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A B S T R A C T   

Mycobacterium bovis, which belongs to the Mycobacterium tuberculosis complex, is a highly clonal pathogen. 
However, several lineages of M. bovis have been described worldwide and nine different clusters were identified 
in France. Targeted amplicon sequencing using next-generation sequencing technology of eighty-eight phylo
genetically informative single nucleotide polymorphisms (SNPs) were used to infer the phylogenetic relationship 
of 630 strains of the National Reference Laboratory isolated between 1979 and 2018 from various animal species. 
This study allowed classifying 618 different genotypic profiles (combination of a spoligotype and 8 loci-MIRU- 
VNTR profiles) into the nine previously identified clusters. A global analysis of the entire collection of the Na
tional Reference Laboratory has made it possible to represent the evolution of clonal complexes and clusters in 
time and space for better assessing epidemiological changes of bovine tuberculosis in France.   

1. Introduction 

Mycobacterium bovis (M. bovis), a member of the Mycobacterium 
tuberculosis complex (MTBC), is the main causative agent of animal 
tuberculosis (TB, formerly referred to as bovine tuberculosis (bTB)) 
(Brosch et al., 2002). M. caprae and more recently M. orygis has been 
described as responsible for the disease both in animals and human 
beings and M. tuberculosis as causative agent of reverse zoonosis to an
imals (Kock et al., 2021; Prodinger et al., 2014). The World Health Or
ganization (WHO), the World Organization for Animal Health (WOAH), 
the Food and Agriculture Organization of the United Nations (FAO) and 
the International Union Against Tuberculosis and Lung disease (The 
Union) have indeed recommended a One Health strategy to promote a 
common human and veterinary approach against zoonotic tuberculosis. 
Studying the genetic diversity of M. bovis at the human-animal 
ecosystem interface could help to address the problem of TB (Appeg
ren et al., 2023). In France, organized control campaigns against bovine 
tuberculosis have been implemented since 1954 (Boschiroli and Bénet, 
2014). Systematic screening of TB by skin testing and slaughter of pos
itive reactors led to a rapid decrease of the prevalence (Boschiroli and 

Bénet, 2014). France has been recognized officially bovine TB free since 
2001 with a herd prevalence below 0.1%, albeit the number of out
breaks have been rising steadily since the last ten years. These outbreaks 
concentrate mainly in endemic areas in Nouvelle-Aquitaine (south 
western France) (Delavenne et al., 2021) where M. bovis not only affects 
cattle but several wildlife species. Indeed, increasing concern regarding 
TB in wildlife led to the implementation of a surveillance program in 
wildlife in 2011 (Reveillaud et al., 2018) that disclosed the presence of 
M. bovis infection in several wildlife species in the most affected TB areas 
and thus the existence of complex TB multi-host transmission systems. 
Badgers (Meles meles) and wild boar (Sus scrofa) are the main species 
implicated in TB transmission in France (Canini et al., 2022), but other 
wildlife species have also been found to be infected: red deer (Cervus 
elaphus) (Zanella et al., 2008), roe deer (Capreolus capreolus) (Lambert 
et al., 2017) and fox (Vulpes vulpes) (Michelet et al., 2018). 

MTBC members are highly homogeneous and clonal organisms that 
can be differentiated by large sequence polymorphisms (LSPs), genomic 
insertions or deletions, which are also known as regions of difference 
(RDs) (Brites et al., 2018; Brosch et al., 2002). Ten years ago, four clonal 
complexes were described for M. bovis based on RDs, single nucleotide 
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polymorphisms (SNPs) or particular spoligotype signatures. The Euro
pean 1 (Eu1) clonal complex, characterized by the deletion of the 
chromosomal region RDEu1 and the absence of spacer 11, is the major 
group in the UK and its former trading partners (USA, South Africa, New 
Zealand, Australia and Canada) (Smith et al., 2011). The European 2 
(Eu2) clonal complex, described by the absence of spacer 21 in their 
spoligotype patterns and by a SNP in guaA that is specific to these strains 
(Rodriguez-Campos et al., 2012), is dominant in the Iberian Peninsula. 
The African 1 (Af1) clonal complex, defined by a specific chromosomal 
deletion (RDAf1) and the absence of spacer 30, is found in west-central 
African countries, such as Mali, Cameroon, Nigeria, and Chad (Muller 
et al., 2009). The African 2 (Af2) clonal complex is localized in East 
Africa and is described by a specific chromosomal deletion (RDAf2) and 
the absence of spacers 3 to 7 (Berg et al., 2011) in their spoligotypes. 
Recently, a new nomenclature based on whole genome sequencing 
(WGS) data has been proposed for livestock-associated MTBC members 
(Zwyer et al., 2021). M. bovis has been subdivided into 8 lineages (La1.1 
to La1.8). 

