given the low mutation rate of MTBC (75). The closest strain collected from SRA was M. microti-45, isolated from a pig in the United Kingdom (UK), which differed by 57 SNPs from all three Belgian strains in this study. The M. microti-36 strain, isolated from a domestic cat in the UK, showed 241–243 SNP differences with the three Belgian strains and 244 SNP differences with M. microti-45. While the bootstrap values for the longer branches were generally high, the bootstrap values also indicated low confidence in the relative position of these branches.
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FIGURE 2
 Maximum likelihood phylogeny of the M. microti strains collected from NCBI and the isolates collected in this study. Branch lengths and the scale bar are expressed as average substitutions per site. Bootstrap support is indicated by the numbers on the branches (proportions based on 1,000 replicates). M. microti OV254 was used as the reference genome for the phylogeny (highlighted in bold). The three isolates collected as part of this study are shown in blue. Annotations are (from left to right): strain name, host species, country, spoligotype determined by SpoTyping in octal format, and SIT number. The phylogeny was mid-point rooted. UK, United Kingdom; n/a, not available; SIT, Spoligotype International Type.


The three Belgian strains were assigned to the same spoligotype as the M. microti-45 and M. microti-36 strains in the same clade (the “llama-type” spoligotype SB0423). The same spoligotype was observed in two other clades: (1) the clade carrying M. microti ATCC 19422 and ATCC35782, collected from voles, and (2) the clade carrying M. microti 416/01 and 8753/00, both isolated from humans. The M. microti-68 strain had a similar spacer pattern, but lacked spacers 37 and 38, resulting in a different spoligotype. All other isolates were assigned to SB0118, known as the “vole-type” spoligotype, except for the clade containing five isolates collected from wild boars in Italy, which lacked all spacers, assigning them to SB2277.



Genomic characterization of RDs and MiDs regions

Twenty out of the 40 RDs/MiDs regions analyzed were present in the three Belgian and the OV254 reference M. microti strains along with in the three M. bovis reference strains studied, as shown in Figure 3. The RD7, RD8, RD9, and RD10 regions were (mostly) absent in all strains, except for M. tuberculosis H37Rv. The RD4, RD6, RD11 (prophage phiRv2), RD12bov, RD13, and N-RD25bov/cap regions were absent in all M. bovis strains (virulent and vaccine strains), but present in the four M. microti strains. However, ~60% (below the detection threshold of 75%) of the N-RD25bov/cap region was present in the M. bovis strains, with the PPE66 (Rv3738c) ORF interrupted and the PPE67 (Rv3739c) locus completely absent in these strains. No intact ORFs were found in the fractions (< 25% coverage) of the RD4, RD6, RD11, and RD13 regions that were present in the M. bovis strains. Similarly, no intact ORFs were found for the fraction of the RD12bov region (~36% coverage) in the M. bovis strains, except for the Rv3117 locus. Interestingly, the RD5mic region was largely absent from the M. bovis and M. microti OV254 genomes, but was almost completely covered in the three Belgian M. microti strains. In contrast to M. microti OV254, the plcC (Rv2349c), plcB (Rv2350c), plcA (Rv2351c), and PPE38 (Rv2352c) loci were completely covered in the three Belgian strains. The MiD3 region was present in all M. bovis strains under study, but was below the detection threshold in all M. microti strains. However, the M. microti strains contained a large fraction of the MiD3 region, but no intact ORFs for PE_PGRS50 (Rv3345c), a transmembrane protein (Rv3346c), PPE55 (Rv3347c), and a transposase (Rv3349c). Only the transposase Rv3348c had an intact ORF. The RD1mic, RD1bcg, RD3, and RD149 regions were present in M. bovis AF2122/97 and M. bovis MB3601, but were absent in all other strains (M. bovis BCG and M. microti strains). The beginning of the RD1bcg region (Rv3871-Rv3879c) was missing in the M. microti strains, as was most of the RD1mic region (Rv3864-Rv3876). For the RD3 region (prophage phiRv1; Rv1573-Rv1586c), which partially overlaps with the RD149 region (Rv1585c-Rv1587c), only the Rv1587c ORF was intact in M. bovis BCG and the M. microti strains. The RD2 region was present in all strains, except for M. bovis BCG Danish 1311. Lastly, the partially overlapping RD207 and MiD1 regions were present in all MTBC strains except for M. microti OV254, resulting in missing or interrupted CRISPR-Cas loci cas2 (Rv2816c), cas1 (Rv2817c), csm6 (Rv2818c), and csm5 (Rv2819c). Similarly, the MiD2 region (Rv3188-Rv3189) was present in all analyzed MTBC strains, except for M. microti OV254.
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FIGURE 3
 Presence of RDs and MiDs regions in the Belgian M. microti datasets and the selected reference genomes. This graph shows the coverage percentage of the regions of difference (RDs) and M. microti-specific deleted regions (MiDs). The y-axis indicates the percentage of the region that was covered by reads, the x-axis indicates the different strains. The bars are colored by species as indicated in the legend. The dashed line indicates the 75% threshold that was used to classify regions as present or absent. The following reference and Belgian strains were included: M. bovis BCG Danish 1311 (SRR7983756), M. bovis AF2122/97 (ERR1744454), M. bovis MB3601 (ERR3825346), M. microti OV254 (ERR027295), M. microti VAR696 (SRR25473322), M. microti MI20-1 (SRR25473321), and M. microti MI20-2 (SRR25473320).


