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ABSTRACT Mycobacterium avium complex (MAC) houses a group of non-tuberculous
mycobacteria causing pulmonary and disseminated infections. They are accountable
for nodular bronchiectatic and fibrocavitary lung diseases in humans, Johne's disease
in ruminants, and respiratory diseases in birds. MAC infections pose challenges, owing
to antibiotic resistance, prolonged therapy with antibiotic combinations, side effects,
and risk of reinfections. Our objective was to summarize the outcome of computational
research on the bacteria in MAC. This aimed to advance our understanding of character-
istics, pathogenicity, and transmission dynamics to control infections. We incorporated
information from the research on genomes, microbiomes, phylogeny, transcriptomes,
proteomes, antibiotic resistance, and vaccine/drug target development to enhance our
knowledge. It illuminated the significance of computational studies in distinguishing
MAC species/subspecies and recognizing: virulence factors, lineage-specific markers,
and transmission clusters. Moreover, it assisted in understanding: genomic diversity,
resistance patterns, impact of polymorphisms in disease susceptibility, and taxa-induced
dysbiosis in microbiomes. Additionally, this work highlighted the outcome of bioinfor-
matic studies in predicting suitable vaccine epitopes, and novel drug targets to combat
MAC infections. Bioinformatic research on bacteria within MAC has contributed to a
deeper insight into the pathogens. These would facilitate better diagnosis, improved:
therapeutic strategies, patient-specific surveillance, and community-level awareness.
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Introduction

The genus Mycobacterium consists of gram-positive and
rod-shaped bacteria incident in soil, water, biofilms, and
dust. It is responsible for diseases in humans, livestock,
and wildlife (Nishiuchi et al. 2017). They are broadly di-
vided into tuberculous and non-tuberculous mycobacteria
(NTM) (Runyon 1959). NTM:s consist of more than 200
species (Daley 2017; Johansen et al. 2020) found in soils,
water bodies, and municipal water systems (Johnson and
Odell 2014). They are responsible for chronic pulmonary
disease, disseminated infections, lymphadenopathy, and
infections in tissues (Ratnatunga et al. 2020; Sur and Pal
2021). Pulmonary diseases caused by NTMs are increas-
ing globally (Loebinger 2017) owing to human-pathogen
interaction, global human mobility, aging populations, and
improved diagnosis (Shah et al. 2016). NTM infections are
difficult to treat due to increased resistance, prolonged
treatment, medication side effects, and lack of effective
vaccines (Baldwin et al. 2019).

In recent years, pulmonary NTM diseases mediated

E-mail: saubashya@gmail.com

by Mycobacterium avium complex (MAC) have become
predominant (Loebinger 2017). MAC comprises of M.
avium, M. intracellulare, M. chimaera, M. colombiense, M.
marseillense, M. arosiense, M. bouchedurhonense, M. timonense,
M. vulneris, and M. yongonense (Daley 2017). M. avium
comprises four subspecies: M. avium subsp. avium (MAA),
M. avium subsp. paratuberculosis (MAP), M. avium subsp.
hominissuis (MAH) and M. avium subsp. silvaticum (MAS)
(Mizzi et al. 2022). MAC has been isolated from soil,
dust, bathrooms, tap water, and drinking water systems
(Nishiuchi et al. 2017).

MAC infections include pulmonary, disseminated,
and lymphadenitis in immunocompromised adults and
children. Nodular bronchiectatic, hypersensitive pneumo-
nitis, and fibrocavitary diseases are lung diseases caused
by MAC (Hwang et al. 2017; Diel et al. 2018). Fibrocavitary
diseases are more severe requiring immediate attention.
People suffering from tuberculosis, bronchiectasis, cystic
fibrosis, emphysema, or chronic obstructive pulmonary
disease are vulnerable (Wu et al. 2019). Low-grade fever,
chronic cough, hemoptysis, fatigue, chest pain, and short-
ness of breath are the common symptoms (Daley 2017;
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Loebinger 2017) (Fig. 1). M. avium subsp. hominissuis is
clinically significant, causing chronic pulmonary disease
and lymphadenitis in children and animals (Lahiri et
al. 2014). Virulence factors contributing to MAC infec-
tions are the ability to invade epithelial cells, protein
adherence, lipid-rich cell walls, and genetic clustering
(Daley 2017). A year-long regimen of a combination of
macrolides, ethambutol, rifamycin, and aminoglycosides
is prescribed. However, high antibiotic resistance, adverse
side effects, and reinfection make it unsuccessful (Kim et
al. 2022). Thus, maintaining hygiene, use of alternative
drugs, lung resection therapy, and treatment monitoring
assume significance (Daley 2017).

In the past two decades, the proliferation of microbial
genome projects resulted in a flood of information. Ad-
vances in bioinformatics coupled with the development
of state-of-the-art computational resources, strengthened
our understanding of microorganisms (Sur and Pal 2021).
This review summarizes the outcome of computational
studies on MAC bacteria, to advance our understanding
of the characteristics, pathogenicity, and transmission
dynamics, alongside strategies to tackle infection. In
line with the aims, we conducted an extensive literature
review and searched for articles in PubMed/PubMed
Central/Google Scholar until April 2023.

Genomics and comparative genomics research

The early 21* century witnessed genome sequencing of
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MAC organisms, M. avium subsp. paratuberculosis strain
K-10 and M. avium strain 104 (Turenne et al. 2007). While,
the former had numerous genes linked to lipid metabo-
lism, and fewer PE/PPE genes associated with virulence,
the latter showcased a larger genetically distinct genome
(Turenne et al. 2007). This was followed by genome se-
quencing of different strains of M. avium, M. intracellulare,
M. chimaera, M. yongonense, M. colombiense, MAA, MAP,
MAH and MAS (Bannantine et al. 2012; Kim et al. 2012;
Tateishi et al. 2012; Bannantine et al. 2014; Mac et al.
2015; Mobius et al. 2015; Hasan et al. 2016; Yee et al. 2017;
Zhao et al. 2017; Bouso and Planet 2019; Operario et al.
2019; Wibberg et al. 2020). They were sequenced using
diverse technologies. These genome sequences opened
avenues for an enhanced understanding of pathogenic-
ity, adaptations, transmission, and antibiotic resistance.