Based on spoligotype and MIRU-VNTR analysis, in France we showed 
four predominant types of strains over a collection of 2332 M. bovis 
strains (Hauer et al., 2015). The first one is composed by SB0120 or BCG- 
like strains, now described as European 3 (Eu 3) clonal complex 
(Branger et al., 2020). Other representative clusters identified in France 
are the Eu2 clonal complex (SB0121 strains), SB0134 strains and the F4- 
family. To further study the genetic diversity of M. bovis in France, we 
performed a WGS analysis of 87 strains that allowed us to describe 9 
clusters (Hauer et al., 2019). Six of these clusters have been described 
previously: cluster A or F4-family, cluster C or SB0134 strains, cluster D 
or Eu1 clonal complex, cluster F or Eu2 clonal complex, cluster G or F9 
family and cluster I or Eu3 clonal complex (Hauer et al., 2015; Rodri
guez-Campos et al., 2012; Smith et al., 2011). Clusters B, E and H, which 
are composed of few strains in this study are not defined by any other 
characteristics on their spoligotype pattern or MIRU-VNTR markers. 

The National Reference Laboratory (NRL) for animal tuberculosis 
possesses a large collection of M. bovis strains isolated from cattle and 
various wildlife species. To date, this collection is composed of 7438 
M. bovis strains isolated between 1979 and 2021. Almost 94% (6964 
strains) of this collection has been characterized by spoligotyping and/ 
or MIRU-VNTR. Its genetic diversity is represented by 721 different 
genotypic profiles, which is defined by the combination of a spoligotype 
profile and a 8 loci MIRU-VNTR profile (6 loci proposed by the Venomyc 
European consortium plus ETRC and QUB 26 loci) (Hauer et al., 2016). 
WGS has been shown to be a powerful and informative tool for SNP 
discovery disclosing genetic variations useful for phylogenetic classifi
cation (Hauer et al., 2019; Zimpel et al., 2019; Zwyer et al., 2021). 
Although performing WGS on bacterial strains is becoming progres
sively cost effective, a certain level of expertise in bioinformatics is it 
still required for analyzing the acquired data. Targeted amplicon 
sequencing of SNPs using next generation sequencing (tNGS) is less 
expensive and provides a powerful approach for the rapid phylogenetic 
classification and characterization of large collections (Ison et al., 2016), 
and is achievable without special bioinformatics skills. We performed 
such a study based on clade-specific SNPs in order to differentiate 
M. bovis clades, to classify the wide variety of genotype profiles and to 
analyze the evolution of clusters in time and space for better assessing 
epidemiological changes of TB in France. 

2. Material and methods 

2.1. Targeted single-nucleotide polymorphisms 

Oligonucleotides were designed to target 88 SNPs. This panel of SNP 
has been selected based on the phylogenetic analysis of 87 strains rep
resenting the French genetic diversity (Hauer et al., 2019). SNP have 
been chosen on specific branches to classify strains into the different 
clusters and subclusters (Fig. S1). This classification is based on our 

previous works ((Hauer et al., 2015; Hauer et al., 2019); main clusters 
correspond to the previously described F4-family (cluster A), SB0134- 
group (cluster C), Eu1 clonal complex (cluster D), Eu2 clonal complex 
(cluster F) and SB0120-group (cluster I/ Eu3 clonal complex) or 
phylogenetically relevant groups. Sub-clusters correspond to well- 
defined groups of strains on the phylogenetic tree. A list of SNPs spe
cific to the selected clusters was compiled using an in-house pipeline to 
identify those present only in all strains belonging to it. If several SNPs 
were available, we selected those in genomic regions favorable for 
primer design. SNPs with reference alleles are provided in Table S1. 
Mycobacterium bovis AF2122/97 (Genbank accession LT708304.1) was 
used as the reference strain. 

