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Abstract

Bovine tuberculosis (bTB) remains endemic in Morocco, where a national control strategy
is implemented through screening and culling of infected animals. In this study, seven
Mycobacterium bovis (M. bovis) strains were analyzed. Three strains were isolated in 1987,
two in 2015 and two between 2022 and 2023. Bacterial culture and isolation were per-
formed according to the protocol recommended by the World Organization for Animal
Health (WOAH). PCR confirmed isolates as M. bovis within the Mycobacterium tuberculosis
complex (MTBC). Whole genome sequencing (WGS) was performed (short-read sequenc-
ing, [llumina platform), followed by phylogenetic tree construction, and determination of
clonal complexes and sub-lineages. Six of the seven strains clustered within the Eu2 clonal
complex (CC) and sub-lineage Lal.7.1, whereas one strain belonged to the CC unknown
2 and sub-lineage Lal.2. Single nucleotide polymorphism (SNP)-based analysis revealed
genetic distances ranging from 0 to 204. Low SNP distances were observed between the
pairs B2-EL2562 and B3-EL2562. High-impact coding SNPs showed variation, although
lineage-specific patterns could not be reliably assessed due to the limited sample size.
Comparison of M. bovis strains isolated in different years described the distribution of
genetic lineages across time in Morocco, based on the available isolates. Within this lim-
ited set of isolates, the Eu2 CC (Lal.7.1 sublineage) and the unknown2 CC (Lal.2 subline-
age) were identified across multiple time points; however, given the limited sample size,
these findings should be considered descriptive and do not allow conclusions regarding
persistence, evolutionary trends, or transmission dynamics. These findings may offer use-
ful information to strengthen the national bTB control strategy and support One Health
surveillance of this zoonotic pathogen in Morocco.
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1. Introduction

Tuberculosis is a major human disease, causing more than 10 million new cases and
over one million deaths in 2024, according to the World Health Organization (WHO) [1].

Bovine tuberculosis (bTB) is a major zoonotic disease affecting multiple animal spe-
cies and is caused by the Mycobacterium tuberculosis complex (MTBC), predominantly My-
cobacterium bovis (M. bovis). Given its zoonotic potential and circulation at the animal-hu-
man—environment interface, bTB surveillance and control are relevant within a One
Health framework. A recent global assessment estimated the prevalence of zoonotic ani-
mal tuberculosis at approximately 10%. Prevalence rates varied across continents and host
species, with values below 10% in Africa and Asia, 33.6% in North America, 51% in Eu-
rope, and 85.7% in South America [2]. Other studies have reported substantial variation
in bTB prevalence across different regions of the world. Prevalence reached up to 50% in
parts of the African continent, whereas in Europe the overall proportion of infected cattle
herds remained low (0.9%). In North America, prevalence was generally very low and
largely confined to specific regions where the disease persists at the livestock-wildlife in-
terface. In Central and South America, bTB is considered endemic, with higher prevalence
particularly observed in dairy cattle populations [2-8].

Despite ongoing control efforts, bTB remains endemic in Morocco [9,10]. According
to a survey carried out in 2003 by the Moroccan animal health authority, the average prev-
alence of bTB in Morocco was 33% at the bovine herd level and 18% at the individual
animal level. The prevalence of bTB cases detected during veterinary inspections in the
slaughterhouses was 1.7% [11,12].

At the national level, a bTB control strategy has been implemented for several years,
aiming to reduce disease prevalence through live animal screening, culling of infected
cattle, and systematic monitoring at slaughterhouses. However, bTB cases continue to be
reported in numerous herds, for which the source of infection often remains unidentified.
Effective traceability of infection sources is therefore essential to strengthen and accelerate
the control strategy in Morocco.

Laboratory confirmation of bTB in animals detected through screening or at slaugh-
terhouses is carried out only sporadically. In Morocco, laboratory diagnosis of bTB is per-
formed at the Institut Agronomique et Vétérinaire Hassan II (Rabat, Morocco) (IAV), with
existing capabilities for histopathology, bacteriology, PCR and whole genome sequencing
(WGS) for detection and confirmation of M. bovis.

Molecular characterization of M. bovis strains in Morocco began in 2018 using spoli-
gotyping [10]. While useful, this method has low discriminatory power and limited reso-
lution when applied to clonal groups or closely related strains [13-15].

In recent years, the decreasing cost of WGS has allowed researchers worldwide to
apply this high-resolution technique to study M. bovis epidemiology [5,6]. WGS enables
precise tracing of infection sources and detailed investigation of transmission dynamics
within specific geographic regions. Recent WGS studies have characterized the genomic
diversity of Moroccan M. bovis strains and reported potential phylogenetic relationships
between Moroccan isolates and M. bovis strains circulating in Europe [9,16].

In Morocco, the diagnostic workflow for bTB is structured within the framework of
the national control program. The primary screening method is the single intradermal tu-
berculin skin test (SIT), which is routinely applied for herd-level surveillance. Bacterio-
logical culture and isolation were performed using Herrold and Lowenstein—Jensen me-
dia. Colonies obtained after culture were examined by Ziehl-Neelsen staining to confirm
the presence of acid-fast bacilli, while identification and differentiation of M. bovis within
the Mycobacterium tuberculosis complex (MTBC) were performed using the previously de-
scribed multiplex real-time PCR assay [17]. In addition, PCR-based assays are increasingly
employed for rapid detection in selected cases. Although WGS is not used for routine
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diagnosis, it is applied in epidemiological investigations and high-resolution strain char-
acterization.