The presence of the RDs and MiDs in all M. microti strains used in the phylogenomic analysis (i.e., the 22 M. microti strains) is shown in Supplementary Figure 1. For most of the regions tested, the coverage was very similar between all M. microti strains. However, some variability between strains were observed for the RD5mic and RD6 regions, which were almost completely covered in Belgian strains but partially missing or absent in some other strains. The MiD2 region was present in all M. microti strains, except the reference OV254. Similarly, the RD724 region was present in all M. microti strains except the strain G25822. Differences were observed for the CRISPR-Cas loci (i.e., MiD1/RD207 regions) which were fully present in ATCC 35782, ATCC 19422, 416/01, 8753/00, microti-45, and three Belgian strains, but (partially) absent in other strains, including the 94-2272, Maus III, Maus IV, microti-36, microti-68 and G25821-G25828 strains (i.e., the cas2 and cas1 genes absent and the csm6 gene interrupted) and the OV254 reference strain. While this analysis reveals the presence of genomic regions, it does not provide information on the expression of the ORFs located in these regions, as they may be affected by SNPs and indels.



Pan-genome analysis and identification of polymorphism signals

The pan-genome analysis detected a total of 4,668 genes, of which 1,401 were annotated as hypothetical proteins. A schematic representation of the overlap between species is shown in Supplementary Figure 2. To obtain genes that could be potential biomarkers to discriminate M. microti from M. bovis, the genes present exclusively in the two virulent M. bovis or in all M. microti (n = 22) strains studied were extracted (Supplementary Figure 2). Note that, for the purpose of this study, the results for the M. bovis BCG Danish 1311 strains were not included in this analysis, because this vaccine strain differs from the traditional virulent strains. The resulting selection is shown in Table 3 and was performed from 47 and 34 genes exclusively present in virulent M. bovis and M. microti strains, respectively. Of these 81 genes, 30 were annotated as hypothetical proteins (i.e., 19 M. bovis and 11 M. microti exclusive genes).


TABLE 3 Potential biomarkers identified from the results of the pan-genome analysis.

[image: Table 3]

Among the 47 genes exclusively present in virulent M. bovis (including ORFs located in RD1mic, MiD3 and RD3 regions) were several genes encoding for proline-glutamate (PE) and proline-proline-glutamate (PPE) proteins, as well as the EsxR (Rv3019c) and EsxS (Rv3020c) proteins. This deletion, corresponding to the MiD4 region (Rv3018c-Rv3022c), was previously reported in the M. microti OV254 strain and other M. microti strains isolated from patients (40). Other protein-encoding genes, such as PE_PGRS21 (FCU26_1135), the hypothetical protein Rv0530A (locus_tag BQ2027_RS02780), a transposase (BQ2027_RS17270), and the hypothetical protein (WP_015631092.1; locus_tag BQ2027_RS20600) were also absent in all 22 M. microti strains studied and present in the virulent M. bovis strains (Table 3, point A).

In addition to the genes associated with the RD4, RD11, RD12bov, and RD13 regions (mostly absent in M. bovis), three other additional genes were identified among 34 genes that were exclusively present in all M. microti. These genes encode the hypothetical protein Rv1508A, a hypothetical protein (JN986_RS12585) and the integral membrane protein Rv3162c. Further investigation revealed that the Rv3162c gene was present in the M. bovis genomes, but it contained a single nucleotide deletion resulting in an inactive gene product (Table 3, point B). Of note, some loci recorded as deleted in M. microti or M. bovis strains in the pan-genome are likely artifacts related to the Roary method used in this work, which is based on (imperfect) assembled genomes and annotations. Other genes were present in multiple copies, with different variants, and their presence or absence could not be confirmed.