2.2. Target-specific primer characteristics 

The Access Array System for Illumina Sequencing Systems User 
Guide (Fluidigm, PN144 100–3770 H1) was used with described mod
ifications to perform the 2-primer target-specific PCR amplification on 
the 48.48 Access Array Integrated Fluidic Circuit (IFC). tNGS with the 
Fluidigm Access Array amplifies a short genomic region, 100–150 base 
pairs (bp) in length with a final product of 150–200 bp. Oligonucleotides 
were designed to target the absolute genome position of the previously 
identified 88 SNPs with the targeted SNP to be placed in the center of the 
final amplified product (Table S2). Oligonucleotides were designed with 
a melting temperature of 59–62 ◦C, optimum temperature 60 ◦C. Com
mon sequence 1 (CS1; 5’-ACACTGACGACATGGTTCTACA-3′) and com
mon sequence 2 (CS2; 5’-TACGGTAGCAGAGACTTGGTCT-3′) universal 
primer sequences, required for the Illumina MiSeq amplicon tagging and 
indexing, were added to the 5′- end of all target-specific forward (TSF) 
and reverse (TSR) primers, respectively. The “Access Array generate 
tagged primers workbook” (Fluidigm, PN 100–3873) was used to add 
universal sequence tags to the target-specific primers (Table S3). 
Primers were purchased from Eurofins Genomics (Ebersberg, Germany). 

2.3. Primer validation 

Target-specific primer validation was performed in a 96-well Peq
STAR Thermocycler. Two M. bovis strains thermolysates and water were 
used as positive and negative controls for primer validation, respec
tively. The validation master mix solution with final concentrations 
contained: 1× FastStart High Fidelity Reaction Buffer without MgCl2 
(Roche, Meylan, France), 4.5 mM MgCl2 (Roche), 5% DMSO (Roche), 
200 μM each PCR grade Nucleotide Mix (Roche), 1× Access Array 
loading reagent (Fluidigm, San Francisco, USA), tagged TSF and TSR 
primers (200 nM each), 1 μl of DNA (lysates), 0.05 U/μl FastStart High 
Fidelity Enzyme Blend (Roche), molecular grade water to 20 μl final 
volume. The Thermocycler program run with 35 cycles was performed 
as recommended in the Fluidigm targeted sequencing primer validation 
protocol (PN 100–3770 H1) and provided in Table S4. PCR products 
were checked for each PCR reaction on 2% agarose gel to ensure that 
only one PCR product of the correct size was generated for each target. 

Multiplexing primer pairs allowed 88-targeted SNPs to be run on a 
single 48.48 Access Array IFC for a total of 4224 amplicons generated on 
each 48.48 Access Array IFC. Primer pairs selected for duplex or triplex 
were first compared on the ThermoFisher Scientific Multiple Primer 
Analyzer (https://www.lifetechnologies.com). Seventeen primer pairs 
were used in simplex, 44 primer pairs were used in duplex and 27 primer 
pairs were used in triplex (Table S2). Duplex and triplex were validated 
with a SYBR real-time PCR. The validation master mix solution with 
final concentrations contained: 1× Power SYBR Green Master Mix 
(Applied Biosystems), primers (200 nM each), 1 μl of DNA (lysates), 
molecular grade water to 12 μl final volume. 