Despite the availability of diagnostic tools and recent advances in WGS, genomic
data on M. bovis circulating in Morocco remain limited, with few isolates characterized at
the whole-genome level and limited representation across sampling periods and geo-
graphic areas. Consequently, the genomic diversity and phylogenetic relationships of Mo-
roccan M. bovis isolates remain insufficiently documented. Expanding the available ge-
nomic data is therefore important to improve the molecular characterization of M. bovis in
Morocco and provide baseline information for future genomic and epidemiological sur-
veillance.

This study aimed to (i) characterize M. bovis strains isolated over time from different
geographic regions in Morocco and (ii) contribute to enriching the database of M. bovis
sequences in Morocco. This study provides new insights into the genomic diversity of M.
bovis isolates from Morocco. The findings support evidence-based adjustments to the na-
tional control strategy, ultimately contributing to more effective eradication efforts.

2. Materials and Methods
2.1. Regulatory Authorization and Study Compliance

Sampling was conducted during routine veterinary inspections by authorized per-
sonnel, without experimental intervention on live animals. Sample collection for this
study was authorized by the Moroccan Animal Health Authority (Office National de
Sécurité Sanitaire des Produits Alimentaires, ONSSA) (N° 1572
ONSSA/DPPAV/DSA/SAP). Laboratory procedures were carried out following interna-
tional standards in accordance with the WOAH Manual of Diagnostic Tests and Vaccines
for Terrestrial Animals [18].

2.2. Tissue and Bacterial Samples

In 2022, bTB’s suspected tuberculous lesions were collected from four slaughter-
houses serving large geographical areas of Morocco. A total of 12 tissue samples present-
ing lesions suspected of bTB were collected from the selected slaughterhouses. The
slaughterhouses were selected based on official bTB surveillance data published by
ONSSA in 2021 [19]. Samples were collected from the slaughterhouse of Taroudant, Rabat,
El Jadida and Marrakech cities.

Additionally, we included three M. bovis isolates collected by the same laboratory
during previous studies performed in 1987. These isolates originated from reactor animals
to tuberculin skin test which were subsequently slaughtered.

The three animals belonged to the same herd in Marrakech and had been imported
several years earlier from France, Germany and the USA [20]. Details of the studied sam-
ples are provided in Table 1 along with their geographic distribution as indicated in Fig-
ure 1. B2, B3, and B12 correspond to distinct animals; however, all originated from the
same herd.

Sample collection was conducted in accordance with national regulations and with
prior authorization from ONSSA. Seven samples were collected aseptically by official vet-
erinarians at postmortem examination. The samples were transported to the Mycobacte-
riology laboratory at 4 °C and stored at (—20°) until further analysis. For each animal, all
available information was recorded, including official animal identification code (SNIT =
national system of identification and traceability), sex, age, location of lesions and geo-
graphic origin of the animal (retrieved from the SNIT database). The sampled cattle
ranged in age from 2 to 8 years. In the present study, bacteriological culture, isolation and
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molecular characterization were conducted at the Laboratories of the Department of Vet-
erinary Pathology and Public Health, IAV.

The study also included two Mycobacterial isolates obtained from cattle with bTB-
suspect lesions during routine investigations performed in 2015 at the Department of Vet-
erinary Pathology and Public Health of the IAV [21]. These isolates had been stored at
-80 °C. The animals of origin were both male, aged 2 and 4 years, and came from El Jadida
region [10,21].
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Figure 1. Geographic distribution of the seven animals sampled in this study.

Table 1. Epidemiological data for bTB-suspect lesions analyzed in this study.

Samples Animal’s Origin of An- Slaughter- Animal . L.
Samples Date ex . . . Lesion Localization
Reference Age (Years) imal (City) house City  Specie
KM135 15 F;g’;; any 5.1 F Kénitra Taroudant Bos Taurus  Respiratory lymph nodes
KM14 15 April 2022 8 F  Casablanca Rabat  Bos Taurus  Respiratory lymph nodes
EL2562 21 May 2015 2 M  ElJadida El Jadida Bos Taurus Retropharyngeal lymph nodes
EL2594 25 June 2015 4 M  El]Jadida El Jadida Bos taurus Retropharyngeal lymph nodes
B2 1987 >6 F  Marrakech Marrakech Bos Taurus  Respiratory lymph nodes
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B3 1987 >6 F  Marrakech Marrakech Bos Taurus  Respiratory lymph nodes
B12 1987 >6 F  Marrakech Marrakech Bos Taurus  Respiratory lymph nodes

2.3. Mycobacterial Culture

Mycobacterial isolation was performed according to the technique recommended by
the WOAH for the cultivation of the MTBC, as described in the manual of diagnostic tests
and vaccines for terrestrial animals [18], and the protocol recommended by National Vet-
erinary Service Laboratories (Ames, 1A, USA) [22]. Briefly, collected lymph nodes were
trimmed to remove excess fat. The samples were decontaminated for a few seconds using
a freshly prepared 3% (v/v) dilution of commercial bleach (12° chlorometric), prepared by
adding 3 mL of commercial bleach to 97 mL of distilled water. The lymph nodes were then
ground in a sterile mortar containing sterile phenol red broth. The homogenized tissue
was disinfected with a 0.5 N NaOH solution for 10 min and subsequently neutralized with
6 N HCl. The suspension was centrifuged at 3000x g for 20 min and the resulting sediment
was inoculated onto two culture media. Cultures were incubated at 37 °C for a minimum
of 6 weeks and inspected twice weekly [23,24]. Two solid culture media were used: Lo-
wenstein—Jensen (L]) and Herrold’s egg yolk medium, both of which have been shown in
previous studies to be reliable and effective for the isolation of Mycobacterium species
[10,21,23].

