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Editorial on the Research Topic

Factors associated with drug resistance and virulence of
Mycobacterium tuberculosis
Tuberculosis (TB), caused by the bacillusMycobacterium tuberculosis (Mtb), remains a

leading cause of death by infectious disease worldwide, with over 10 million people infected

annually (World Health Organization, 2023). The emergence of drug-resistant Mtb strains

has increased the duration, cost, toxicity and difficulty of TB therapy, and is a major public

health concern. The objective of this Research Topic was to highlight some recent

advancements in the understanding of drug resistance and virulence of Mtb. For

instance, Liu et al. investigated how Rv1987 influences the lung microbiota and immune

responses in mice, and how these interactions contributed to the survival of Mtb.

The standard treatment regime for drug-sensitive TB is two months of therapy with

rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB), followed

by four months treatment with RIF and INH (World Health Organization, 2022) Infection

with Mtb strains resistant to RIF and INH is termed multidrug-resistant TB (MDR-TB),

but RIF-mono-resistant TB is routinely treated the same as MDR-TB (Lange et al., 2019).

As part of this Research Topic, Birhanu et al. performed a meta-analysis on the prevalence

of RIF-resistant Mtb in Ethiopia and found it was around 7%. Worldwide, around 5% of

patients with TB have MDR-TB, but in some countries (Moldova, Ukraine, Kazakhstan,

Kyrgyzstan) the proportion exceeds 25%. The starting treatment regimen for TB should

consist of at least four drugs that are likely to be active (Lange et al., 2019; World Health

Organization, 2019). The WHO recommends including fluoroquinolones (FQs),

bedaquiline (BDQ), and linezolid (LZD), as they are considered highly effective (34). TB

caused by an Mtb strain which is resistant to INH, RIF and a FQ is defined as pre-
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extensively drug resistant TB (pre-XDR TB), while XDR TB is

defined as TB caused by strains that are resistant to INH, RIF, a FQ,

and either BDQ or LZD or both (World Health Organization, 2019)

(WHO). BDQ, delamanid (DLM) and pretomanid (PTM) were the

first novel TB drugs to be developed after a gap of four decades

(Bloemberg et al., 2015; Dookie et al., 2022). The remarkable

efficacy of BDQ and PTM improved treatment success and led to

the introduction of a 6-month short-course regimen for MDR-TB

(Dookie et al., 2022). Unfortunately, within years of the

introduction of these novel drugs, the first clinical isolates of Mtb

resistant to BDQ and DLM were identified (Bloemberg et al., 2015).

The rapid appearance of BDQ-resistant strains is disturbing.

Interestingly, there is cross-resistance between BDQ and CFZ due

to their shared efflux pathways, indicating that the use of CFZ could

lead to BDQ resistance (Ismail et al.). As part of this Research Topic,

Islam et al. reviewed recent studies on the mechanisms of action of

BDQ and CFZ, individual resistance and cross-resistance.

Antimicrobial resistance can be intrinsic, acquired, or adaptive

(Fernandez et al., 2011; Crimi et al., 2020). The formation of

biofilms by Mtb is an important intrinsic factor in drug

resistance, since this physical barrier protects the bacilli against

antibiotics (Esteban and Garcia-Coca, 2017). Furthermore, Mtb is

intrinsically resistant to many antibiotics due to its secretion of

drug-modifying and degrading enzymes and its unique cell

envelope, composed of long-chain mycolic acids, highly branched

arabinogalactan polysaccharides and a meshwork of cross-linked,

modified peptidoglycans (Gygli et al., 2017). For example, Mtb is

resistant to most beta-lactams due to its expression of beta-

lactamase, the impermeable nature of its cell wall and its non-

classical peptidoglycan cross-links (Catalao et al.). Some of the

distinctive modifications to the peptidoglycan layer are carried out

by enzymes encoded by namH and murT/gatD (Raymond et al.,

2005; Catalao et al.). Silveiro et al. used CRISPR interference to

silence these genes in the model organismM. smegmatis, and found

that amidation of D-iso-glutamate played a role in cefotaxime and

isoniazid resistance while N-glycolylation of D-iso-glutamate

promoted resistance to beta-lactams. Thus, drugs targeting

peptidoglycan modifications may be a useful avenue for

developing novel TB therapies.

Acquired resistance to antibiotics in bacteria occurs as a result

of chromosomal genetic mutations or transfer of mobile genetic

elements (Gygli et al., 2017). The vast majority of drug resistant

phenotypes in Mtb are due to chromosomal mutations, since there

appears to be a lack of horizontal gene transfer in this species.

Genetic mutations that bestow resistance include those that lead to

the overexpression or alteration of the drug target, overexpression

of efflux pumps or abrogation of prodrug activation. Advances in

our understanding of nucleic acid biology have further revealed that

adaptive epigenetic mechanisms can also contribute to drug

resistance in bacteria (Crimi et al., 2020). Epigenetic changes can

affect gene expression without altering the DNA sequences and
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include changes in histone modification, DNA methylation, and

expression of non-coding RNA molecules. One of the main reasons

for TB relapse, drug resistance and the necessity for long therapy is

the presence of bacteria known as persisters (Zhang et al., 2012).