The accelerating growth of whole-genome sequences
entailed advancement in databases, software, and hard-
ware resources. MyBASE and MycoCAP offered platforms
for analysing genome structure, polymorphisms, virulence
factor comparison, comparative genomics, and evolution
of various mycobacteria, including those within MAC
(Zhu et al. 2009; Choo et al. 2015). MetaCyc enabled
computational prediction of pathways from sequenced
genomes (Caspi et al. 2013). It included information of
bacteria within MAC. Visual Gene Developer, SyntTax,
and BAGET 2.0 aided easy sequence retrieval, optimiza-
tion, genome, and synteny analysis (Jung and McDonald
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Figure 1. An overview of Mycobacterium avium complex (MAC) illustrating the bacteria housed in the complex (Daley et al. 2017; Mizzi et al. 2022),
diseases they cause (Lahiri et al. 2014), and the available treatments (Kim et al. 2022).
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2011; Oberto 2013; Hepp et al. 2021).

The availability of genome sequences and software
laid the foundation for genomic and comparative genom-
ics research. Bioinformatic analysis of ORF-MAP1138¢
from MAP revealed its potential to obstruct MHC-11 Ag
processing. This prevented CD4 + T cells from recogniz-
ing infected macrophages (Hassan et al. 2014). Genomic
comparison of MAP strain JIII-386, MAP-S (Type I/I1I),
MAP-C (TypeII), and MAH strains revealed phenotypic
differences (Mobius et al. 2015). Comparison of the pan
and core genomes identified horizontally transferred
genes and differentiated genomic features among MAP
strains (Wibberg et al. 2020). The outcome of pan and core
phylogeny highlighted the separation of MAP-S, MAP-
C, and MAP-B strains (Lim et al. 2021). A comparison
of MAP-S genomes from Australia and New Zealand
specified the significance of lineage-specific differences
(Mizzi et al. 2021) in aiding diagnosis and developing
vaccines against Johne’s disease.

Comparative analysis of MAH genomes character-
ized the role of a novel genomic island in virulence. It
showcased variation in integrase, mmpL, mce, phage, and
plasmid-derived genes in the island (Lahiri et al. 2014a).
Exploration of 35 M. avium clinical isolates portrayed
unique genetic characteristics, and affirmed the gain of
pathogenesis-related genes during evolution (Uchiya et
al. 2013). The MAH strain TH135 harboured virulence-
related genes essential for pulmonary disease (Uchiya et
al. 2013). A study with 79 M. avium strains divulged an
open pangenome in MAH, with high genetic diversity
at the subspecies level (Uchiya et al. 2017). Transposon
sequencing identified 270 essential genes in MAH crucial
for infection and survival (Matern et al. 2020). These
could be potential drug targets.

High throughput sequencing identified MAC in drink-
ing water. Multivariate analysis correlated water age with
MAA abundance (Haig et al. 2018), thereby assessing the
risk of waterborne infection. One comparative study
specified faster evolution in MAC and closer association
with non-pathogenic mycobacteria (Saha et al. 2019).
Sequence analysis revealed the role of M. avium and M.
colombiense in pneumonia in an HIV patient (Yu and Jiang
2021). A comparison of M. intracellulare and M. yonogonense
genomes uncovered subspecies diversity driven by mce
operons. mce genes differentiated virulent phenotypes,
and hypermutation of fadE3, fadE33, and ESX-2 system
genes were reported (Tateshi et al. 2021).

DNA methylation analysis has facilitated the under-
standing of bacterial pathogenicity, disease progression,
and prognosis (Oh et al. 2021). Analysis of DNA methyla-
tion datasets from lung disease patients illustrated differ-
ences in methylation profiles based on prognosis (Oh et
al. 2021). It identified TGFBrI and HLA-DR as treatment
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response biomarkers. Comparison of DNA methylation
patterns in tissues of MAP-infected cows demonstrated
potential biomarkers for the management of Johne’s
disease (Ibeagha-Awemu et al. 2021).

Microbiome profiling of diseases caused by bacteria in
MAC

Of late, comprehending the interrelationship between
lung microbiome and NTMs assumed significance, given
increased prevalence and antibiotic resistance (Thornton
et al. 2021). Comprehensive analysis of the lung mi-
crobiome data from cystic fibrosis patients, non-cystic
fibrosis patients, and those with lung diseases portrayed
an association between these bacteria and inflammation
(Huang et al. 2016; Caverly et al. 2021; Sulaiman et al. 2018;
Iwasaki et al. 2021). Microbiome analysis of NTM-affected
women with breast cancer history showed the involvement
of MAC in lung disease. It highlighted patient-specific
surveillance for effective therapies (Philley et al. 2019).
Analysis of nasopharyngeal microbiome data from CO-
VID-19 patients in India, specified co-infections by M.
avium and opportunistic pathogens (Prasad et al. 2022).

