
 | Microbial Pathogenesis | Research Article

Transcriptomic profile of the most successful Mycobacterium 
tuberculosis strain in Aragon, the MtZ strain, during exponential 
and stationary growth phases

Jessica Comín,1 Elena Campos,2 Jesús Gonzalo-Asensio,2,3,4 Sofía Samper1,3,4

AUTHOR AFFILIATIONS See affiliation list on p. 10.

ABSTRACT The Mycobacterium tuberculosis Zaragoza (MtZ) strain has produced the 
largest outbreak in Aragon Community, Spain, as it started in the 90s and continues 
today, contributing with more than 240 cases of tuberculosis, around 10% of the TB 
cases. Previous studies were carried out to identify the reasons for its successful spread 
capacity among the population. Some single nucleotide polymorphisms (SNPs) in genes 
considered as virulence factors were found, as well as an oversecretion of PE_PGRS 
factors. Different copies of IS6110 have been localized, and a transcriptomic study was 
carried out to study how the different IS6110 copies could affect the adjacent gene 
expression. In this work, we analyzed the transcriptomic profile of the MtZ, strain 
trying to delve into the mechanisms behind its success. We found that ESX-1 system 
is upregulated during both exponential and stationary growth phases in vitro, as well 
as the virulence pathways of cholesterol degradation and peptidoglycan biosynthesis. 
In addition, MtZ has the iron uptake genes downregulated in exponential growth 
phase (mycobactin biosynthesis and IrtAB transporters), while the iron storage could 
be upregulated. The desA3 gene transcription was interrupted by the insertion of an 
IS6110 copy. This gene codes for a stearoyl-coenzyme A (CoA) Δ9 desaturase involved in 
the production of oleic acid, which is necessary for the metabolism of the bacteria. In 
spite of this, although MtZ strain has an initial long lag phase growing in liquid media, it 
is capable of achieving normal growth, suggesting the existence of an alternative route 
for obtaining oleic acid.

IMPORTANCE Aragon Community suffered, during the first years of the beginning of 
this century, a large outbreak caused by the MtZ strain, producing more than 240 
cases to date. MtZ strain and the outbreak have been previously studied from an 
epidemiological and molecular point of view. In this work, we analyzed the transcrip­
tomic profile of the strain for better understanding of its success among our population. 
We have discovered that MtZ has some upregulated virulence pathways, such as the 
ESX-1 system, the cholesterol degradation pathway or the peptidoglycan biosynthesis. 
Interestingly, MtZ has downregulated the uptake of iron. Another special feature of MtZ 
strain is the interruption of desA3 gene, essential for producing oleic acid. Although the 
strain takes a long time to grow in the initial culture media, eventually it is able to reach 
normal optical densities, suggestive of the presence of another route for obtaining oleic 
acid in Mycobacterium tuberculosis.

KEYWORDS transcriptome, mycobacteria, iron metabolism

M ycobacterium tuberculosis is the causative agent of tuberculosis (TB) disease. In 
2019, TB was the 13th cause of death worldwide, and the World Health Organi­

zation estimated that 10 million people developed the disease in 2020 and around 
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1.5 million died because of it (1). Aragon Region, Spain, has an incidence of around 10 
cases per 100,000 inhabitants, and since 2004, the surveillance protocol carried out 
includes the genotyping of all M. tuberculosis isolates.

The largest outbreak in Aragon was caused by a strain called Mycobacterium 
tuberculosis Zaragoza (MtZ), described in previous works (2–4). The outbreak started in 
the 90s and continues today, with more than 240 cases reported to date and represent­
ing around 10% of the total cases in our community. MtZ belongs to the modern 
lineage L4.10, with an undefined spoligotype (SIT-773) and 12 IS6110. Previous analyses 
of this strain detected eight SNPs in genes considered as virulence factors, as well as an 
increase in the secretion of PE_PGRS family proteins (4). Absence of secretion of these 
factors has been related with an increase in virulence in the Beijing family (5), but how 
oversecretion, as observed in MtZ, affects virulence remains unknown. Furthermore, we 
carried out the transcriptomic study using three MtZ isolates that differed in the location 
of an IS6110 copy in order to identify differences in the expression of the adjacent genes 
next to IS6110, where no significant differences were detected (4).