Furthermore, we investigated the differences between the M. microti strains studied in this work by focusing on the three Belgian strains and the OV254 reference strain. Three ORFs (ORF2-ORF4) were found to be deleted or interrupted in the Belgian M. microti strains. These were associated with the RvD2 region including plcD, a glycosyltransferase (ORF2), a sulfite oxidase (ORF3), and a RND family transporter (ORF4), known to be absent in the M. tuberculosis H37Rv strain (H37Rv related deletion region or RvD). The region adjacent to RvD2, called RD152, was completely absent in these three strains. These two regions were also found to be partially (RvD2) or completely (RD152) absent in the M. microti-45 strain, the phylogenetically closest strain of the three Belgian strains. In addition, the RD152 region was found to be absent in the G25824 strain. Other genes were found to be deleted in the three Belgian strains, but present in the OV254 and the M. bovis strains (Table 3, point C). In addition to the genes associated with RDs/MiDs exclusively absent in M. microti OV254, five other genes were identified during the pan-genome analysis as shown in Table 3, point D.



Identification of protein-encoding genes as potential diagnosis markers

Proteins encoded by the genes from RDs present in virulent M. bovis strains and absent in all M. microti strains studied (RD1mic, RD3, and MiD3) and vice versa (RD4, RD11, RD12bov, RD13, and N-RD25bov/cap), as well as the proteins with presence/absence variation between virulent M. bovis and M. microti strains were further analyzed. As the aim was to identify “universal” antigens, genes that exhibited presence/absence variation between the different M. microti strains were not considered.

Of these 80 proteins, 52 were predicted to have a signal peptide, to be non-classically secreted and/or, to be located in the extracellular matrix by the SignalP6.0, SecretomeP2.0, Psortb3.0, Gpos-mPLoc, and CELLO2.5 tools. Protein-BLAST revealed that 27 of these 52 proteins had little or no homology to any sequence of MAC members in the database. Three proteins belonging to the PE/PPE family protein (PE_PGRS50, PPE55 and PE_PGRS21) showed sequence similarity between 40 and 60% but a very low query coverage (5–18%) in the aligned sequences, and were retained in this work. The antigenic propensity of all of these 30 proteins was then evaluated using the VaxiJen 2.0 and ANTIGENpro servers.

After these selection steps, a total of 28 proteins remained that were predicted by at least one of the tools to be secreted or located on the cell surface, with low conservation in environmental mycobacteria and putative antigenic properties (Table 4 and Supplementary Tables 3–5).


TABLE 4 Selected proteins from RDs and pan-genome analysis.
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Prediction of sero-dominant epitopes

A total of 157 regions predicted as both linear and conformational epitopes with an antigenicity score >0.5 in the VaxiJen 2.0 server were identified and considered as promising epitopes for serodiagnosis. The peptide sequences with the highest antigenicity score are shown in Table 5 for the 28 proteins analyzed.


TABLE 5 Final list of the B-cell epitopes from the in silico analysis.

[image: Table 5]




Discussion

M. microti is less virulent in humans and livestock than other members of the MTBC (51), and is not considered as a causative agent of TB in animals under the new animal health law (EU 2016/429). However, its spread and the increasing number of reported cases of infection in different hosts (9–11, 13, 76, 77) is a concern for the identification and management of control strategies for TB in animals, especially when the prevalence of animal TB is low. Field data suggest that M. microti may interfere with various ante-mortem diagnostic tests used in animal TB surveillance programs in livestock, camelids and other species [unpublished data from the Belgian NRL; (11)].

In this study, we first performed WGS on three M. microti field strains and compared the genomic diversity within the publicly available M. microti WGS data. Secondly, we compared the complete genomes of different M. microti and M. bovis strains, through characterization of large sequence polymorphisms (RDs, MiDs, and RvD) and pan-genomic analysis to identify potential markers for discriminating between the two mycobacteria in animal TB diagnosis. The analysis focused on proteins that are likely to be suitable for serological diagnostic tests. Serological assays are the primary ante-mortem tests used to detect TB in camelids [due to the poor performance of the IFNɤ and SICCT assays in these hosts; (4)] but, there are currently no assays available to distinguish between M. microti and M. bovis infections. An in silico approach was then used to select the best B-cell epitopes from these proteins for use in serodiagnosis.