Smears from suspected bacterial colonies were stained using the Ziehl-Neelsen
method. Suspect colonies were then subcultured on both Herrold and L] media to obtain
pure isolates with sufficient biomass for DNA extraction and downstream molecular char-
acterization.

2.4. Real Time PCR Identification Assay

To determine the subtype of the bacterial isolates, real-time PCR testing was carried
out. All isolates were first screened for the presence of MTBC DNA, and positive samples
were subsequently tested to differentiate M. bovis from M. tuberculosis.

Real time PCR detection of MTBC was performed using VetMAX M. tuberculosis kit
(Applied biosytems, Thermo fisher Scientific, Waltham, MA, USA). The PCR cycling con-
ditions were applied according to the manufacturer’s instructions and previously pub-
lished protocols [25-28].

For species differentiation within the MTBC, a real-time PCR assay targeting M. bovis-
specific genomic regions was performed using the primers and probe described by Halse
et al. (2011) targeting the Regions of Difference (RD) RD1, RD4, RD9, RD12 and ext-RD9
[17]. This assay allowed discrimination of M. bovis from other MTBC members with high
specificity. A limitation of this study is that no in silico RD analysis was performed on the
WGS data, despite its relevance for classical M. bovis characterization.

For the real-time PCR identification assay, the M. bovis BCG reference strain (Bacillus
Calmette-Guérin, Pasteur 1173P2) was used as the positive control, while nuclease-free
water served as the negative control.

2.5. DNA Extraction

For the operator and laboratory biosafety, bacterial cultures grown on solid media
were heat-inactivated prior to DNA extraction. Briefly, well-isolated colonies were col-
lected from agar plates and resuspended in 2 mL of sterile phosphate-buffered saline (PBS)
in screw-cap tubes, resulting in a liquid suspension. Heat inactivation was performed at
100 °C for 30 min in a water bath [29,30]. Mycobacterial DNA was subsequently extracted
from the heat-inactivated liquid suspension following the protocol used by the National
Veterinary Services Laboratories (USDA/APHIS/VS), with minor adaptations.
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A 1x TE buffer was prepared by diluting 100x Tris—-EDTA buffer in ultra-distilled
water. For mechanical lysis, sealed screw-cap bead-beater tubes were prepared containing
200 pL of 0.1 mm glass beads, 400 pL of 1x TE buffer, and 400 pL of phenol/chloroform/iso-
amy]l alcohol (PCI; 25:24:1, v/v/v). An aliquot of the heat-inactivated bacterial suspension
was added to the prepared tubes and homogenized at full speed for 2 min using a bead-
beater to ensure effective cell disruption.

Mechanical disruption was performed using a FastPrep-24™ 5G Instrument (MP Bi-
omedicals, Santa Ana, CA, USA). Samples were processed at 6.0 m/s for 2 cycles of 60 s
each, with a 5-min cooling interval on ice between cycles to prevent overheating and en-
sure efficient lysis of the mycobacterial cell wall. These parameters were selected to opti-
mize DNA yield and integrity while ensuring complete mechanical disruption. Following
homogenization, phase separation was achieved by centrifugation, and the aqueous phase
containing DNA was transferred to a fresh tube containing 30 puL of 3 M sodium acetate.
DNA was precipitated by adding 700 pL of ice-cold ethanol and incubating at —20 °C.
After centrifugation, the DNA pellet was washed with ice-cold ethanol, air-dried, and re-
suspended in 1x TE buffer. Extracted DNA was stored at —20 °C until further analysis [31-
34].

DNA quantity and purity was initially evaluated by spectrophotometry (A260/280
ratio) using a Nanodrop ND 8000 (Thermo Fisher Scientific, Wilmington, DE, USA) and
quantified fluorometrically with a Qubit 3.0 (Thermofisher, Waltham, MA, USA). DNA
integrity was assessed by 1% agarose gel electrophoresis [35]. For downstream applica-
tions requiring higher purity, DNA samples were further processed using the MagMAX
CORE Mechanical Lysis Module Bundle, which includes the MagMAX CORE Mechanical
Lysis Module and MagMAX CORE Nucleic Acid Purification kit (Applied Biosystem,
Thermofisher Scientific, Waltham, MA,USA) according to the manufacturer’s instructions.
This additional purification step was performed to eliminate residual contaminants and
potential PCR or sequencing inhibitors, thereby ensuring high-quality DNA suitable for
WGS and library preparation. DNA concentration and purity were assessed spectropho-
tometrically prior to storage at —20 °C.

All bacteriologically confirmed M. bovis isolates yielding DNA of sufficient quality and
quantity for WGS were retained for sequencing, resulting in a final set of seven isolates.

2.6. Whole Genome Sequencing

Genomic DNAs extracted from the seven M. bovis isolates were sent to Eurofins Ge-
nomics laboratory (Germany) for whole WGS. Sequencing libraries were prepared using
the TruSeq DNA Library Preparation kit (Illumina, Inc., San Diego, CA, USA) according
to the manufacturer’s protocol. Paired-end sequencing (2 x 150 bp) was conducted on an
INlumina NovaSeq 6000 platform (Illumina Inc.). The raw data sequencing reads generated
for the seven M. bovis isolates in this study have been deposited in the NCBI Sequence
Read Archive (SRA) under BioProject accession number PRINA1337463 with individual
accession numbers (SRR35725697, SRR35725698, SRR35725699, SRR35725700,
SRR35725701, SRR35725702, SRR35725703).