2.4. Bacterial strains 

All the strains included in this study were issued from the French 
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animal Tuberculosis reference laboratory collection. 630 strains isolated 
between 1979 and 2018 from various animal species representing 618 
different genotypic profiles (spoligotype and MIRU-VNTR) were 
selected (Table S5). This panel of strains represent 85% of the profile 
diversity of the whole collection. Strains belonging to the 87 strains of 
our previous work have been included as control. For the study, Mid
dlebrook 7H9 liquid culture media of these strains heated 1 h at 80 ◦C, 
washed with 1 ml NaCl solution and resuspended in 100 μl Tris-EDTA 
were employed. 

2.5. 48.48 Access array IFC workflow 

The 2-Primer Target-Specific PCR Amplification was performed ac
cording to manufacturer's recommendations (Fluidigm, PN100–1031, 
Appendix C). The Fluidigm 48.48 Access Array workflow for Illumina 
sequencing was performed as previously described (Ison et al., 2016). 
Briefly, a first PCR reaction combining 48 primers assays (as previously 
described) and 48 samples into 2304 separate microreaction chambers 
was performed on the 48.48 Access Array IFC. In this step, all the 
amplicons generated for each sample were collected in the corre
sponding sample inlet. The tagged target-specific PCR amplicons were 
then transferred from the Access Array IFC to a 96-well PCR plate; 
resulting in sample-specific pooled amplicons. Sixteen 48.48 Access 
Array IFC were used in this study. 

In the second PCR reaction, performed on a conventional thermo
cycler, Illumina sequence-specific adaptors with individual sample 
barcodes on the reverse primer were attached to the amplicons produced 
in the first PCR reaction (Fluidigm, PN 100–3873). The Fluidigm Access 
Array Barcode Library for Illumina Sequencers- 384 (Single Direction) 
(Fluidigm, kit PN 100-4876) barcode numbers 1–384 were used for 
amplicon tagging in two successive experiments. The Illumina employed 
specific primer sequences were as follows: forward (PE1_CS1) 5′- AAT
GATACGGCGACCACCGAGATCTACACTGACGACATGGTTCTACA-3′ 
and reverse (PE2_Barcode_CS2) 5′-CAAGCAGAAGACGGCATACGAGAT- 
(BARCODE)- TACGGTAGCAGAGACTTGGTCT-3′. Each DNA sample was 
assigned a unique barcode sequence, which is used for de-multiplexing 
samples downstream. 

The PCR products generated were controlled on agarose gel. At two 
different times, 384 PCR products were then pooled to create a single 
product library. The quality of the pooled library was checked on a 
LabChip GX (PerkinElmer Inc.) and the library concentration was 
determined on the QuantiFluor System (Promega). 

2.6. Amplicon sequencing using the Illumina MiSeq 

Custom Access Array primers (FL1 and FL2) were incorporated to 
read the amplicons generated from the Access Array IFC. FL1 and FL2 
primer mixes were prepared according to the Access Array System for 
Illumina Sequencing Systems User guide. The FL1 primer mix was pre
pared by combining CS1 oligonucleotide (5′-A + CA + CTG + ACGA
CATGGTTCTACA-3′) and CS2 oligonucleotide (5′-T + AC + GGT +
AGCAGAGACTTGGTCT-3′). The FL2 primer mix combines the CS1rc 
oligonucleotide (5′-T + GT + AG + AACCATGTCGTCAGTGT-3′) and 
CS2rc oligonucleotide (5′-A + GAC + CA + AGTCTCTGCTACCGTA-3′); 
locked nucleic acid (LNA) nucleotides are preceded by a “+”; oligonu
cleotides were synthesized by TIB MOLBIOL (Berlin, Germany). 

Denaturation and dilution of the Access Array pooled library was 
performed according to the Illumina Preparing Libraries for Sequencing 
on the MiSeq protocol (#150369740 Rev. D). The library was first 
diluted to 2 nM and 4 nM, for the first and the second experiment 
respectively based on the Quantifluor concentration and the average 
length (bp) of the libraries. The denatured DNA for 2 or 4 nM library 
procedure was performed and diluted to a final concentration of 8 pM or 
12 pM for the first and the second experiment respectively. 