The phylogenomic analysis provided insight into the genetic diversity within the M. microti species, including differences between isolates collected from different host species. As previously shown by (39), M. microti strains tended to cluster based on their spoligopattern rather than their host species. However, the bootstrap support for the relationships between clades was very low, indicating low confidence in the relative placement of the clades, possibly due to the limited WGS data available for M. microti. We chose to harmonize the spoligotype detection by determining it in silico using the WGS datasets to reduce bias between samples. In some cases, the spoligotypes that were extracted from the WGS data differed slightly from those previously reported (20, 38), which may be due to the inherent difficulty in determining spoligotypes, both in dry-lab and wet-lab techniques. SNP distances between M. microti strains isolated from Belgian alpaca farms could provide an indication of potential epidemiological links between strains. The mean substitution rate of M. tuberculosis has been estimated to be 0.3–0.5 SNPs per genome per year and SNP thresholds ranging from 5 (stringent, most likely) to 12 SNPs (more putative) have been defined to infer transmission events (78, 79). Several studies carried out on M. bovis isolates suggest that a similar rate might be applicable for animal-adapted mycobacterial species (78, 80–83). Based on these SNP thresholds, M. microti strains VAR696 and MI20-1, MI20-2, isolated from two different Belgian farms and differing by 18 SNPs, were unlikely to be epidemiologically linked. In contrast, the two M. microti strains MI20-1 and MI20-2 isolated from the same farm and showing 8 SNPs differences, could be related to a past transmission event or past epidemiological interactions within the same farm. However, these SNP profiles could also be caused by different past introductions, by the introduction of infected animals (with different genotypes) from different locations, or by different strains circulating on the same farm or in the region.

Genomic variations, such as RD or SNP, are markers used to study the evolution or epidemiological relationship existing between the species of the MTBC or the strains of the same species (82, 84). These variations may also be useful as diagnostic markers. In this study, the genomic differences between the tested M. microti strains were first investigated by comparing the RDs and MiDs. Little variation was observed between the M. microti strains for most of the tested regions. As previously reported, the M. microti strains are all characterized by the deletion of the RD1mic region, which contains several genes encoding the ESX-1 secretion system, including the virulence factors ESAT6 (Rv3875) and CFP10 (Rv3874). The MiD3, MiD4, and RD3 regions were also absent in all tested M. microti strains, including the Belgian M. microti strains (20, 39, 40). However, differences were observed between the different M. microti strains for some RDs/MiD, such as RD5mic, RD6, RD207/MiD1, and MiD2. The RD5 region contains the phospholipase C loci (plcA, plcB, and plcC), and is highly variable between different species of tuberculous mycobacteria but also between strains of the same species as shown by (21) and (39). The RD6 region, containing the IS1532 element, is also described as highly variable among MTBC strains (21). The presence or (partial) deletion of the RD207 region (which includes the MiD1 region) in the M. microti strains results in the loss of spacers in the DR locus and would therefore be associated with the llama and vole spoligotypes observed (20, 85). Since screening for RDs is limited to regions of the H37Rv M. tuberculosis genome, a pan-genomic analysis was performed in order to reveal additional differences. This analysis revealed the absence of several genes which, after more detailed investigation, were identified to be associated with RvD2 and RD152 regions. These two regions were only found (partially) deleted in the Belgian strains and M. microti-45, but were fully present in the reference OV254 and other M. microti strains studied (except for the RD152 region found to be also deleted in the G25824 strain). The RvD2 region is located downstream of the plcD gene (Rv1755c) and encodes three ORFs (Mb1785-Mb1787) predicted to be a hypothetical protein, a putative sulfite oxidase and a putative transmembrane transport protein (86–88). This region is known to be absent in M. tuberculosis H37Rv but is present in other members of the MTBC such as M. bovis. The RD152 region encodes genes Rv1758-Rv1765c (89), including a putative cutinase (cut1) and a member of the PE_PGRS protein family (wag22). Deletions of the RD152 region have previously been identified in M. africanum lineage nine strains (90) and M. tuberculosis Beijing/W strains (91). To our knowledge, these deletions have never been reported in M. microti or other animal-adapted MTBC species. Both regions have been reported as hotspots for IS6110 insertion sequences, which may facilitate recombination events (20, 85, 92). Thus, an IS6110-mediated deletion mechanism could be responsible for the loss of the RvD2 and RD152 regions in these strains. However, strains with these deletions were still capable of causing tuberculosis lesions in alpacas, as observed with Belgian M. microti strains, suggesting that these regions may not be essential for virulence.