Increasing incidence of Johne’s and Crohn’s diseases
along with antibiotic resistance in MAP (Agrawal et al.
2021), necessitated gastrointestinal microbiome analysis of
humans and ruminants. Comparison of fecal microbiota
from healthy individuals and those with Crohn’s disease
divulged an overrepresentation of E. coli, Enterococcus fae-
cium, and proteobacterial species in diseased individuals
(Mondot et al. 2011). Microbiome analysis of MAP-infected
patients in Sudan demonstrated distinctive differences,
emphasizing the need for community-level awareness
(Elmagzoub et al. 2022). Examination of MAP-infected
microbiomes from ruminants, uncovered enrichment of
Arthrobacter, Proteobacteria, Enterococcus, Psychrobacter, and
changes in metabolites (Matthews et al. 2021). This was
corroborated by microbiome analysis of MAP-infected
cattle in South Korea (Lee et al. 2023). These studies may
assist in detecting biomarkers.

Genetic and genomic variation studies

Advancements in high-throughput technologies and ef-
ficient software facilitated the identification and charac-
terization of genetic variation. It also catalysed the inves-
tigation of genetic variation in mycobacteria, for a deeper
understanding of outbreaks, thereby aiding surveillance
(Wilson 2017). MyBASE provided a resource for housing
information on mycobacterial genomic polymorphisms
(Zhu et al. 2009).

Statistical analysis of the data from 3020 Dutch cows,
highlighted variations causing susceptibility to para-
tuberculosis infection (Koets et al. 2000). Statistical
investigation applying a bivariate mixed animal model
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from 11535 Danish Holstein cows, showed the relation
between genetic variability and heritability. The outcome
portrayed the heritability of MAP antibody production
(Mortensen et al. 2004). In silico and statistical analysis of
genetic association data from European Holstein-Friesian
cows, identified two single nucleotide polymorphisms
(SNPs) in the SLCI11A gene (Ruiz-Larrafnaga et al. 2010)
linked to MAP susceptibility. A genome-wide associa-
tion study in Italian cattle suffering from Johne’s disease
identified a genetic locus linked with antibody response
to MAP (Minozzi et al. 2010). Investigation of the whole
genomes of MAP and MAA from various sources illus-
trated variability like SNPs between the two. Additionally,
the resemblance of MAP isolates from human and dairy
sources indicated a similar source of infection (Hsu et al.
2011). Comparative genomics identified an SNP in MAP
strain 1025, changing the amino acid at residue 28 in the
17A12 epitope (Bannantine et al. 2011). This SNP was
specific for the 17A12 antibody. The exclusive binding of
this antibody to MAP ushered new avenues for pathogen
detection (Bannantine et al. 2011). Genome-wide analysis
of MAP isolates from camels in Saudi Arabia, divulged
numerous single nucleotide polymorphisms (SNPs) de-
fining host adaptation of MAP (Ghosh et al. 2012). These
camel isolates were a sub-lineage of sheep isolates of MAP
and the sharing of SNPs between them laid the basis for
comprehending disease transmission among them (Ghosh
et al. 2012). These studies underlined the application of
genetic tools to control paratuberculosis infection.

Comparative studies of M. avium subspecies using
DNA microarray unveiled 14 sequence polymorphisms
differentiating MAA from MAP. The outcome displayed
considerable diversity among MAC bacteria (Semret et
al. 2004). Investigation of DNA microarray data and
genomic examination of MAC isolates from various
sources identified large sequence polymorphisms (LSP)
distinguishing MAA from MAP. LSP8 was absent in MAP
isolates and they housed 7 specific and 10 non-specific
LSP regions (Semret et al. 2005). Comparative genomic
studies using microarray and PCR identified LSPs, that
could distinguish host-associated variants in MAC isolates
(Semret et al. 2006). The work highlighted the absence of
LSP17 in bird isolates of M. avium. Furthermore, cow and
sheep isolates of MAP lacked LSP8, LSP4-11, LSP18; and
LSP8, LSP20 respectively. These outcomes emphasized
the relevance of polymorphisms in diagnostics.

One study stressed the role of a variable 3’ region
of the hsp65 gene as a marker for differentiating MAP
isolates from cow, sheep, and MAA isolates from birds
(Turenne et al. 2006). Sequence analysis of gyrA and gyrB
genes using MEGA 3.1 and BLAST, illustrated distinc-
tive single nucleotide polymorphisms for types I, I, and
[T of MAP (Castellanos et al. 2007). Analysis of AFLP
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and 16S rDNA data of MAC isolates, from patient and
environmental origin portrayed differences. It reinforced
the epidemiological investigation of MAC isolates from
various sources for identifying the source of infection
(Pfaller et al. 2007).

Whole genome analysis was carried out to investigate
the PE and PPE gene families associated with virulence
in MAC. Identification of numerous distinctive PPE
proteins in MAH and MAP alongside polymorphisms,
in PE and PPE gene families could pave the way for bet-
ter diagnostics (Mackenzie et al. 2009). Exploration of
the whole genomes from 41 MAH isolates in Germany,
identified a hypervariable genomic island. It highlighted
the implication of cross-species transfer of virulent genes
through this genomic island in future outbreaks (Sanchini
et al. 2016). Phenotype microarray data analysis of the
clinical and environmental isolates from MAH disclosed
intra-species diversity owing to different metabolic pat-
terns (Sanchini et al. 2017). Environmental isolates had a
higher metabolic rate than clinical isolates.

In silico analysis of tandem repeats and VNTR-MIRU
typing data, exemplified variation VNTR-MIRU loci rep-
etitions in MAC isolates (Romano et al. 2005). Moreover,
variations in gene expression and pathogenicity between
M. avium strain 104 and MAP strain K10, were due to a
polymorphism in the VNTR-MIRU loci. An Argentinian
study examined the MIRU-VNTR typing data of MAC
isolates from different hosts. It described the genetic
diversity of MAH and MAP isolates and recognized six
new MAH patterns (Imperiale et al. 2017).