For comparative genomic analyses, publicly available M. bovis whole-genome se-
quences were retrieved from GenBank database https://www.ncbi.nlm.nih.gov/da-
tasets/genome/?taxon=1765, accessed on 2 February 2026. These reference genomes in-
cluded 61 publicly available M. bovis genomes originating from diverse geographical re-
gions worldwide, giving a total of 93 publicly available reference genomes (Supplemen-
tary Materials). Together with the 7 isolates newly sequenced in this study, the full ana-
lytical dataset comprised 100 strains. Mycobacterium caprae was included as an outgroup
for phylogenetic rooting. A detailed breakdown of the dataset composition at each
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analytical stage is provided in Table 2. Individual accession numbers for all publicly avail-
able genomes included in the study are listed in the Supplementary Materials [9,16].

In the present study, bioinformatic processing and downstream genomic analyses
were carried out at the Biotechnology Research Unit, Regional Center of Agricultural Re-
search of Rabat, National Institute of Agricultural Research (INRA), Rabat, Morocco.

Table 2. Summary of the genomic dataset used at each analytical stage in this study.

Phylogenetic = SNP  TB-Profiler Line-

Strain Group Number Source Analysis  Analysis age Assignment
Moroccan isolates (this study) 7 IAV laboratory, Morocco Yes Yes Yes
Pub'hcly available Moroccan M. 61 GenBank [9,16] Yes Yes Yes
bovis genomes
International M. bovis reference 3 GenBank (worldwide) Yos Yes Yes
genomes
M. caprae (outgroup) 1 GenBank Yes No No
Total 100 + outgroup 101 100 100

Accession numbers for all publicly available genomes are listed individually in the
Supplementary Materials. Genomes retained after quality filtering are listed explicitly; the
SRA accession range SRR31781513-SRR31781567 cited in Section 3.5 does not represent a
contiguous block of retained genomes, as not all accessions within that range passed qual-
ity filtering criteria.

2.7. Genome Assembly, Variants Calling and Profiling of M. bovis Isolates

Raw sequencing reads generated for each strain were first screened for potential con-
tamination using Kraken2 (version 2.1.2; database: Standard), retaining only reads as-
signed to the Mycobacteriaceae taxonomic group (taxID = 1762) using the ‘extract_kra-
ken_reads.py’ Python (v2.17.1) script (KrakenTools; https://github.com/jen-
niferlu717/KrakenTools) (accessed on 15 February 2026).

Prior to genome assembly, raw reads were subjected to quality control and adapter
trimming using Trimmomatic v0.39 with the following parameters: paired-end mode;
adapters: TruSeq3-PE.fa (Illumina); minimum read length: 36 bp; sliding-window trim-
ming: 4:20; leading and trailing quality threshold: 3. Quality assessment of raw and
trimmed reads was performed using FastQC (v0.11.9).

Genome assembly of the trimmed reads was performed using Shovill v0.9.0
(https://github.com/tseemann/shovill), which incorporates the SPAdes assembler with ad-
ditional read trimming via its internal Trimmomatic module (default Shovill trimming
parameters applied). Assembly quality was assessed using QUAST v5.2.0, with M. bovis
AF2122/97 (GenBank accession NC_002945.4) as the reference genome. Mean sequencing
depth per isolate was calculated following read mapping to AF2122/97 and ranged from
156.7x (KM14) to 385.1x (EL2562) across the seven isolates, as reported in Table 3. Myco-
bacterium caprae was included as an outgroup for downstream phylogenetic analyses.

Genome annotation of the seven isolates was performed using Prokka v1.14.6 (pa-
rameters: --kingdom Bacteria --proteins NC_002945v4). Variant calling for all 100 strains
included in the study was performed against the M. bovis AF2122/97 reference genome
using Snippy v4.6.0 (https://github.com/tseemann/snippy), with read alignment per-
formed by BWA-MEM, followed by sorting and indexing with SAMtools, and variant de-
tection using FreeBayes. Default Snippy parameters were applied, with a minimum base
quality of 20 and a minimum read depth of 10.

Core genome SNPs were extracted using the Snippy-core module, generating a mul-
tiple sequence alignment of SNP positions present across all isolates. To improve the
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reliability of SNP calls and minimize spurious variants arising from mapping ambiguity,
repetitive genomic regions and PE/PPE-family genes were excluded from the core SNP
alignment using a BED file of masked regions.

Functional annotation of SNP effects was performed using SnpEff v4.3t [36], with the
M. bovis AF2122/97 genome annotation (NC_002945.4) as the reference database. SNP ef-
fects were classified into four impact categories—high, moderate, low, and modifier —ac-
cording to their predicted functional consequence, as described in Section 3.5.

The cleaned core SNP alignment was used for maximum likelihood phylogenetic in-
ference using IQ-TREE v2.2.2, with the best-fit substitution model selected automatically
by ModelFinder prior to tree construction. The selected model was GTR+F+I+G4, as re-
ported in the IQ-TREE log file. Branch support was assessed using 1000 ultrafast bootstrap
replicates (-bb 1000). The resulting tree was visualized and annotated using MEGA 12v.

Variant calling was performed for all 100 strains included in the study —comprising
the 7 Moroccan isolates newly sequenced in this study and the 93 publicly available ref-
erence genomes (61 Moroccan and 32 international) against the M. bovis AF2122/97 refer-
ence genome using snippy-tool (https://github.com/tseemann/snippy).