After being taken up by macrophages, Mtb bacilli can enter a

persistent state, in which they are dormant, which protects them

from killing by antibiotics. Persisters are genetically identical to the

rest of the bacterial population. It has been shown thatMtb-induced

epigenetic changes can play an important role in persistence by

promoting its survival in the host immune cells (Marimani et al.,

2018). Consequently, it has been suggested that combinatorial

therapy using conventional TB drugs and agents targeting Mtb-

driven epigenetic changes may improve TB treatment and reduce

drug resistance (Marimani et al., 2018; Crimi et al., 2020).

In bacteria, DNA methylation is the main epigenetic

mechanism for the regulation of gene expression (Gao et al.,

2023). Wu et al. set out to investigate the epigenetic features

associated with resistance to EMB by inducing mono-EMB

resistant Mtb in vitro, using a multi-omics approach. Fifteen

genes with high methylation and low expression were identified

in EMB-resistant strains, and proteomics analysis showed that the

gene products of three of these (mbtB, mbtD, and celA1) were

significantly downregulated. Further investigations found that

expression of mbtD and celA was significantly downregulated in

EMB-resistant clinical strains compared to susceptible strains.

Studies suggest that celA1 inhibits biofilm formation and reduces

antibiotic tolerance (Van Wyk et al., 2017; Savijoki et al., 2021),

whilembtD encodes a polyketide synthase required for the synthesis

of mycobactins, iron chelators that scavenge iron during growth

within macrophages (Boeck et al., 2022). In Mycobacterium

abscessus, mbtD plays a role in intracellular survival. As part of

this Research Topic, Wang et al. reviewed the importance of metal

ions in the survival ofMtb and suggest that targeting transcriptional

regulatory proteins involved in metal ion regulation is a promising

strategy for drug development.

Post-translational modification of proteins is another

mechanism of cell adaptation to a changing environment. Such

modifications include acetylation, phosphorylation, ubiquitination

and pupylation. As part of this Research Topic, Huang et al.

reviewed the role of acetylation by Mtb in its virulence, host

immunity and drug resistance. Acetylation can regulation the

transcription, translation, and folding of proteins. Various Mtb

acetyltransferases have been identified and confirmed to act as

virulence factors. Acetyltransferases of Mtb can modify small

molecular substrates, including antibiotics, leading to resistance

(Schwarz et al., 2004; Sanz-Garcia et al., 2019). For example, the

acetyltransferase Rv2170 is associated with resistance to INH, since

acetylated INH is readily degraded (Arun et al., 2020). Interestingly,

host polymorphisms in N-acteyltransferase 2 affect the metabolic

rate of INH, affecting its therapeutic effect and toxicity in different

individuals (Jing et al., 2020).
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Conclusion

Drug-resistant Mtb strains pose a significant global health

threat. This Research Topic highlights some of the recent

advancements in understanding drug resistance and virulence

mechanisms of Mtb, and suggests areas for future research.

Exploring factors such as epigenetic and post-translational

modifications in drug resistance may identify potential targets for

novel anti-TB therapies.
Author contributions

NN: Writing – original draft, Writing – review & editing.

LJ: Writing – review & editing, Writing – original draft.
Frontiers in Cellular and Infection Microbiology 03
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Arun, K. B., Madhavan, A., Abraham, B., Balaji, M., Sivakumar, K. C., Nisha, P., et al.
(2020). Acetylation of isoniazid is a novel mechanism of isoniazid resistance in
mycobacterium tuberculosis. Antimicrob. Agents Chemother. 65, e00456-20.
doi: 10.1128/aac.00456-20

Bloemberg, G. V., Keller, P. M., Stucki, D., Trauner, A., Borrell, S., Latshang, T., et al.
(2015). Acquired resistance to bedaquiline and delamanid in therapy for tuberculosis.N
Engl. J. Med. 373, 1986–1988. doi: 10.1056/nejmc1505196

Boeck, L., Burbaud, S., Skwark, M., Pearson, W. H., Sangen, J., Wuest, A. W., et al.
(2022). Mycobacterium abscessus pathogenesis identified by phenogenomic analyses.
Nat. Microbiol. 7, 1431–1441. doi: 10.1038/s41564-022-01204-x

Crimi, E., Benincasa, G., Cirri, S., Mutesi, R., Faenza, M., and Napoli, C. (2020).
Clinical epigenetics and multidrug-resistant bacterial infections: host remodelling in
critical illness. Epigenetics. 15, 1021–1034. doi: 10.1080/15592294.2020.1748918

Dookie, N., Ngema, S. L., Perumal, R., Naicker, N., Padayatchi, N., and Naidoo, K.
(2022). The changing paradigm of drug-resistant tuberculosis treatment: successes, pitfalls,
and future perspectives. Clin. Microbiol. Rev. 35, e0018019. doi: 10.1128/cmr.00180-19

Esteban, J., and Garcia-Coca, M. (2017). Mycobacterium biofilms. Front. Microbiol. 8, 2651.