Genes showing presence-absence variation were selected as potential protein markers to distinguish M. bovis from M. microti infections. A total of 80 protein-encoding genes were identified that were exclusively present in all M. microti strains tested and absent in all virulent M. bovis strains tested, or vice versa. The gene detection method employed in the pan-genome analysis was, in some cases, based on fragmented genome assemblies. Therefore, genes may have been missed due to assembly fractures, or other inaccuracies in the assembled genomes or gene predictions, highlighting the need for in vitro verification. Nevertheless, these types of analyses are a powerful and rapid screening method that can be used to generate peptide libraries that can be tested in vitro. Many potential biomarkers identified in the present pan-genome analysis have previously been reported as potential antigens to improve the serological diagnosis of human and/or bovine tuberculosis: Rv3872 (PE35), Rv3874 (CFP10), Rv3875 (ESAT6), Rv3876 (EspI) in RD1 (93–96), Rv1573, Rv1577c in RD3 (97), or Rv1508c, Rv1509, Rv1514c, Rv1516c in RD4 (93, 97). In addition, several of the genes with presence-absence variation identified in this study encode proteins belonging to the PE, PPE, and Polymorphic GC-Rich Sequence (PE_PGRS) families, including PE_PGRS21, PPE55, and PE_PGRS50. The proteins of these families, which constitute ~10% of the M. bovis genome (22), have been described as virulence factors involved in the pathogenesis of tuberculosis, but also as having a potential role in the antigenic variability within the MTBC (98, 99). In addition, several proteins of the PE/PPE/PE_PGRS family have been reported to be immunogenic and may be useful in the diagnosis of human and/or animal tuberculosis (98, 100). It is noteworthy that the antigens ESAT6 and CFP10, which are used in various assays for diagnosis of TB in animals (e.g., the IFNɤ assay and the Enferplex Camelid TB test), are absent in the M. microti strains but present in the M. bovis strains (7, 101, 102). Consequently, the absence of an antibody response to these antigens does not confirm the absence of M. microti infection, highlighting the importance of M. microti-specific antigens.

The main problem in establishing immunodiagnostic systems is the identification of immunogenic proteins specific to the target species. Several additional in silico analyses were performed to obtain a set of optimal potential immunogen proteins, including an evaluation of sequence homology, antigenic probability and accessibility by antibodies. Proteins with high sequence similarity/identity to environmental mycobacteria, such as members of the MAC commonly isolated from cattle, may cross-react in serological tests, and were therefore excluded (61, 63). After this additional filtering, a total of 28 candidate proteins were retained. However, it is possible that effective antigens were removed by this filtering. For example, proteins such as Rv3871 (103), Rv1509, Rv2658c (97), and Rv1586c (104) were not predicted to be secreted/located on the cell surface and/or antigenic in this work, whereas they have been reported to induce an antibody response in TB patients. As our aim was to maximize the detection of M. bovis vs. M. microti infection cases, only “universal” protein antigens present in all M. microti strains under study but absent in all virulent M. bovis strains (and vice-versa) were considered. Although genes that were absent/present in the Belgian M. microti strains (and some other strains) were not considered as potential antigens in this work, further investigation of these proteins may be valuable.

The production of recombinant proteins to obtain mycobacterial antigens is a challenging task associated with high costs and antigen variability related to expression systems and purification steps for recombinant proteins. The use of synthetic peptides can provide uniformity in antigen preparations and thus in assays (105). Therefore, the identification of peptides containing immunodominant B-cell epitopes may be essential for the development of diagnostic strategies aimed at antibody detection. An additional advantage is the reduced cost associated with the number of peptides for which antibody reactivity must be evaluated experimentally. Many studies have focused primarily on linear B-cell epitopes, whereas an important fraction of the B-cell epitopes are conformational (106). Until recently, the prediction of conformational B-cell epitopes required the protein structure to be deposited in the PDB database or the use of homology modeling tools (106, 107). However, the recently released neural network-based AlphaFold is a powerful alternative that enables highly accurate protein structure prediction (74). In this work, peptides based on both linear and conformational B-cell epitopes were sought using various in silico tools available online to predict B-cell epitopes based on amino acid sequences and/or protein structural data (74, 108). Therefore, a total of 157 peptides containing predicted B-cell epitopes were identified from the 28 previously selected proteins using the in silico approach. Interestingly, some peptides, which were derived from the full sequence of the candidate proteins, such as the peptide EISTNIRQAGVQYSRADEEQ for RV3874 (109) or the peptide AGMKLGWHPYHFPDEPDSKQ for Rv2653c (110), were previously reported to induce a moderate to strong CMI response in tuberculous animals or patients, suggesting that these peptides could potentially activate both humoral and cellular immunity and have a potential in various diagnostic applications. However, no information was found in the scientific literature on the recognition of these specific peptides by antibodies in a serological assay.