2.8. Lineage Prediction

To assign lineages, TB-Profiler version 6.6.6 was applied to all 100 strains included in
the study (7 newly sequenced Moroccan isolates, 61 publicly available Moroccan reference
genomes, and 32 international reference genomes (Table 2)), using raw Illumina sequenc-
ing reads as input. TB-Profiler was run using default parameters, which include read map-
ping with minimap2 or bwa (depending on the input), variant calling, and annotation.
The output included lineage classification along with information on key genetic muta-
tions. The resulting lineage assignments were compiled and analyzed to assess the distri-
bution of M. bovis lineages among the Moroccan isolates and the global reference strains
included in this study.

3. Results
3.1. Real Time PCR Assay

All strains initially tested positive for the MTBC and were subsequently confirmed
as M. bovis by subtype-specific PCR. PCR test results were considered positive when the
cycle threshold (Ct) value was below 38 [26]. In the present study, samples with a Ct value
<36 were considered suitable for WGS. Among the seven selected isolates, MTBC-specific
Ct values ranged from 14 to 36.

The Ct threshold used to select isolates for WGS was chosen to maximize DNA qual-
ity for WGS while recognizing that other studies have applied different thresholds (e.g.,
Ct <14 [29]or Ct < 25 [37]). We acknowledge that the selection criterion may bias the da-
taset toward samples with higher bacterial loads. Additionally, the isolates analyzed in
this study originated from heterogeneous sources, including abattoir surveillance and his-
torical import-related cases, with uneven geographic and temporal coverage. These fac-
tors may limit the representativeness and generalizability of the dataset and should be
considered when interpreting comparative and phylogenetic analyses.

3.2. M. bovis Whole Genome Assembly

WGS was performed on seven M. bovis strains, generating between 1.91 Gb and 3.06
Gb of raw sequencing data per strain. The raw reads were screened and decontaminated
using kraken then assembled using the Shovill pipeline, a de novo assembler optimized
for bacterial genomes. The resulting assemblies exhibited variability in contiguity and
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genome size, likely reflecting differences in sequencing quality, coverage depth, and ge-
nomic complexity among strains.

Key assembly statistics, including the number of contigs, total genome length, largest
contig size, GC content, N50 values, genome coverage and mean sequencing depth are
summarized in Table 3. These assemblies provided a robust basis for downstream com-
parative genomic analyses, structural genome investigations, and the identification of
strain-specific genomic features within M. bovis.

Table 3. Assembly statistics of seven M. bovis strains studied in this work.

AssemblyNumber of ContigsLargest ContigTotal LengthGC (%) N50 Gz;:geoffozr- Meangzgltxlfncmg
B12 117 281,749 4,334,756  65.63 128,035 100 254.3%
B2 88 340,838 4,329,048  65.62 165,259 100 325.5%
B3 96 340,809 4,330,984 65.62 163,037 100 301.2x
EL2562 99 296,226 4,333,141  65.63 139,765 100 385.1x
EL2594 107 296,361 4,334,782  65.63 165,202 100 364.2%
KM135 109 307,236 4,336,615  65.64 155,583 100 315.4x
KM14 88 281,963 4,326,912  65.61 139,716 100 156.7x

3.3. Phylogenetic Analysis

The phylogenetic tree was constructed using M. bovis AF2122/97 as the reference ge-
nome, with Mycobacterium caprae included as an outgroup to root the tree and provide an
evolutionary reference framework (Figure 2). The seven sequenced Moroccan M. bovis
strains were distributed across multiple major branches relative to this reference, along-
side 93 publicly available global M. bovis genomes used for comparative context.

The maximum likelihood phylogenetic tree constructed in this study is presented in
two complementary panels (Figure 2). Figure 2A shows the full tree comprising all 100
strains, providing the global phylogenetic context within which the seven newly se-
quenced Moroccan isolates are positioned. Figure 2B  presents a zoomed view of the
clade containing the seven Moroccan isolates and their closest international neighbors,
allowing detailed visualization of the relationships described below.

The three strains isolated in 1987 (B2, B3, and B12) were positioned on two distinct
branches of the tree relative to AF2122/97. Strains B2 and B3 clustered closely together,
consistent with their shared herd of origin, suggesting a recent common ancestor or a close
evolutionary relationship. Strain B12, while originating from the same herd, was posi-
tioned on a separate branch, indicating a degree of within-herd genomic divergence. The
strains isolated in 2015 (EL2562, EL2594) and 2022-2023 (KM14, KM135) showed high ge-
netic similarity to previously published Moroccan M. bovis strains [9,16] and clustered
within the same major clade relative to AF2122/97, indicating phylogenetic stability over
time, indicating phylogenetic stability over time. The 2022-2023 isolates also exhibited
phylogenetic proximity to several European and North American M. bovis strains, con-
sistent with previously reported trans-continental phylogenetic relationships [9,16].
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etic tree of 100 M. bovis strains constructed using IQ-TREE

v2.2.2 (1000 ultrafast bootstrap replicates). Mycobacterium caprae was used as the outgroup to root

https://doi.org/10.3390/amh71040038



Acta Microbiol. Hell. 2026, 71, 38

11 of 18

the tree. (A) Full phylogenetic tree showing all 100 strains included in the analysis. The seven Mo-
roccan isolates newly sequenced in this study are highlighted in blue. For each strain, the following
metadata are displayed at the tip labels: country of origin, host species, year of isolation, sublineage
(as assigned by TB-Profiler v6.6.6), and clonal complex. Branch support values >70% are shown at
nodes. (B) Zoomed sub-tree focusing on the clade containing the seven newly sequenced Moroccan
isolates and their closest phylogenetic neighbors among the international reference genomes, allow-
ing direct visualization of the relationships between KM14, KM135, and phylogenetically proximate
European and North American M. bovis strains. Tip label color coding: blue, Moroccan isolates

newly sequenced in this study; black, publicly available Moroccan reference genomes.