The denatured and diluted sample library was sequenced on an 
Illumina MiSeq instrument as a 2 × 150 bases paired-end run (MiSeq 

Flow Cell, v2 reagents) according to the Illumina MiSeq System User 
Guide (#15027617). 

2.7. Bioinformatics analysis 

Sequencing reads were de-multiplexed according to the sample 
specific barcodes on the Illumina MiSeq. A reference sequence was 
created by concatenating the sequences of the 88 amplicons from the 
reference AF2122/97 M. bovis NCBI NC_002945.4 (Genbank accession 
LT708304.1) and sequence reads for each M. bovis strain were mapped 
to this reference sequence using the Bionumerics software version 7.6 
(Applied Math, Belgium). The wgSNP module in Bionumerics was used 
to identify and output SNP variants present. A maximum parsimony tree 
was created by concatenating the 88 SNPs to identify the relationship of 
630 M. bovis strains. 

3. Results 

3.1. Classification of M. bovis strains according to phylogenetically 
informative SNPs 

The entire panel studied could be classified despite some missing 
data. Indeed, only twenty-eight of the targeted loci failed to be amplified 
in 27 strains (one or two loci per strain), representing 0.05% of missing 
data. Among the 630 strains, 131 have been identified as belonging to 
Cluster A, 13 to Cluster B, 94 to Cluster C, 24 to Eu1 clonal complex, 27 
to Cluster E, 115 to Eu2 clonal complex, 30 to Cluster G, 9 to Cluster H 
and 170 to Eu3 clonal complex (Fig. 1 and Table S5). Seventeen strains 
have not been assigned to a cluster. Indeed, 8 strains are identified at the 
root of the E + F clusters, 6 strains at the root of the G + H + I clusters 
and 1 strain identified at the root of the A + B + C + D + E + F clusters. 
Two strains carry a particular SNP profile that do not allow them to be 
included in one of the defined groups. These two strains were found to 
be respectively a M. caprae strain (spoligotype SB0416) and a M. bovis 
strain isolated from a monkey (spoligotype SB0912) belonging to the 
Af2 clonal complex. 

Specifically, the strains classified in Cluster A (n = 131) have 33 
spoligotypes and 91 VNTR profiles, for a total of 114 genotypes. All 
spoligotypes are characterized by the absence of spacer 33. The majority 
of VNTR profiles (except 4) have a truncated repeat at the QUB26 locus. 
A strain isolated in 1999 shares only SNP Bov4 with the other strains in 
the cluster and has a spoligotype profile with spacer 33 present. 54 
strains belong to the A1 subcluster, representing 45 genotypic profiles. 
All these strains share a common feature in their spoligotype profile with 
the absence of spacers 5 and 6. Only 13 strains belong to cluster B with 
12 genotypic profiles. These strains appear to be separated into two 
groups, one of which is characterized by the absence of spacers 4 to 6 
and a particular VNTR profile: alleles 7 or 9 in ETR A, 5 in ETR C and 1 in 
ETR D (Table S5). Cluster C is subdivided into two sub-clusters C1 (n =
36) and C2 (n = 58). However, all the strains belonging to this cluster 
share the same characteristic on the 25 identified spoligotype profiles, i. 
e. the absence of spacer 4 and 5. Subcluster C1 and C2 represent 
respectively 33 and 46 genotypic profiles. The Eu1 clonal complex 
(cluster D) is represented by 24 strains representing 24 genotypic pro
files. Within this cluster, subcluster D1 has been highlighted and char
acterized by the absence of spacers 6 and 8 to 12 on the spoligotype 
profile. Cluster E is represented by 27 strains representing 25 genotypic 
profiles. This cluster does not present any specific characteristic. A third 
of the strains of this cluster present the SB0120 spoligotype. Strains of 
the Eu2 clonal complex or cluster F (n = 115) represent 102 genotypes. 
As expected, all spoligotypes were characterized by the absence of 
spacer 21. Three different subcluters have been identified F1, F2 and F3, 
which represent respectively 18, 29 and 19 genotypic profiles. Cluster G 
is represented by 30 strains with 26 genotypic profiles. These strains are 
characterized by the absence of spoligotype spacers 1 to 17 and 23–24. 
Nine strains with 9 genotypic profiles belong to Cluster H. This cluster 
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does not present any specific characteristic. The Eu3 clonal complex (or 
cluster I) is the most representative cluster with 170 strains representing 
159 genotypic profiles. This cluster has been subdivided according to the 
phylogenetic tree with a subcluster, named cluster I1, which excludes 
vaccine strains and other phylogenetically close strains. In our panel, 12 
strains have been assigned to cluster I and represent 10 genotypic pro
files. The 158 other strains belong to cluster I1, in which 3 sub-clusters 
have been identified (I1a, I1b and I1c), grouping respectively 6, 23 and 
10 genotypic profiles. 