Fernandez, L., Breidenstein, E. B., and Hancock, R. E. (2011). Creeping baselines and
adaptive resistance to antibiotics. Drug Resist. Updat. 14, 1–21.
Gao, Q., Lu, S., Wang, Y., He, L., Wang, M., Jia, R., et al. (2023). Bacterial DNA

methyltransferase: A key to the epigenetic world with lessons learned from
proteobacteria. Front. Microbiol. 14, 1129437. doi: 10.3389/fmicb.2023.1129437

Gygli, S. M., Borrell, S., Trauner, A., and Gagneux, S. (2017). Antimicrobial resistance
in Mycobacterium tuberculosis: mechanistic and evolutionary perspectives. FEMS
Microbiol. Rev. 41, 354–373. doi: 10.1093/femsre/fux011

Jing, W., Zong, Z., Tang, B., Wang, J., Zhang, T., Wen, S., et al. (2020). Population
pharmacokinetic analysis of isoniazid among pulmonary tuberculosis patients from
China. Antimicrob. Agents Chemother. 64, e01736-19. doi: 10.1128/aac.01736-19

Lange, C., Aarnoutse, R. E., Alffenaar, J. W. C., Bothamley, G., Brinkmann, F., Costa,
J., et al. (2019). Management of patients with multidrug-resistant tuberculosis. Int. J.
Tuberc Lung Dis. 23, 645–662.
Marimani, M., Ahmad, A., and Duse, A. (2018). The role of epigenetics, bacterial and
host factors in progression of Mycobacterium tuberculosis infection. Tuberculosis
(Edinb). 113, 200–214. doi: 10.1016/j.tube.2018.10.009

Raymond, J. B., Mahapatra, S., Crick, D. C., and Pavelka, M. S. Jr. (2005).
Identification of the namH gene, encoding the hydroxylase responsible for the N-
glycolylation of the mycobacterial peptidoglycan. J. Biol. Chem. 280, 326–333.
doi: 10.1074/jbc.m411006200

Sanz-Garcia, F., Anoz-Carbonell, E., Perez-Herran, E., Martin, C., Lucia, A.,
Rodrigues, L., et al. (2019). Mycobacterial aminoglycoside acetyltransferases: A little
of drug resistance, and a lot of other roles. Front. Microbiol. 10, 46.

Savijoki, K., Myllymaki, H., Luukinen, H., Paulamaki, L., Vanha-Aho, L. M.,
Svorjova, A., et al. (2021). Surface-shaving proteomics of mycobacterium marinum
identifies biofilm subtype-specific changes affecting virulence, tolerance, and
persistence. mSystems. 6, e0050021. doi: 10.1128/msystems.00500-21

Schwarz, S., Kehrenberg, C., Doublet, B., and Cloeckaert, A. (2004). Molecular basis
of bacterial resistance to chloramphenicol and florfenicol. FEMS Microbiol. Rev. 28,
519–542. doi: 10.1016/j.femsre.2004.04.001

VanWyk, N., Navarro, D., Blaise, M., Berrin, J. G., Henrissat, B., Drancourt, M., et al.
(2017). Characterization of a mycobacterial cellulase and its impact on biofilm- and
drug-induced cellulose production. Glycobiology. 27, 392–399. doi: 10.1093/glycob/
cwx014

World Health Organization. (2019). WHO consolidated guidelines on drug-resistant
tuberculosis treatment (Geneva: World Health Organization).

World Health Organization. (2022). WHO consolidated guidelines on tuberculosis:
module 4: treatment: drug-susceptible tuberculosis treatment (Geneva: World Health
Organization).

World Health Organization. (2023). WHO global tuberculosis report 2023 (Geneva:
World Health Organization).

Zhang, Y., Yew, W. W., and Barer, M. R. (2012). Targeting persisters for tuberculosis
control. Antimicrob. Agents Chemother. 56, 2223–2230. doi: 10.1128/aac.06288-11
frontiersin.org

https://doi.org/10.1128/aac.00456-20
https://doi.org/10.1056/nejmc1505196
https://doi.org/10.1038/s41564-022-01204-x
https://doi.org/10.1080/15592294.2020.1748918
https://doi.org/10.1128/cmr.00180-19
https://doi.org/10.3389/fmicb.2023.1129437
https://doi.org/10.1093/femsre/fux011
https://doi.org/10.1128/aac.01736-19
https://doi.org/10.1016/j.tube.2018.10.009
https://doi.org/10.1074/jbc.m411006200
https://doi.org/10.1128/msystems.00500-21
https://doi.org/10.1016/j.femsre.2004.04.001
https://doi.org/10.1093/glycob/cwx014
https://doi.org/10.1093/glycob/cwx014
https://doi.org/10.1128/aac.06288-11
https://doi.org/10.3389/fcimb.2024.1504923
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Editorial: Factors associated with drug resistance and virulence of Mycobacterium tuberculosis
	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