3.4. Sublineages and Clonal Complex

The genomic characterization of the seven Moroccan M. bovis isolates using TB-Pro-
filer (v6.6.6) is summarized in Table 4 [38,39]. Based on TB-Profiler classification, most
isolates (6/7; 86%) were assigned to sublineage Lal.7.1, whereas one isolate (KM135; 1/7;
14%) was assigned to sublineage Lal.2. In terms of clonal complex classification, six iso-
lates (86%) were assigned to the Eu2 clonal complex, while KM135 was classified as un-
known?2 (Table 4).

A limitation of this study is the use of TBProfiler (v6.6.6) for lineage assignment, a
tool primarily validated for Mycobacterium tuberculosis. Although TBProfiler has been pre-
viously applied to M. bovis in the literature [38,40], dedicated pipelines such as KvarQ,
which incorporate M. bovis-specific SNP markers, have been shown to provide more ap-
propriate lineage resolution for this species. Accordingly, the lineage and clonal complex
assignments reported here, particularly the unknown2/Lal.2 classification of isolate
KM135, should be interpreted with caution and would benefit from independent valida-
tion using M. bovis-specific tools.

Table 4. The sublineage of the seven Moroccan M. bovis provided by TBProfiler software [38].

Samples Reference Samples Date Sublineage Accord- Clonal Complex Ac-

ing to [38] cording to [38]
KM135 15 February 2023 Lal.2 unknown?2
KM14 15 April 2022 Lal.7.1 Eu2
EL2562 21 May 2015 Lal.7.1 Eu2
EL2594 25 June 2015 Lal.7.1 Eu2
B2 1987 Lal.7.1 Eu2
B3 1987 Lal.7.1 Eu2
B12 1987 Lal.7.1 Eu2

3.5. SNP Analysis

SNP analysis was performed against the Mycobacterium bovis AF2122/97 reference ge-
nome to evaluate the genomic diversity of Moroccan isolates in a global context (Supple-
mentary Materials).

Among the Moroccan isolates generated in this study (B12, B2, B3, EL2562, EL2594,
KM135, and KM14), the number of variants ranged from 674 to 819 SNPs relative to
AF2122/97. Most isolates (B12: 674; B2: 711; B3: 710; EL2562: 716; EL2594: 730; KM14: 734)
clustered within a relatively narrow divergence range (~670-735 SNPs), suggesting a
shared evolutionary background. In contrast, KM135 exhibited a higher divergence level
(819 SNPs), indicating possible affiliation with a distinct lineage.

The pairwise comparison among the seven Moroccan isolates revealed genetic dis-
tances ranging from 0 to 204 SNPs (Supplementary Materials, Tables S1 and S2). Isolates
B2 and B3 were identical at the SNP level (0 SNPs), consistent with their shared herd of
origin in Marrakech in 1987. Notably, the lowest inter-isolate distances across different
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sampling periods were observed between the pairs B2-EL2562 and B3-EL2562 (15 SNPs),
representing the closest genomic relationships identified between isolates separated by
approximately 28 years (1987 and 2015, respectively). These findings suggest a degree of
genomic continuity between historical and more recent Moroccan M. bovis isolates,
though the limited sample size and absence of detailed epidemiological metadata pre-
clude any inference on transmission or persistence.

The 61 publicly available Moroccan M. bovis genomes retrieved from public reposi-
tories (individual accession numbers listed in Supplementary Materials) showed SNP
counts largely ranging between 598 and 791 SNPs relative to AF2122/97, overlapping with
the divergence range observed for the newly sequenced Moroccan isolates. It should be
noted that the SRA accession range SRR31781513-SRR31781567 previously cited does not
represent a contiguous block of retained genomes; the precise list of accessions retained
after quality filtering is provided in the Supplementary Materials to ensure full reproduc-
ibility of the analyses. This supports the presence of a predominant Moroccan clade char-
acterized by ~650-780 SNPs relative to AF2122/97.

Several international M. bovis genomes included in the dataset displayed markedly
different divergence levels. Some strains showed intermediate SNP counts (e.g.,
SRR12554458: 364 SNPs; SRR4117155: 254 SNPs; SRR5196685: 391 SNPs), whereas others
were substantially more distant (e.g., ERR12976152: 811 SNPs; SRR11418337: 788 SNPs).
A small subset of strains exhibited lower divergence (e.g., SRR7851378: 63 SNPs), suggest-
ing closer phylogenetic proximity to the AF2122/97 reference lineage.

SNP effects were categorized according to their predicted impact on gene function
as: high (affecting splice regions, start or stop codons, or causing frameshift mutations),
moderate (non-synonymous substitutions), low (synonymous coding variants, start/stop
retained variants, or start gained), and modifier (upstream, downstream, or intergenic
variants). High-impact SNPs are predicted to directly alter the functional sequence of
genes and are therefore of particular interest for comparative genomic analysis [36,41,42].

Analysis of the Snippy-core output revealed variation in the number and distribution
of predicted high-impact SNPs among the seven M. bovis isolates (Table 5). Two distinct
counting levels are reported in Table 5 and should be carefully distinguished when inter-
preting the figures below. First, isolate-level occurrences reflect the number of high-im-
pact SNPs detected per isolate within each functional category; an SNP shared by multiple
isolates contributes one count per isolate carrying it. Second, distinct SNP positions reflect
the number of unique genomic variant positions identified across all seven isolates within
each category, regardless of how many isolates share that position.