The targeted SNP sequence data combined with the WGS of the 87 
strains was able to classify 618 genotypic profiles into the 9 clusters. 
These profiles represent 85% of those in the strain collection. Profiles 
showing only minor variations (one repeat on one allele) were consid
ered to belong to the same cluster as the one characterized by tNGS. This 
information allowed us to assign each of the 6843 strains in the NRL 
collection (for which a genotypic profile had previously been deter
mined) into a specific cluster. 

3.2. Temporal evolution of M. bovis cluster diversity 

The above results permitted us to follow the evolution of the number 
of strains in each cluster from 1979 to 2021 (Fig. 2). Clusters B and G can 
be considered absent in the country, given that they have not been 
detected since the last 10 years. These clusters are respectively 
composed of 39 and 125 strains of the collection and have not been 
observed since 2014 and 2012 respectively. The Eu1 clonal complex and 
the cluster H are observed sporadically throughout the period. They 
comprise 93 and 31 strains in the collection respectively. Clusters C, E 

and Eu2 clonal complex are recurrently observed and include respec
tively 1105, 214 and 694 strains. Cluster E was not observed between 
2003 and 2010, but did not really disappeared since it has been 
responsible for several outbreaks in the last 13 years. Finally, the two 
major clusters in France are cluster A and the Eu3 clonal complex with 
respectively 2006 and 2536 strains. These two clusters have been pre
sent in the collection since the 1980s and became dominant in the last 
fifteen years. 

3.3. Phylogeography of M. bovis clusters in France between 2000 and 
2021 

In addition to the temporal study, our aim was to study the evolution 
of the geographical distribution of strains of the whole collection 
belonging to each cluster by “department” (French administrative 
regional division). The data associated with strains collected before 
2000 were too incomplete for this geographical analysis. We therefore 
represented the strain geographic origin (5592 strains) by 5-year periods 
from 2001 to 2021 (Fig. 3). 

The first period (2001–2005) concerns 541 strains of the collection, 
which are distributed throughout France. No Cluster B strain was 
observed during this period. Clusters A, C and the Eu3 clonal complex 
represent each 148, 165 and 132 strains distributed in different French 
departments. In the second period (2006–2010), an increase in the 
number of strains was observed in 3 departments. In particular, cluster C 
(n = 446) emerged in the north of France in Normandy, which corre
sponds to the first outbreak of bovine tuberculosis in wildlife. Eu3 clonal 
complex strains (n = 365) emerge in two departments in Burgundy (Côte 

Fig. 1. Maximum parsimony tree of 630 M. bovis strains based on the 88 SNPs.  