Exploration of genetic population, homologous re-
combination, and gene content datasets from global and
Japanese isolates of MAH revealed five predominant
MAH lineages (Yano et al. 2017). Furthermore, mutual
homologous recombination between the MAH lineages
implied adaptation (Yano et al. 2017). One Norwegian
research divulged the impact of SNPs in sequence varia-
tion among MAC isolates from humans. This variation
and differential host responses were attributed to a high
rate of mutation of M. avium, alongside adaptation in
chronically infected individuals (Kannan et al. 2019).
Examination of differential genotyping data of MAC
species and subspecies signified interconnections between
epidemiology and source of infection (Shin et al. 2020).
This would aid in the advancement of procedures for
preventing MAC infection.

Multiple factors fashioned the phylogeny of MAC bacte-
ria

Over the years, the identification of numerous mycobac-
terial species, coupled with their sequencing formed the
basis for research on mycobacterial evolution (Behra 2022).
Molecular phylogenetic analysis of the clinical isolates of



MAC, using 16S-23S rDNA internal transcribed spacers
revealed distinctive differences. The pulmonary-source
MAC isolated displayed more diversity compared to others
(Frothingham and Wilson 1994). Phylogenetic analysis of
the insertion sequence IS1245, from M. avium encoding
a transposase, was performed using the GCG package
and PHYLIP 3.5. It demonstrated 64% and 50% amino
acid similarities with IS1081 and 1S6120, of M. bovis and
M. smegmatis (Guerrero et al. 1995). One study inferred a
phylogenetic relationship in M. avium strains from differ-
ent serotypes, based on gtfB and rtfA-mtfC genes linked to
glycopeptidolipid biosynthesis (Krzywinska et al. 2004).
It illustrated multiple origins of serotypes from AIDS
patients and the polyphyletic origin of serotype 1 strains.
Sequencing and phylogenetic studies of the variable 3”
region of hsp65 gene using MEGA 3.1, differentiated the
species and subspecies of MAC (Turenne et al. 2006).
There were distinct sequevars for M. avium subsp. avium,
M. avium subsp. hominissuis, and M. avium subsp. paratu-
berculosis. Furthermore, bovine and ovine strains of M.
avium subsp. paratuberculosis varied (Turenne et al. 2006).

The 1990s and early 2000s saw interest among mi-
crobiologists regarding the inclusion of undescribed
mycobacteria in MAC (Tortoli et al. 2004). Examination
of the 16S rRNA and 16S-23S rDNA internal transcribed
spacer, illustrated a MAC-A variant phylogenetically dis-
tant from M. avium and M. intracellulare. Following further
characterization, it was elevated to M. chimaera sp. nov. and
included within MAC (Tortoli et al. 2004). Another study
of 16S and 16S-23S internal transcribed spacer sequences
using MEGA 4.0 software, elevated the MAC-Q sequevar
to M. vulneris sp. nov. within MAC (van Ingen et al. 2009).
Sequence analysis of hsp65 and rpoB genes too revealed
strong similarities with M. avium and M. colombiense.
For defining MAC members, phylogenetic studies using
full 16S rRNA, partial 5" 16S rRNA, hsp65, rpoB genes,
concatenated analyses of >2500 bp region comprising of
16S rRNA, hsp65and rpoB genes were carried out against
M. avium ATCC 252917 or M. intracellulare ATCC 139507
(van Ingen et al. 2018). Besides, average nucleotide identity
analyses recognized 12 valid species in MAC.

In one study, Tandem Repeat Finder software was
used to search for VN'TR loci from genomic data of M.
intracellulare ATCC 13950. It revealed 16 loci. Examination
of the discriminatory power of these loci in 74 isolates of
MAC-infected patients, followed by phylogenetic analysis
differentiated the isolates into 49 genotypes in 17 clusters
(Ogawa 2013). A cross-species in silico analysis specified
the conservation of tryptic peptides amongst mycobacte-
rial species including MAC (Rajaonarifara 2013).

Phylogenomic analysis of 141 MAP isolates from rumi-
nants and humans with Crohn’s disease, selected from 17
countries, disclosed two major lineages in line with earlier
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observations (Bryant et al. 2016). While Type I and Type
Il strain groups were subtypes of Type S, Type B strains
were a subtype of Type C. However, the latter was not
limited to Bison sp. The result underscored whole genome
sequencing of more isolates, for better interpretation of
the evolution, epidemiology, and population architecture
of MAP (Bryant et al. 2016). The outcome of a phyloge-
netic study based on single nucleotide variants of 79 M.
avium strains, divulged lineage-specific genetic elements
acquired by horizontal gene transfer (HGT) (Uchiya et al.
2017). These strains were categorized into clusters I, I1,
and III. Additionally, each cluster consisted of a distinct
subcluster of strains (cluster Ia, cluster IIb, or cluster I1Ib)
with varying genetic distances. MAH, MAP, MAA, and
MAS existed in clusters I-II1, cluster IIIb, and cluster IIb
respectively (Uchiya et al. 2017). While MAH showed
the highest sequence diversity, MAP revealed the least.

Population genomics and phylogenetic investigation of
364 MAC isolates from cystic fibrosis patients in the USA,
stressed the significance of surveillance and epidemiologic
follow-up to restrict MAC infections (Hasan et al. 2021).
The work highlighted evidence of shared MAC strains
among patients with cystic fibrosis. Several clusters of
highly similar isolates were identified in cystic fibrosis
patients, sharing cystic fibrosis care centers. A similar
study in 996 MAC isolates from cystic fibrosis and non-
cystic fibrosis patients, in London, revealed lineages in
numerous patients (van Tonder et al. 2023). Interestingly,
the work pinpointed transmission clusters at the local,
national, and global levels. Also, the study divulged the
origin of an already circulating heater-cooler unit associ-
ated with M. chimaera lineage causing respiratory illness
(van Tonder et al. 2023).