Table 5. Distribution of predicted high-impact SNPs among the seven studied M. bovis.

Stop Codon Stop Codon Frame Shift Splice_Region

Gained Lost
B12 2 5 32 7
B2 2 5 34 7
B3 2 5 32 7
EL2562 4 5 37 7
EL2594 5 5 36 7
KM135 3 6 48 8
KM14 5 5 36 7
Total SNP occurrences (a) 23 36 255 50
Total Distinct SNPs (b) 15 6 107 8

At the SNP level, stop codon gain variants ranged from 2 to 5 occurrences per isolate,
stop codon loss variants ranged from 5 to 6, frameshift mutations ranged from 32 to 48,
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and splice-region variants ranged from 7 to 8 (Table 5, per-isolate rows). Summed across
all seven isolates, these corresponded to 23 isolate-level occurrences of stop codon gain,
36 of stop codon loss, 255 of frameshift mutations, and 50 of splice-region variants (Table
5, row a).

In terms of unique variant positions, 15 distinct stop codon gain SNP positions, 6
distinct stop codon loss SNP positions, 107 distinct frameshift SNP positions, and 8 dis-
tinct splice-region SNP positions were identified across the dataset (Table 5, row b). The
difference between isolate-level occurrence totals and distinct position counts reflects the
degree of SNP sharing among isolates: for example, the 23 isolate-level stop codon gain
occurrences map to only 15 distinct genomic positions, indicating that several of these
variants are shared across multiple isolates. Similarly, the 255 frameshift occurrences cor-
respond to 107 distinct positions, confirming substantial sharing of frameshift-associated
variants within this closely related isolate set.

It should be noted that SNPs with multiple predicted functional effects may be in-
cluded in more than one annotation category; therefore, the categories presented in Table
5 are not mutually exclusive. Detailed annotations of all identified high-impact SNPs, in-
cluding predicted effects and the corresponding affected genes, are provided in Supple-
mentary Table S3.

The complete pairwise SNP-distance matrix for all seven Moroccan isolates is pro-
vided in Supplementary Table 51, and the SNP distances relative to the M. bovis AF2122/97
reference genome are presented in Supplementary Table S2, to allow full transparency
and independent verification of the genomic comparisons reported.

4. Discussion

This study represents the first comprehensive genomic characterization of M. bovis
strains isolated from cattle in Morocco over a period spanning more than three decades
(1987-2022). Using WGS of seven isolates, we characterized lineage assignments, clonal
complexes, and SNP diversity. The obtained results showed that the analyzed Moroccan
M. bouis isolates clustered phylogenetically with previously sequenced strains, indicating
genetic relatedness among the isolates included in the analysis [9,16]. Mycobacterium caprae
was included as an outgroup to root the phylogenetic tree and provide a reliable frame-
work for interpreting phylogenetic relationships between the Moroccan isolates and M.
bovis strains included for comparison.

Pairwise SNP-distance analysis showed that isolates B2 and B3 were genomically
identical (0 SNPs), consistent with their common herd origin. Among isolates collected at
different time points, the lowest SNP distances were observed between B2-EL2562 and
B3-EL2562, showing close genomic relatedness despite their different sampling periods.
However, the limited number of isolates, the imported origin of the 1987 strains, and the
absence of detailed herd contact and animal movement data preclude epidemiological
interpretation of these genomic relationships.

The inclusion of three isolates from 1987 was particularly significant, as these repre-
sented the earliest M. bovis genomes sequenced from cattle sampled in Morocco; however,
these isolates originated from imported animals and did not reflect indigenous Moroccan
strains. Comparison with isolates from 2015 and 2022 provided a descriptive overview of
lineage distribution across time points, without supporting inferences regarding persis-
tence or genomic evolution. Notably, six of the seven isolates were classified within the
Eu2 clonal complex based on TB-Profiler assignment, indicating the frequent representa-
tion of this lineage among the isolates analyzed. Given the tool’s primary validation for
M. tuberculosis, this finding should be interpreted as a TB-Profiler-based classification that
was not independently confirmed using an M. bovis-specific lineage assignment approach.
The identification of Eu2-associated isolates in the present study is consistent with
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previous reports of this clonal complex in M. bovis isolates from Europe and parts of Africa,
providing a broader geographical context for the current findings [9,16].

Based on individual animal records retrieved from the SNIT, isolates were associated
with animals originating from Casablanca and Rabat. However, these geographic data
alone do not allow inference of epidemiological links or transmission routes among the
analyzed isolates.

Clonal complex analysis further showed the frequent representation of Eu2, and the
Lal.7.1 sub-lineage. These results are consistent with previous studies conducted in Mo-
rocco and elsewhere that have reported the Eu2 clonal complex and Lal.7.1 sublineage
among Moroccan M. bovis isolates [9,16]. Within the present dataset, six of the seven iso-
lates were assigned to Eu2/Lal.7.1 across three discrete sampling periods (1987, 2015, and
2022-2023). However, given the limited number of isolates, the non-random sampling
strategy, and the import origin of the 1987 strains, no inference can be drawn regarding
the long-term dominance, persistence, or establishment of this lineage within Moroccan
cattle herds. The epidemiological factors underlying the relative frequency of Eu2/Lal.7.1
among the analyzed isolates remain to be determined through future studies incorporat-
ing larger, representative, and systematically collected datasets.