L. Michelet et al.                                                                                                                                                                                                                                



Infection, Genetics and Evolution 114 (2023) 105497

5

d'Or) and Nouvelle Aquitaine (Dordogne). Few strains of clusters B, H 
and Eu1 clonal complex are observed over this period (less than 10 each) 
and none of Cluster E. In the third period (2011–2015), all clusters are 
observed albeit less frequently for Clusters B (n = 11), E (n = 48), G (n =
8), H (n = 3) and Eu1 clonal complex (n = 13). Cluster C and Eu2 clonal 
complex include respectively 179 and 184 strains over this period iso
lated in several departments. Three areas of high endemicity appeared 
during this period, with the emergence of strains of cluster A (n = 434) 
notably in the south of Nouvelle-Aquitaine (Pyrénées-Atlantiques and 
Landes) and strains of the Eu3 clonal complex (n = 759) mainly in Côte 
d'Or and Dordogne. Over the last period (2016–2021), the strong 
regionalization of TB with major clusters per department is confirmed. 
The Eu3 clonal complex (n = 886) has dominated all over the north of 
Nouvelle-Aquitaine and remains present in Côte d'Or. Cluster A (n =
943) is emerging in the south of France, mainly in the south of Nouvelle- 
Aquitaine and in Corsica. 

4. Discussion 

In this study, a high-throughput tNGS approach was applied to 630 
strains of M. bovis in order to obtain a phylogenic inference. We char
acterized 618 of the 721 genetic profiles identified in the whole 
collection. Some genotypes differing only by one allele at a MIRU-VNTR 
locus are thus considered quasi identical to simplify our study in 
particular since some loci are hypervariable in the different clusters, i.e. 
Qub3232 for cluster A, Qub26 for cluster C, Qub11a for Eu2 clonal 
complex and ETR B for Eu3 clonal complex (Hauer et al., 2016). We 
focused on the most frequently identified genotypic profiles in the 
collection. The 88 phylogenetically informative SNPs investigated in 
this study allowed classification of the strains into 9 previously 
described clusters (Hauer et al., 2019), highlighting a greater diversity 
within cluster A and the Eu3 clonal complex. The three minor clusters 
previously described (clusters B, E and H) were identified but remain 
largely in minority in terms of genotypic profiles. The Eu1 clonal com
plex, which is predominant in the United Kingdom (UK) and Ireland 
(Smith et al., 2011), is present in France but in a more limited way. The 
Eu2 clonal complex, which is dominant in the Iberian Peninsula 

(Rodriguez-Campos et al., 2012), is frequently observed with a certain 
genotypic diversity. The SNPs identified here can be used more widely in 
Europe and worldwide to classify M. bovis strains into different clusters 
or lineages. Indeed, some are specific to lineages 1.7.1 (Eu2), 1.8.1 
(Eu1), 1.8.2 (A + B + C) or more widely 1.8 (Zwyer et al., 2021). 

Our results highlight some genetic features specific to each cluster. 
Up to a certain limit, spoligotype and MIRU-VNTR profiles were good 
indicators for classifying strains into Clusters A, C, G or Eu1 and Eu2 
clonal complexes as previously described (Hauer et al., 2015; Hauer 
et al., 2016). This study disclosed sub-cluster D1, characterized by the 
absence of spacers 6 and 8 to 12 in their spoligotypes. However, SNP 
genotyping clearly brings a better insight in the genetic differentiation 
for SB0120 spoligotype M. bovis strains, which are distributed in cluster 
B, E or the Eu3 clonal complex. The results also highlighted the limit of 
classical genotyping method, especially spoligotyping, which presents 
some homoplasia (Guimaraes and Zimpel, 2020). 

Some of the targeted loci failed to be amplified in 27 strains for one 
locus and two loci in one strain. However, this missing SNP information 
had no negative consequences in strain classification on the final panel 
for determining phylogenetic relationships of strains within and be
tween clonal complexes as several SNP were investigated for each sub 
cluster. A comparable failure rate was observed in a similar study on 
Escherichia coli O26:H11 cattle strains (Ison et al., 2016). 