The aim of this work is to provide the whole transcriptome analysis of the MtZ strain 
in order to shed light on the virulence and pathogenic mechanisms that allowed MtZ to 
become such a successful strain in Aragon.

RESULTS

The differential expression analysis results for each strain in exponential and stationary 
phases compared to the H37Rv controls are shown in the supplemental table (Table S1). 
The three MtZ strains isolates analyzed are MS 387 (isolated in 1995, one of the first 
isolates detected), HMS 2742 (isolated in 2012 with a 10-kb deletion affecting part of the 
CRISPR region), and HMS 2045 (isolated in 2007 with an extra IS6110 in dnaA:dnaN, only 
analyzed in the stationary growth phase). The differentially expressed genes were split 
into upregulated and downregulated for each of the three MtZ isolates analyzed (Table 
1). The common differentially expressed genes were extracted using Venn diagrams (Fig. 
1). Only the common differentially expressed genes found among the three MtZ strains 
were taken into account (Table S2). The common differentially expressed genes were 
analyzed with Cytoscape software using BiNGO plugin tool to group them into functional 
categories. A summary of the results can be found in Tables 2 and 3 of the present work. 
More information can be found in the supplemental materials (Table S3).

Upregulated genes in the MtZ strain during exponential growth phase in 
vitro

BiNGO tool (Table S3.1) showed that the MtZ strain had upregulated genes involved 
in pathogenesis routes as cholesterol degradation (kshA, cyp125, choD, hsaE, hsaF, and 
hsaG genes), phosphate assimilation (regX3 and phoP), survival of mycobacteria within 
host macrophages (pknG, PE_PGRS33, esxA, esxB, and pirG), modulating host immune 
system (PE_PGRS11, PE_PGRS30, pknK, esxA, and esxB), transcriptional regulators (sigD, 
rpfC, and Rv0386), removal of signal peptides (lspA), biosynthesis of some fatty acids 
(pks5, required for full virulence during host infection; pks6; and pks7) and peptidoglycan 
biosynthesis (Rv1433, ldtA, murG, and ald). Besides, many genes of the ESX-1 secretion 

TABLE 1 Differentially expressed genes for the MtZ isolates analyzed vs H37Rv strain

Differentially expressed genes for the three MtZ isolates analyzed

Strains

MS 387 HMS 2742 HMS 2045 Common genes

Exponential phase
  Downregulated 160 187 115
  Upregulated 374 407 277
Stationary phase
  Downregulated 129 152 130 75
  Upregulated 161 191 175 111
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system (espE, espF, esxA, esxB, espI, and espK) (Fig. 2) and of the ESX-2 system (eccD2, 
mycP2, eccE2, and eccA2) were upregulated. In addition, some mce operon genes, 
involved in host cell invasion, were upregulated (mce3A, mce3C, mce3D, and lprK) as well 
as some toxin-antitoxin systems (vapB22, vapB17-vapC17, vapB36-vapC36, and vapB41).

FIG 1 Venn diagrams showing the number of differentially expressed genes for the strains analyzed. The common genes for each condition are listed in Table S2.

FIG 2 Schematic view of the ESX-1 genomic region showing altered transcription in the MtZ strain compared with H37Rv. The system seems upregulated in 

both in exponential and stationary growth phases. Some genes related with ESX-1 system, but not belonging to the operon, were included in an independent 