Interestingly, one isolate was assigned to the unknown2 clonal complex, and phylo-
genetic analysis placed it within the Lal.2 sub-lineage [38]. This CC has also been reported
in Morocco in previous studies [9,16]. The detection of this genetically distinct isolate fur-
ther illustrates the genomic diversity observed among the analyzed M. bovis isolates. Alt-
hough TBProfiler assigned this isolate to the unknown2 CC and Lal.2 sublineage, this
classification was not independently validated using a dedicated M. bovis SNP-based lin-
eage assignment approach. Therefore, the present finding should be considered descrip-
tive, and additional comparison with a curated global M. bovis genomic dataset would be
required to confirm its phylogenetic placement. The available data are insufficient to de-
termine the origin or epidemiological significance of this isolate. Further surveillance in-
corporating broader geographic sampling and detailed epidemiological metadata, includ-
ing information on animal origin and movement, is needed to better characterize the dis-
tribution and epidemiological relevance of this lineage.

The SNP-based comparative analysis revealed intra-lineage genetic variation in Mo-
roccan M. bovis isolates despite the shared clonal complex among most isolates. This di-
versity indicated the presence of genetically distinct M. bovis lineages among the analyzed
isolates; however, the available genomic and epidemiological data do not allow conclu-
sions regarding their sources or routes of introduction. Furthermore, future studies
should prioritize the use of M. bovis-specific lineage assignment tools, such as KvarQ or
custom SNP-based pipelines validated against curated global M. bovis genomic databases,
to independently confirm the lineage classifications reported in the present study and to
provide a more robust genomic characterization of Moroccan M. bovis isolates.

The identified differences in high-impact SNP profiles illustrate genomic variation
among the analyzed isolates. However, given the limited number of isolates, the present
dataset was insufficient to reliably assess lineage-specific SNP patterns. Moreover, the
analysis was descriptive, and no functional assessment was performed to determine the
potential involvement of the affected genes in virulence, metabolism, antigenic variation,
or other biological processes. Further studies using larger datasets and functional analyses
are therefore required to determine the biological significance of these SNPs.

The observed genomic relationships highlight the potential value of WGS for inves-
tigating M. bovis population structure when combined with appropriate epidemiological
data. However, genomic similarity alone cannot establish transmission relationships
among the analyzed isolates. Integration of WGS with detailed epidemiological metadata,
including herd contacts, livestock trade records, and animal movement data, would
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improve the interpretation of genomic relationships. Future studies should incorporate
larger and more geographically representative sampling together with detailed epidemi-
ological metadata to better characterize M. bovis population structure and investigate po-
tential transmission networks in Morocco.

Study Limitations: This study has several limitations. First, the small number of M.
bovis isolates and the sampling strategy limit the representativeness of the observed ge-
nomic diversity. Second, the 1987 isolates originated from imported cattle and therefore
cannot be used to infer the long-term evolution or persistence of indigenous Moroccan
lineages. Third, lineage and clonal complex assignment was performed using a single tool,
TB-Profiler (v6.6.6), which was primarily developed and validated for M. tuberculosis.
Therefore, the lineage and clonal complex assignments reported in this study should be
considered TB-Profiler-based classifications that were not independently validated using
an M. bovis-specific approach. Cross-validation using dedicated M. bovis lineage assign-
ment tools, such as KvarQ, or a custom SNP-based pipeline benchmarked against a cu-
rated global M. bovis genomic dataset was not performed in the present study. Independ-
ent validation using M. bovis-specific approaches should therefore be considered a priority
for future work, particularly for the unknown2/Lal.2 classification of isolate KM135. Fi-
nally, although animal origin was retrieved from the SNIT database, detailed epidemio-
logical metadata on herd contacts, livestock trade, and animal movements were limited,
preventing robust reconstruction of transmission pathways. Future studies should com-
bine larger, representative genomic datasets with comprehensive epidemiological
metadata.

5. Conclusions

In conclusion, this study provided genomic data on Moroccan M. bovis strains and
highlighted the utility of WGS in tracing evolutionary relationships and informing bTB
control strategies. The identification of Eu2/Lal.7.1 and a genetically distinct lineage
among the analyzed isolates highlighted the value of continued molecular surveillance to
expand knowledge of M. bovis genomic diversity in Morocco and support national bTB
control programs. Comparison of M. bovis sequences isolated in 1987 with those obtained
over the past fifteen years provided insights into the genomic diversity and temporal pat-
terns of bTB strains across the studied geographic regions of Morocco.

Considering the documented history of livestock imports from Europe and the phy-
logenetic proximity of certain Moroccan isolates to European M. bovis strains observed in
this and previous studies [9,16], future genomic studies integrating Moroccan and Euro-
pean M. bovis isolates with animal importation and movement records would help to in-
vestigate potential epidemiological relationships between strains circulating in these re-
gions. Extension of this approach to include isolates from neighboring North African
countries would further be required before any inference regarding transboundary bTB
dynamics at the regional level could be drawn, a question that the present dataset, con-
taining isolates exclusively from Morocco, is not designed to address. WGS proved instru-
mental in elucidating the phylogenetic relationships of M. bovis in Morocco. Ongoing
WGS-based surveillance will be critical to track the evolution and spread of dominant
lineages, including Eu2, and to guide targeted control strategies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/amh71040038/s1, Table S1: Number of SNPs between seven
studied M. bovis and the reference M. bovis AF2122/97t; Table S2: SNP distances between the studied
M. bovis isolates and their closest phylogenetically related strains; Table S3: SNP of M. bovis studied
in this work compared to the strains downloaded from NCBI database; Table S4: SNP of seven Mo-
roccan M. bovis studied in this work with type of SNP.
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