This study allows us to decipher the genetic diversity of a large strain 
collection isolated between 1978 and 2021 as 92% of the M. bovis strains 
has been assigned to a cluster. It provides an overall view of the evo
lution of TB in France, which can be related to certain events linked to 
the surveillance programs or the evolution of breeding systems. Over the 
past 50 years, a bottleneck in the genetic diversity of strains has been 
observed. This may be related to the introduction of total slaughter of 
infected herds since the late 1990s (Boschiroli and Bénet, 2014). This 
bottleneck may also be linked to changes in breeding practices following 
the introduction of milk quotas (MAAPAR, 1990) and the encourage
ment of beef cattle breeding by the European Union (Agreste, 2004). 
This period was marked by a fall in the prevalence of bovine tubercu
losis, from 25% of infected herds in 1965 to less than 0.1% in 2000 
(Boschiroli and Bénet, 2014). The number of strains in the collection 

Fig. 2. Graphic representation of strain number per year for each cluster.  
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varies considerably depending on the period: approximately 400 in the 
1980–90s, 1200 in the 1991–2000s, 1900 in the 2001–2010s and 3800 
in the 2011–2020s. This increase in strain collection, which does not 
reflect an increase in TB incidence in cattle, is the consequence an 
improvement in the control program within the infected herds, the 
progressive introduction of bacterial culture for confirmation of infec
tion and outbreak declaration, and to a stronger surveillance pressure 
both in cattle and in wildlife in the recent years. Over the last 15 years, 
the distribution of TB in France has suggested a strong relationship with 
suckler herds (Delavenne et al., 2021), particularly in Nouvelle Aqui
taine, which has the largest number of beef herds in France. Changes in 
breeding practices have led to the decline of certain clones in favor of the 
current clones, which are sometimes linked to particular breeds (Lim
ousine or Blonde d'Aquitaine in Nouvelle Aquitaine, or Charolaise in 
Burgundy). A decrease in the number of strains and genotypes was 
observed around the 2000s, concomitant with obtaining the officially TB 
free (OTF) status in 2001. Bayesian phylodynamic studies could be used 
to confirm these different hypotheses by comparing models incorpo
rating genomic data from the strains and different epidemiological 
parameters. 

For some clusters, particular events may explain a coincident in
crease in strains' number. For example, the increase in cluster C strains in 
Normandy in 2006 followed the detection of M. bovis in wildlife, and an 
extensive epidemiological investigation in the region combined with 
total depopulation of the red deer population and an strong decrease of 
wild boar numbers (Zanella et al., 2012). An increase of cluster A and 
Eu3 complex strains since 2010 is also explained by the implementation 
of the national wildlife surveillance program Sylvatub that disclosed 
infection in several other highly affected regions in the South west of 
France as well as in Burgundy (Reveillaud et al., 2018). For other clus
ters, the evolution of the number of strains is linked to the trading 
context. Strains belonging to the Eu1 clonal complex are mainly asso
ciated with introductions of animals from the United Kingdom while for 
the Eu2 clonal complex, some genotypes are linked to introductions of 
animals from Spain but some other are specific to certain French regions 
(Boschiroli et al., 2015). 

The use of the Access Array in the targeted amplicon sequencing 
procedure has many advantages in terms of cost, massive multiplexing 
capabilities and reduced handling time (Lange et al., 2014). Further
more, the primers designed to target the published SNPs investigated in 

Fig. 3. Geographic distribution of M. bovis clusters in France. Pie charts represent the percentage of each cluster per department and are proportional to the number 
of strains. 
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this work can also be used in a high-resolution melting (HRM) assay or 
PCR followed by Sanger sequencing to rapidly identify a cluster. The 
application of HRM has previously been applied for rapid differentiation 
of MTBC members or pyrazinamide susceptibility testing (Landolt et al., 
2019; Pholwat et al., 2014). 

In conclusion, this study, based on a new high-throughput technol
ogy, has enabled a better description of the genetic diversity of French 
M. bovis strains. This rapid genotyping of a very large number of strains 
has made it possible to explore the evolution of tuberculosis and M. bovis 
lineages in France over the last 45 years. This new technology offers 
many advantages in terms of cost, avoiding complete sequencing and in 
terms of bioinformatics analysis and skills required. SNP screening could 
be useful for preliminary epidemiological tracing, saving resources for 
future more in-depth analyses. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2023.105497. 
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