A phylogenetic study of 109 M. avium core genomes,
underlined environment-specific adaptation. It exempli-
fied variation in HGT in isolates from natural environ-
ments, animals, human pulmonary infections, and human
disseminated infections (Keen et al. 2021). Furthermore,
M. intracellulare housed more foreign DNA compared to
M. avium and M. colombiense. Moreover, animal isolates
portrayed diminished HGT, especially in MAP. Global
phylogenetic analysis of M. avium isolates, underscored
MAH as most diverse and MAA and MAP, as pathogenic
sub-clones having specific environmental adaptation
(Mizzi et al. 2022). This adaptation was aided by sub-
stantial mutations.

The diversity and evolution of M. avium subspecies
were shaped by the existence of insertion sequences, de-
letions, duplications, and mutations in chromosome loci
and genes (Rindi and Garzelli 2014). That, NGS workflow
and phylogenomics facilitated in-depth identification of
M. avium subtypes from metagenomic data, holds promise
for the future (Schildkraut et al. 2023).
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Figure 2. lllustration of the outcome of DNA microarray studies (Cossu 2011; Cossu et al. 2012), RNA-seq analysis in MAP (Alonso-Hearn et
al. 2019; Park et al. 2022), key findings from transcriptomic analyses in MAA (Kim et al. 2021), and transcriptomic changes taking place in the

macrophage during infection (Ariel et al. 2020).

Transcriptomic research delivers insights into host-
pathogen interaction and heralds potential for im-
proved diagnosis

Technological advancements in functional genomics in
the 21 century, utilizing microarray (Pribylova et al.
2009) and RNA-seq have revolutionized our understand-
ing of transcription. It aided comprehensive analysis of
pathogenic bacterial lifestyle, genomic diversity, and host
responses (Bannantine and Talaat 2010). Whole genome
DNA microarray data analysis specified the role of di-
vergent ORF clusters, in differentiating MAP from other
MAC bacteria (Paustian et al. 2005). One study using
DNA microarray illustrated genomic diversity among
the isolates of the veterinary pathogen MAP (Bannantine
and Talaat 2010). Comparison of M. avium strain 724R
transcriptomes in lung tissues of resistant and suscep-
tible mice, specified differential expression of genes.
The upregulation of genes linked to cell wall properties,
anaerobic nitrate respiration, fatty acid degradation, and
biosynthesis of mycobactin in resistant mice implied the
transition of M. avium to latency within the host (Ignatov
et al. 2010). Assessment of RNA-seq data from the non-
coding transcriptome of MAA strain TMC724 revealed
numerous non-coding RNAs. Additionally, 6 intergenic
small RNAs showed very high expression (Ignatov et al.
2013). These may be explored for comprehending their
role in virulence. Moreover, a genomic comparison of
MAA strain TMC724 with MAH strain 104 exhibited,
25 large sequence polymorphisms in the latter (Ignatov
etal. 2013).

The investigation of macrophage transcriptomes dur-
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ing the course of infection has gained importance. One
study investigated the MAP transcriptome in infected
human macrophages. It revealed the existence of an-
tibodies against MAP proteins, MptD, and MAP3738.
Interestingly, serological examination of patients suf-
fering from type 1 diabetes, demonstrated a positive
association between the aforesaid proteins and type 1
diabetes (Cossu 2011) (Fig. 2). DNA microarray analysis
of MAP-infected human macrophage cell line THP-1,
under simulated intraphagosomal situations, illustrated
stress adaptive metabolism (Cossu et al. 2012). Upregu-
lation of genes linked to oxidative stress accompanied
by peptidoglycan spoliation and increased anabolism in
lipid membranes highlighted mimicry-based interaction
between MAP and host cell (Cossu et al. 2012). RNA-seq
analysis of MAP-infected human THP-1 cells exhibited
alteration to stress response and metabolism in MAP
and host. Upregulation of two-component systems and
sigma factors, including alteration of type VII secretion
system, cell wall synthesis, and iron uptake genes occurred
in the macrophages (Park et al. 2022). Some research-
ers underscored the application of dual RNA-seq on M.
avium infected human monocyte-derived macrophages.
This would aid in a better understanding of virulence
in intracellular mycobacteria (Schildkraut et al. 2021).
Expression studies of macrophages/monocytes in MAC
lung disease patients revealed reduced IL-1p response.
This along with polymorphisms in the NLRP3and TLR2
genes increased susceptibility (Wu et al. 2019).
Transcriptomic studies of MAP-infected bovine mac-
rophages using RNA-seq, portrayed altered expression in



monocyte-derived macrophages (Switzenberg et al. 2013)
A similar work identified 245 and 574 differentially ex-
pressed genes, in MAP-infected and non-infected samples
after 2 and 6 hrs of infection (Casey et al. 2015). It revealed
the hitherto unknown function of these genes in MAP-
infected host cells. Another study indicated no impact of
MAP on macrophages of Johne’s disease-positive cows
compared to Johne’s disease-negative cows. Furthermore,
MAP catalyzed differential expression of ARG2, COLIA],
CCL2, CSF3, IL1A, IL6, IL10, PTGS2, PTX3, SOCS3, TNF,
and TNFAIP6 in macrophages of Johne’s disease negative
cows (Ariel et al. 2020) (Fig. 2). This impacted host sig-
naling pathway and highlighted the function of genes in
the host’s response to MAP infection (Ariel et al. 2020).
Investigation of mRNA and circRNA from MAP-infected
bovine monocyte macrophages, showcased differences
in multiple genes and cell signaling pathways (Bao et al.
2022). The outcome will assist in comprehending the
immune escape of MAP and improve diagnosis.