In silico assays can guide the experimental testing to screen for putative antigens more efficiently. In this paper, an in silico approach was used to identify putative antigenic peptides containing B-cell epitopes that discriminate between M. bovis and M. microti infections in animal TB serodiagnosis. In vitro analyses are nevertheless required to identify immunologically relevant peptides among the ones selected in silico. The immunoreactivity of the peptides should be evaluated by immunoassay (e.g., ELISA) with a sufficient number of reference sera, i.e. sera from presumed uninfected animals with a known status and sera from animals with M. bovis or M. microti infection confirmed by bacterial culture and molecular methods. The peptides with the highest sensitivity and specificity values will be further assessed for their serodiagnostic ability in a larger panel of sera. Previous data reported that the antibody response to antigens can be boosted in cattle, alpacas, goats following the intradermal tuberculin test, which can impact the performance of serological tests, in particular sensitivity (4, 14, 109). This should be considered in the future studies. Furthermore, although the use of carefully selected synthetic peptides decrease the inclusion of cross-reactive region of the protein antigens, it might be necessary to confirm the absence of aspecific response in the test using sera from NTM-infected animals. As combinations of mycobacterial antigens (peptides or recombinant proteins) are indicated to improve serodiagnosis of tuberculosis in humans and animals (16, 105, 111), the diagnostic performance of peptides confirmed as immunogenic in preliminary assays could be further evaluated in multiplexed serological assays or by polypeptide antigens.

Using WGS, we were able to extract potential biomarkers across the entire genome. In addition, whole-genome SNP-based analysis allowed us to characterize relationships between strains. As the number of M. microti WGS datasets increases, to which our study contributes, the effectiveness of these WGS-based analyses may increase further. In conclusion, the results presented in this study may contribute to the development of serological tests that can differentiate between M. bovis and M. microti in the future, thus avoiding misdiagnosis in the control TB in animals.
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SUPPLEMENTARY FIGURE 1 | Presence of RDs and MiDs regions in the M. microti datasets. This figure shows the percentage of the corresponding RDs and MiDs regions that were covered by the read mapping-based approach for each dataset.

SUPPLEMENTARY FIGURE 2 | Results of the pan-genome analysis, showing the number of genes detected exclusively in all M. microti and all virulent M. bovis strains. Note that all 22 M. microti strains and the two virulent M. bovis strains (AF2122/97 and MB3601) were considered. The horizontal bars indicate the total number of genes detected in the corresponding species by the pan-genome analysis. The vertical lines indicate the size of the overlap as indicated by the dots in membership matrix.
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This table lists the regions of difference (RDs) and M. microti-specific deletion regions (MiDs). Note that some regions may be (partially) overlapping, bp, base pair. The last three columns
indicate whether the corresponding region was present (+), absent (-), or variable (+/-) in the respective strains.

*The loci column refers to loci from the M. tuberculosis H37Rv genome annotation.

®The position column refers to the position within the M. tuberculosis H37Rv genome.
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BQ2027_RS17270 Transposase Deleted
B. Prote e oding genes deleted a e bo a

ene/lo ag Prote ame aracte
RvI508A NAD(P)-binding domain-containing protein Deleted
Rv3162¢ (JN986_RS16415) Integral membrane protein Deleted
JN986_RS12585 Hypothetical protein Deleted

Gene/Locus_tag

C. Protein-encoding genes deleted in Belgian M. microti strains'

d

Protein_Name

Characteristics

Rv0833 PE-PGRS family protein PE_PGRS13 Deleted
BQ2027_RS18035 PE family protein Partially deleted
BQ2027_RS18040 PE family protein Deleted
BQ2027_RS06585 F420H(2)-dependent quinone reductase Interrupted CDS
BQ2027_RS16095 NAD(P)H nitroreductase Deleted
BQ2027_RS16100 Hypothetical protein Deleted
BQ2027_RS16105 Transposase Deleted
BQ2027_RS03930 PE-PGRS family protein PE_PGRS9 Deleted
BQ2027_RS19970 Alanine and proline rich membrane-anchored mycosin mycP2 Deleted
JN986_RS07610 PE family protein Deleted

BQ2027_RS09100

Glycosyltransferase (ORE2)

Deleted; associated to RvD2

BQ2027_RS09105

Sulfite oxidase (ORF3)

Deleted; associated to RvD2

BQ2027_RS09110

RND family transporter (ORF4)

Deleted; associated to RvD2

BQ2027_RS09115

Cutinase Cutl

Deleted; associated to RD152

BQ2027_RS09120 PE family protein Wag22a Deleted; associated to RD152
BQ2027_RS09125 PE family protein Wag22b Deleted; associated to RD152
BQ2027_RS09130 DUF5073 family protein Deleted; associated to RD152