square: espACD is a pathogenic island in H37Rv; Rv2034, phoP, and whiB6 regulate the expression of ESX-1 system. exp, exponential; stat, stationary,
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The category “response to stimulus” had many upregulated genes involved in 
different processes including protection of oxidative and metal damage (ahpC, 
PE_PGRS11, ephB, mymT, Rv3378, and bpoA), transporters (Rv1687c, Rv1739c, Rv1986, 
ctpG, secG, Rv1686c, yrbE3A, mmpS2, mmpL2, mmpL10, mmpL12, glnH, narU, and pstS3), 
transcriptional regulators (Rv0792c, Rv1985c, Rv2034, Rv2621c, Rv2884, Rv3249c, cmtR, 
and Rv0386), iron storage (bfrB), integrity of the cell wall (fbpC, pimF, ripB, and ald), DNA 
repair (Rv0921, Rv3394c, Rv3395c, and dnaE2), protein folding (groES), persistence in the 
host (Rv2557), and growth regulation (higB and mazF5 toxins). In addition, many genes 
related with viral latency were upregulated (Rv1577c, Rv1586c, Rv2658c, Rv2659c, and 
Rv2651c).

In addition to genes involved in cholesterol degradation and peptidoglycan 
biosynthesis, many other genes involved in lipid metabolism were upregulated in MtZ 
strain: fatty acid biosynthesis (pks4, pks5, pks6, pks7, pks8, pks9, pks17, pks18, acpM, 
fadD15, accA1, and Rv1894c), lipid catabolism and degradation (lipL, alkB, Rv1592c, 
mutB, scoA, scoB, Rv3502c, and Rv1075c), and other lipid metabolic processes (Rv2277, 
papA3, Rv0111, Rv3378c, and Rv2499c). The degradation of some particular amino 
acids, especially the ones with uncharged polar side chains, was also upregulated: ald 
(L-alanine), accA1 and accD1 (L-leucine), scoB (valine, leucine, and isoleucine), bkdA and 
bkdB (branched-chain amino acids), and Rv1188 (L-proline). Finally, some genes involved 
in the molybdopterin biosynthesis pathway (moaC3, moaA1, Rv3324A, and moaX), as well 
as genes involved in the purine and pyrimidine biosynthesis (purT, purU, pyrB, and pyrC), 
were likewise upregulated. A summary of the affected pathways and processes can be 
found in Table 2.

Downregulated genes in MtZ during exponential growth phase in vitro

Using BiNGO tool (Table S3.2) irtA and irtB genes were shown to be downregulated in 
MtZ strain. These genes codify for an ABC transporter complex involved in the import of 

TABLE 2 Upregulated and downregulated pathways and processes during exponential growth phase of the MtZ straina

Exponential growth phase

Upregulated pathways and processes Downregulated pathways and processes

Cholesterol degradation Import of iron-bound mycobactin
Phosphate assimilation Mycobactin and siderophore biosynthesis
Survival within host macrophages Response to iron starvation
Host immune system modulation Pathogenic lipid synthesis
Transcriptional regulators Propionate degradation
Removal of signal peptides Lipid metabolism
Biosynthesis of some fatty acids Toxin-antitoxin systems
Peptidoglycan biosynthesis Sulfur metabolism
Host cell invasion Biosynthesis of some amino acids
Toxin-antitoxin systems Transcriptional regulators
Protection of oxidative and metal damage Translation
Transporters Mycolic acid composition and permeability of the envelope
Iron storage
Integrity of the cell wall
DNA repair
Protein folding
Persistence in the host
Growth regulation
Viral latency
Lipid catabolism and degradation
Degradation of some particular amino acids
Molybdopterin biosynthesis
Purine and pyrimidine biosynthesis
aMore information can be found in Supplementary materials (Table S3).
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iron-bound mycobactin. Genes involved in the mycobactin and siderophore biosynthetic 
pathway (mbtA, mbtB, mbtC, mbtF, mbtG, mbtI, mbtK, mbtL, mbtM, and mbtN) and 
response to iron starvation (tcrX and Rv3402c) were also downregulated (Fig. 3). Rv1085c, 
a hemolysin-like protein involved in virulence, was also downregulated.