RNA-seq technology was applied to examine the il-
eocecal valve and peripheral blood from MAP-infected
cattle. It divulged transcriptomic differences in infected
cows compared to controls, and dysregulation of CXCL8/
IL8 signaling (Fig. 2) Moreover, it recognized differen-
tially expressed genes and metabolic pathways, that are
biomarkers for diagnostics, therapeutics, and vaccines
(Alonso-Hearn et al. 2019). Transcriptomic analysis of
M. avium infected canine peripheral blood mononuclear
cells (PBMCs) displayed contrasting immune responses.
Genes linked to activation of Th1 and Th17 responses were
highly expressed, while those associated with apoptosis
were inhibited (Kim et al. 2021).

Exploration of the transcriptome of MAP-exposed
salivary glands of cattle depicted the downregulation of
lactoferrin and lactoperoxidase in saliva. This induced
disease susceptibility since these genes have antimicro-
bial and immunoregulatory properties (Mallikarjuappa
et al. 2019).

All these studies specified the significance of expres-
sion studies in controlling infections caused by M. avium.
It can assist in characterizing the interactions between
bacteria and host, improve diagnosis, and develop bio-
markers (van den Esker and Koets 2019).

Proteomics research on MAC bacteria

Mycobacterial proteins secreted from the cell envelope,
are crucial for survival, replication, and modulation of
immune responses within the host macrophage (Caceres
et al. 2011). The postgenomic era witnessed the applica-
tion of different proteomics approaches, to fathom the
pathobiology of mycobacteria (Gcebe et al. 2016; Nich-
olson et al. 2021). Ever increasing data necessitated the
development of databases and software for secretome
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analysis. MycoSec provided information on Sec type,
Lipotype, twin type, and TAT type signal peptides in my-
cobacteria including those within MAC (Roy et al. 2013).
Pncs-Hub was developed for comprehensive annotation
and exploration of non-classical secretory proteins in
bacteria (Dai et al. 2022).

Computational analysis of 2D-PAGE and MALDI-
TOF data from MAP detected ten upregulated proteins
that expedited natural infection in sheep (Hughes et al.
2007). A similar analysis coupled with serological inves-
tigations identified eleven MAP-specific proteins from
paratuberculosis-infected sheep. These were prospec-
tive diagnostic antigens (Hughes et al. 2008). Extensive
postgenomic and immunoproteomic investigation of
the secretome of MAP revealed the vaccine potential
of MAPO0586¢ and MAP4308c proteins (Roupie et al.
2008). Proteomic studies of MAP strain K10 and MAP
determined different proteins from the cell wall, outer
membrane, and membrane vesicles (He and De Buck 2010;
Rana et al. 2014; Martin 2016). These are novel avenues for
serodiagnosis, therapeutic strategies, and vaccine design
against diseases caused by mycobacteria (He and De Buck
2010; Rana et al. 2014; Martin 2016). Proteomic analysis
of the secretome of MAP, facilitated better serological and
immunoglobulin A-based diagnosis of Johne’s disease in
MAP-infected cattle (Facciuolo 2015). Detailed sequence
analysis of six secretome genes from MAP-infected goats
in India, highlighted the effect of insertions, and deletions
on virulence, and host responses (Chaubey et al. 2018).

Expression studies of the membrane and cytosolic
proteins of MAP strains K-10 and 187, accompanied by
SDS-PAGE, high-performance chromatography, and tan-
dem mass spectroscopic data analysis revealed substantial
differences. While AtpC and RpoA were upregulated in
MAP 187, AhpC and those linked to nitrogen metabo-
lism were highly expressed in MAP K-10 (Radosevich
et al. 2007). This was significant since MAP K-10 was a
laboratory-adapted strain while MAP 187 was isolated
from a cow with Johne’s disease. Computational explo-
ration of 2D DIGE, MALDI-TOF-MS, and nUPLC-ESI
Q-TOF-MS/MS data from MAP, demonstrated four
differentially expressed membrane-associated proteins
(Weigoldt et al. 2011). They influenced the pathogenesis of
Johne’s disease. That MAH strain 104 proteins expressed
differently in exponential and stationary phases, signi-
fied adaptation to metabolic and environmental stress
(Enany et al. 2021).

Proteome analysis of different stages of host mac-
rophage infection with MAH and MAP, improved our
understanding of pathogen infection and dissemination
(McNamara et al. 2012; Phillips et al. 2021). The detec-
tion of different surface-exposed proteins and integ-
rins can assist in the development of potent treatments.
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Figure 3. Prediction of immune response eliciting epitopes from suitable proteins (a) (Santema et al. 2011), and drug targets that may combat

infection by members of MAC (b) (Low et al. 2017; Kazakova et al. 2021).

Exosome proteins released from MAP-infected resting
macrophages displayed differential expression compared
to uninfected macrophages (Wang et al. 2014). Differen-
tially expressed guanine nucleotide-binding protein p-1,
cofilin-1, peptidyl-prolyl cis-trans isomerase A and actin
isoforms were recognized by MALDI-TOF/TOF mass
spectrometric data analysis (Wang et al. 2014). MALDI-
TOF-MS differentiated MAP genotypes based on SSRs
in Canadian dairy samples, paving the way for its use in
molecular epidemiology (Ahlstrom et al. 2014). Applica-
tion of MALDI-TOF-MS, sequencing of ITS and hsp65
genes, and molecular techniques successfully identified M.
chimaera strains from MAC isolates (Lecorche et al. 2018).

An examination of the secreted proteome of MAH
identified unique proteins in the ESX-3 region. Metal con-
centration within the phagosome stimulated the secretion
of these proteins and impacted virulence (Chinison et al.
2016). Mass spectroscopic data analysis of breast cancer
patients portrayed that the secreted proteins, ECM]I,
APOC4, APN, and AZPGI enhanced vulnerability to
MAC infections (Philley et al. 2017).