BQ2027_RS09135

Heavy metal-binding domain-containing protein

Deleted; associated to RD152

BQ2027_RS09140 Hypothetical protein Deleted; associated to RD152
D. Prote encoding genes deleted o oti O 4

ene/l.o ag Prote ame aracte
BQ2027_RS03980 PPE family protein Interrupted CDS
BQ2027_RS16400 DUF2384 domain-containing protein Deleted
BQ2027_RS16405 RES family NAD+ phosphorylase Deleted
BQ2027_RS04800 Acetyl-CoA acetyltransferase Interrupted CDS
BQ2027_RS07120 Hypothetical protein Deleted

*Locus_tags noted “Rv” “BQ2027,” “JN986,” and “FCU26” were associated to, respectively, M. tuberculosis H37Rv, M. bovis AF2122/97, M. microti OV254, and M. bovis BCG Danish

1311 genomes.

P Deleted in all M. microti (1=22) strains studied but present in M. bovis AF2122/97 and MB3601 strains.
“Deleted in M. bovis AF2122/97 and MB3601 strains but present in all M. microti (n=22) strains studied.
4Deleted in Belgian M. microti MI20-1, MI20-2, and VAR696 strains and other strains studied, except M. microti OV254 and M. bovis strains.
¢Deleted in M. microti OV254 strain but present in the other M. microti and M. bovis strains.
bp, base pair; CDS, coding DNA sequence. Note that the locus tag corresponds to the closest matching sequence from the reference gene database and does not necessarily correspond to a gene
with the same sequence and/or function.
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M. microti strain Host Cou SRA accession(s) Qualit References
OV254 Vole UK ERR027294 OK (38,39)
ATCC 35782 Vole n/a ERR027295 OK (20,39)
ATCC 19422 Vole UK SRR3647357 OK (38)
Maus III (6740/00 or B3) | Human n/a ERR4618952 OK (20,39)
Maus IV (1479/99 or B4) | Human n/a ERR027297 OK (20,39)
94-2272 Human NL ERR027298 OK (39, 40)
8753/00 Human DE ERRS551111 -
ERR551112 b (41) Miru-vntrplus.org
ERRS551113 OK
416-01 Human DE ERRS553376 OK (41)
ERR553377 <
G25821 Wild Boar T ERR2659163 OK (42,43)
G25822 Wild Boar IT ERR2659164 OK (42,43)
G25823 Wild Boar T ERR2659165 < (42,43)
ERR2659166 OK
G25824 Wild Boar IT ERR2659167 OK (42,43)
G25825 Wild Boar IT ERR2659168 OK (42,43)
G25826 Wild Boar T ERR2659169 OK (42,43)
G25827 Wild Boar IT ERR2659170 OK (42,43)
G25828 Wild Boar IT ERR2659171 OK (42,43)
M. microti—36 Domestic cat UK ERR4627394 OK APHA
M. microti—45 Pig UK ERR4627395 OK APHA
M. microti—68 Domestic cat UK ERR4627396 OK APHA
MI20-1 Alpaca BE SRR25473321 OK This study
MI20-2 Alpaca BE SRR25473320 OK This study
VARG696 Alpaca BE SRR25473322 OK This study

*ERR027293, ERR027296, ERR3261389, and SRR2667442 not covered M. microti genomes.

Not used, replicate of ERR551113.
“Not used, replicate of ERR553376.
INot used, replicate of ERR2659166.

n/a, not available; UK, United Kingdom; NL, The Netherlands; DE, Germany; IT, Italy; BE, Belgium; APHA, Animal and Plant Health Agency.
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Rv2645 Uncharacterized protein Rv2645 143 - +
Rv2647 Resolvase/invertase-type recombinase catalytic domain-containing protein 122 - +
Rv2650c Possible PhiRv2 prophage protein 479 - +
Rv2653c Toxin Rv2653c 107 - +
Rv2656¢ Uncharacterized protein Rv2656¢ 130 o +
Rv3120 Methyltransf_25 domain-containing protein 200 - +
Rv3738¢c Uncharacterized PPE family protein PPE66 315 = +
Rv3864 ESX-1 secretion-associated protein EspE 402 s -
Rv3865 ESX-1 secretion-associated protein EspF 103 + -
Rv3866 ESX-1 secretion-associated protein EspG1 283 <k =
Rv3867 ESX-1 secretion-associated protein EspH 183 + 8
Rv3869 ESX-1 secretion system ATPase EccB1 480 + N
Rv3872 PE family immunomodulator PE35 99 + -
Rv3873 PPE family immunomodulator PPEG8 368 + B
Rv3874 ESAT-6-like protein EsxB (CFP10) 100 + =
Rv3875 6 kDa early secretory antigenic target (ESAT-6) 95 + -
Rv3876 ESX-1 secretion-associated protein Espl 666 + E
Rv1573 Probable PhiRv1 phage protein 136 + E
Rv1574 Probable PhiRv1 phage related protein 103 + -
Rv1575 Probable PhiRv1 phage protein 166 + -
Rv1578¢ Probable PhiRv1 phage protein 156 + -
Rv1579¢ Probable PhiRv1 phage protein 104 + B
Rv1580c Probable PhiRv1 phage protein 90 + =
Rv1581c Probable PhiRv1 phage protein 131 + #
Rv3345¢ PE-PGRS family protein PE_PGRS50 1,538 + =
Rv3347¢ PPE family protein PPE55 3,157 + -
BQ2027_RS20600 | Hypothetical protein 139 + -
FCU26_1135 PE-PGRS family protein PE_PGRS21 809 + -

Proteins, predicted as extracellular, antigenic and as having a low sequence similarity with environmental mycobacteria, were selected.
“Locus_tags noted “Rv;” “BQ2027,” and “FCU26” were associated to, respectively, M. tuberculosis H37Rv, M. bovis AF2122/97, and M. bovis Danish 1311 genomes. +, present; - absent in two
virulent M. bovis or in all M. microti (n = 22) strains studied.
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Rv2645 6 13 3 LFCAHADTNGDPGRCACGQQLADVG 25 9-33 1.0323

Rv2647 4 5 3 QRQREGGDHGRQARYSGLGSMEPKP 25 49-73 1.5047

Rv2650c 27 21 12 GTADYTVTGAGTEAVVAADV 20 324-343 1.4269

Rv2653¢ 5 10 4 AGMKLGWHPYHFPDEPDSKQ 20 88-107 1.0662

Rv2656¢ 6 6 3 MTAVGGSPPTRRCPATE 17 1-17 1.0279

Rv3120 9 15 5 VQLELEATRRELADR 15 83-97 0.9598

Rv3738¢ 17 14 6 AIEVGLKTADVAPVAVRPAAAPP 23 207-229 0.8783

Rv3864 21 27 5 QAQQGGQQHATLVSDK 16 356-371 1.2968

Rv3865 5 5 2 KADDGLAGVI 10 89-98 1.0464

Rv3866 16 15 6 RHPGGTTTQTD 11 207-217 1.7303

Rv3867 9 12 4 SPLDALDDYAPVQTDDAEGD 20 28-47 0975

Rv3869 21 28 7 LQSPDPRYTES 11 397-407 1.5677

Rv3872 6 5 2 KMSHDPIAAD 10 3-12 0.9431

Rv3873 18 21 9 TGGAAPVGAGAMGQGAQSGGSTR 23 319-341 1.8743

Rv3874 4 9 3 EISTNIRQAGVQYSRADEEQ 20 71-90 1.0216

Rv3875 6 10 3 AAAWGGSGSEAYQGVQQ 17 40-56 0.9832

Rv3876 36 38 12 GPSIQARLRAEEASGA 16 246-261 1.6683

Rv1573 8 8 5 ADAAGGDECGPAI 13 76-88 1.9176

Rv1574 4 8 4 MGYKPESERH 10 1-10 1.3071

Rv1575 8 11 4 EPKPSQRHTDKEV 13 2-14 1.2911

Rv1578 10 10 3 GDDGDGLNPFAPD 13 143-155 1.1461

Rv1579 7 16 2 ARPIEQDDDQGAGSPS 16 89-104 13097

Rv1580 5 9 4 PYIILPNLQTGEPVMGVA 18 36-53 1.1495

Rv1581 7 10 1 VAITPASGGRHSVRF 15 4-18 1.2328

Rv3345¢ 49 49 11 GAAGGNGGAGAGGGSLSTGQSGGPR 25 1,430-1,454 2.6549

Rv3347¢ 87 25 12 SSSGFKVRPSFSFFAV 16 2,928-2,943 1.6803

BQ2027_RS20600 5 8 3 GGGGGGGGADTNRSD 15 73-87 4.1956

FCU26_1135/PE_PGRS21 34 41 19 GTGGLGNRGGAGG 13 292-305 2.8749

Total 440 449 157 = N = N

*Locus_tags noted “Rv” “BQ2027,” and “FCU26” were associated to, respectively, M. tuberculosis H37Rv, M. bovis AF2122/97, and M. bovis BCG Danish 1311 genomes.

The Vaxijen2.0 threshold was set to 0.5.

Only B-cell epitopes with the highest Vaxijen2.0 score are shown.
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