Proteomic investigation of Type I and Type II MAP
isolated from ruminants in the UK, divulged significant
differences and polymorphisms influencing protein ex-
pression (Hughes et al. 2012). Comparison of the pro-
teomes of the wild type of Mycobacterium avium strain
104 and lysX mutant, indicated enhanced p-oxidation of
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fatty acids, and concentration of lipid inclusions in the
latter (Kirubakar et al. 2018). This mutant influenced the
metabolism and virulence of the bacterium.

Analysis of proteomic data also provided an under-
standing of the impact of antibiotics and varying environ-
mental conditions on MAH strain 104. Analysis of tandem
mass tag mass spectrometric data revealed potential
metabolic pathways that could be targeted for limiting
bacterial tolerance to amikacin, and clarithromycin in
aerobic, anaerobic, and biofilm conditions (Rojony et al.
2019). This may prevent prolonged antibiotic therapy.
Laser microdissection studies of lung tissues coupled
with bioinformatic analysis of mass spectrometric data
illustrated distinct variations in the lung granulomatous
lesions caused by tuberculosis and MAC (Seto et al. 2020).
The abundance of proteins linked to antimicrobial and
metabolic activities varied. Proteomic analysis can advance
our understanding of the pathogenesis and facilitate novel
serodiagnosis and therapeutic strategies.

Antibiotic resistance mechanism research

Pulmonary infections caused by the members of MAC are
difficult to treat since they are resistant to the majority of
antibiotics like clarithromycin, azithromycin, rifamycin,
and clofazimine (Falkinham 2007; Pasipanodya et al.
2017; Cushman et al. 2021). Multiple drug resistance in
MAC bacteria has been attributed to, modification in



outer polysaccharide layers, cell wall impermeability,
increased persistence in biofilms and granulomas, muta-
tions, antibiotic modifying enzymes, escalated drug efflux,
and limited drug sequestration (Falkinham 2007; Saxena
et al. 2021). The information from the genomic data of
MAC members facilitated an in-depth understanding of
antibiotic resistance (Saxena et al. 2021).

Sequence and structure-based studies revealed that
resistance of M. avium to clarithromycin and azithro-
mycin was a consequence of mutations in the 23S rRNA
gene (Nash and Inderlied 1995). The mutations altered
rRNA folding patterns and structural conformations,
resulting in resistance (Nash and Inderlied 1995). The
incidence of point mutation at positions 2058 and 2059
in the 23S rRNA gene caused macrolide resistance (Moon
et al. 2016). It hampered the treatment of lung diseases
due to MAC in South Korea. Mutation in the rpoB gene
of MAP was accountable for resistance to rifabutin and
rifampicin (Beckler et al. 2008). It negatively affected
Crohn’s disease therapy. Application of Mycobacterial
[Dentification and Drug Resistance Screen (MID-DRS)
assay, and analysis of DNA sequencing data aided faster
identification of antibiotic-resistant M. tuberculosis and
MAC strains (Pérez-Osorio et al. 2012). One study de-
scribed that M. avium and M. intracellulare efflux pumps
caused a progressive increase in azithromycin resistance
during the course of therapy (Schmalstieg et al. 2012). It
identified the genes encoding efflux pumps, determined
their secondary structure, and reported their conserved
nature across pathogenic mycobacteria. In silico analy-
sis applying population pharmacokinetics and Monte
Carlo simulations, successfully detected azithromycin
susceptibility breakpoint beyond which therapy failed
(Deshpande et al. 2016).

Multi-locus sequencing and insertion sequence analy-
sis of MAH, isolated from Korean patients with lung dis-
ease, confirmed the involvement of ISMav6 in conferring
resistance to moxifloxacin (Kim et al. 2016). Sequencing
and SNP analysis of gyrA, gyrB, and rpsL genes from M.
avium isolates in Chinese patients divulged resistance to
fluoroquinolone and aminoglycoside (Pang et al. 2018).
A study revealed the association of the lysX gene from
MAH with cationic antimicrobial resistance (Kirubakar
etal. 2020). Genome-wide transposon screening detected
193 M. avium mutants, showing tolerance and altered
susceptibility to clarithromycin, rifabutin, moxifloxacin,
and ethambutol (Matern et al. 2021). Interestingly, this
study pin-pointed antibiotic tolerant genes that could be
targeted for designing novel drugs to combat M. avium
infections.

Tandem mass tag mass spectrometry sequencing,
evaluated MAH proteins exposed to amikacin and clar-
ithromycin, in aerobic, anaerobic, and biofilm environ-
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ments (Parker et al. 2020) Substantial synthesis of nitrate,
nitrate transporter, and nitrate reductive enzymes oc-
curred in MAH in anaerobic and biofilm environments
(Parker et al. 2020). It highlighted metabolic changes
linked to MAC resistance.

Analyzing antibiotic resistance of MAC using in silico
and in vitro tools (Oliveira de Sousa 2020), can go a long
way in developing novel drugs for controlling infections.
Nevertheless, research on antibiotic resistance in MAC
using computational techniques remains inadequate.

Research on prediction of vaccine candidates and drug
targets

The infections caused by bacteria in MAC in humans
and animals are persistent and hard to control (Rivoire
et al. 1989; Abdellrazeq et al. 2020). Moreover, the in-
cidence of MAC infections especially MAP, in animals
often resulted in prevalence in humans (Abdellrazeq et
al. 2020). This warranted efforts in developing vaccines,
novel drugs, and targeted drug delivery (de Steenwinkel
2007). A preliminary study recognized T-cell epitopes
from the fibronectin attachment protein of M. avium.
The immune response elicited by the T-cell epitopes in
mice formed the basis for developing subunit vaccines
(Holsti et al. 1998).

Application of immunological and computational
techniques detected sequential and conformational B-cell
epitopes, from the C-terminal immunodominant domain
of the p34 protein in MAP (Ostrowski et al. 2003). The
outcome created a platform for investigating humoral
response, during the course of MAP infection in cows.
Another study identified MAP Hsp70-specific T cell epit-
opes in cows, using a combination of immunological and
in silico tools. It underlined the prospect of developing a
MAP Hsp70 subunit vaccine for controlling paratuber-
culosis in cattle (Hoek et al. 2010). Hsp70 vaccination is
significant, since antibodies induced by vaccination in
ruminants, were able to identify two B-cell epitopes in
MAP cell walls (Santema et al. 2011) (Fig. 3). These anti-
bodies protect against bovine paratuberculosis.

Codon optimization using experimental and bioinfor-
matic approaches underlined better expression of MAP-
specific antigens in Lactobacillus salivarius (Johnston et al.
2013; Johnston et al. 2014). The outcome established the
feasibility of L. salivarius as a vaccine to control Johne’s
disease (Johnston et al. 2014).

Utilization of immunoinformatic tools predicted
antigenic proteins from MAP. This resulted in the iden-
tification of numerous T-cell, B-cell, and conformational
B-cell epitopes from upregulated proteins under stress
(Gurung et al. 2012), membrane-associated proteins (Car-
los et al. 2015), and other immunogenic proteins (Swathi
et al. 2020). The epitopes had the capability to elicit cell
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and humoral responses. T-cell epitopes showed a binding
affinity for MHC class I and II alleles. The outcome of
in silico (Gurung et al. 2012; Carlos et al. 2015; Swathi
et al. 2020) and in vitro (Carlos et al. 2015) investigation
of the antigenic proteins from MAP, underscored their
potential in vaccine development and immunodiagnostics.
Experimental evaluation of these epitopes may pave the
way for developing effective vaccines. Given the prevalence
of Johne’s disease on a global scale, a multi-institutional
consortium was created for monitoring trials and assess-
ing next-generation vaccines against MAP (Bannantine
et al. 2014a).

Combining experimental and in silico approaches,
a recombinant protein was constructed (Eraghi et al.
2017). This recombinant protein had the capability to
induce Th1 response against MAP. Screening of active
compounds revealed high hit rates of sutezolid, radezolid,
and synthesized intermediate of radezolid against M.
avium (Low et al. 2017) (Fig. 3). An in vitro study revealed
the efficacy of a computationally predicted antimicrobial
peptide Lfcin17-30, against an axenically grown strain
of M. avium (Oliveira de Sousa 2020).

Implementation of subtractive genomics technique
using different software, ascertained novel drug targets
against MAH strains TH135, OCU466, and A5 (Uddin et
al. 2020). Notable amongst them were DNA polymerase
Il subunit ¢, inter-a-trypsin inhibitor heavy chain H4 and
exopolyphosphatase of MAH-TH135, MAH-OCUA466,
and MAH-AS5 strains, respectively (Uddin et al. 2020).
A blend of molecular docking, machine learning, and
experimental techniques revealed the antimycobacterial
activity of seventeen azepano-triterpenoids against M.
avium. Furthermore, the compound 14 displayed similar
MIC as rifampicin (Kazakova et al. 2021) (Fig. 3). The
outcome portrayed the suitability of these candidates for
drug design. Comprehensive in silico analysis, recognized
eight molecules from the DrugBank database, successfully
inhibiting the MAP proteins viz. katG, rpoB, and narH.
It highlighted the evaluation of these eight molecules
in treating MAP-associated autoimmune diseases viz.
Crohn’s disease, type 1 diabetes, and multiple sclerosis
(Gargetal. 2021). The utilization of robust computational
techniques for designing epitopes and precise identifica-
tion of drug targets can assist experimental analysis by
saving costs and minimizing efforts.

Conclusions
The ever-increasing incidence of MAC infections in
humans, livestock, and birds has posed challenges in

uncovering effective control measures. The tsunami of
information generated from sequencing projects in the
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postgenomic era has bolstered myriad bioinformatic
analysis and functional research on MAC. The valuable
knowledge garnered from these studies laid the founda-
tion for applicability by clinicians. Utilization of advanced
tools for investigating whole genomes, and comparing
genomes, yielded precise identification of the factors caus-
ing genomic diversity among MAC species/subspecies. To
this end, lineage-specific markers were detected for better
diagnosis and drug development. Furthermore, several
essential and virulence genes necessary for a pathogenic
lifestyle of the bacteria in MAC were identified. Analysis of
microbiome and DNA methylation revealed the stark con-
trast between diseased and healthy hosts and ascertained
biomarkers for disease management. Genomic variation
studies divulged intra-species diversity of the bacteria in
MAC and signified the importance of polymorphisms in
diagnosis. Phylogenetic analysis specified the association
of numerous factors, in effecting diversity among MAC
species/subspecies. The outcome of proteomics, and an-
tibiotic resistance research, improved the interpretation
of pathogenic metabolism, stress adaptations, resistance
patterns, and disease transmission. These would boost
effective serodiagnosis and superior drug discovery.
Transcriptomic analysis emphasized the involvement
of differentially expressed genes in shaping virulence,
bypassing immunity, and relationship with infected
hosts. Vaccine epitopes and drug molecules designed
using bioinformatic tools have provided a cost-effective
platform for experimental validation by pharmaceutical
researchers. We have tried our best to integrate the find-
ings from various bioinformatic studies. We underline
the importance of amalgamating computational and
experimental studies on a global scale, for enhanced un-
derstanding of the bacteria in MAC. Future investigations
should accommodate machine learning and Al techniques,
for precise identification of strains, phenotype-genotype
associations; tailormade diagnosis, categorizing virulence,
and drug discovery.
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