Another downregulated gene was whiB3, a redox-sensitive transcriptional regulator 
that maintains intracellular redox homeostasis by regulating catabolic metabolism and 
polyketide biosynthesis. It regulates pathogenic lipid synthesis, coordinating propionate 
flux and the storage of lipid triacylglycerol. This gene controls the expression of pks2, 
involved in sulfolipid-1 biosynthesis, and pks3, both downregulated in MtZ strain. papA1 
gene, also involved in sulfolipid-1 biosynthesis, was downregulated. prpC, prpD, and prpR 
genes, involved in the propionate degradation route, were downregulated, probably as 
consequence of whiB3 downregulation. Many other genes related to lipid biosynthesis 
(ppsC, ppsD, desA3, Rv1760, and accA2) and lipid degradation (Rv1096, fadE35, fadE12, 
and echA18) are downregulated. desA3 gene, involved in the synthesis of oleic acid, 
is interrupted by an IS6110, and Rv1760, involved in the synthesis of triacylglycerol, 
is absent in MtZ strain due to an IS6110-mediated recombination. Besides, Rv3083-lipR-
Rv3085, part of the mymA operon and required for maintaining the appropriate mycolic 
acid composition and permeability of the envelope on its exposure to acidic pH, were 
absent in MtZ strain as this deletion is characteristic of all L4.8 strains (RD219). ppe57, 
which plays a key role in regulating innate and adaptive immune responses through 
human toll-like receptor 2 (TLR2), was also absent in the MtZ strain, as well as wag22, 
described to have fibronectin-binding activity that could mediate bacterial attachment 
to host cells, and it is thought to be expressed during infection.

In addition, MtZ strain has some downregulated toxin-antitoxin systems (vapC19 and 
vapB47-vapC47), as well as some genes related to sulfur metabolism (cysH, sirA, and che1). 
The biosynthesis of some amino acids such as methionine (mmuM, metH, and metK) and 
histidine (Rv3137 and hisE) are downregulated, and many transcriptional regulators (rpfE, 
oxyS, Rv1049, Rv2912c, and Rv1287). Finally, genes involved in mRNA translation also 
appear to be downregulated (rplN, rpsF, and rplJ). A summary of the affected pathways 
and processes can be found in Table 2.

Upregulated genes in MtZ strain during stationary growth phase in vitro

The analysis performed by BiNGO tool showed that some routes associated with 
pathogenesis were upregulated in MtZ strain in the stationary phase (Table S3.3). 
During stationary phase, whiB6, esxA, and esxB genes were upregulated similarly to 
the exponential growth phase, as well as espE, espI, espJ, and ppe68 (together with 
pe35, which stimulates the secretion of IL-10 and MCP-1 from human macrophages, via 
the interaction with human TLR2 and eccD, all of them part of the ESX-1 secretion 
system (Fig. 2). In addition, we found upregulation of the whiB5 gene, coding for 
a redox-responsive transcription factor that plays a role in immunomodulation and 
reactivation after chronic infection and induces the transcription of ESX-2 and ESX-4. 
mycP2 gene, belonging to the ESX-2 secretion system, was also found to be upregulated. 
The sigma factor sigD, whose expression decreases during hypoxia, was upregulated. The 
route of biosynthesis and secretion of siderophores (mbtA, mbtB, mbtC, mmpS4- mmpL4, 
and mmpS5-mmpL5), essential for virulence, was upregulated (Fig. 3). Finally, hbhA gene 
(required for extrapulmonary dissemination and responsible of inducing mycobacterial 
aggregation), icl1 (involved in the persistence and virulence through glyoxylate cycle), 
and rpfA and rpfE (factors that stimulate resuscitation of dormant cells with peptidogly­
can hydrolytic activity) were also upregulated.

Many genes involved in lipid biosynthesis (pks4, pks5, pks18, ino1, papA3, Rv3740c, 
fadD15, Rv0111, umaA, and mmpL10), lipid degradation (fadD3, Rv3551, and ipdC, all 
related to cholesterol metabolism, and Rv1592c), and lipid metabolism (fadB2, fadE5, 
Rv2251, Rv2277, fadE35, and lipU) were upregulated in MtZ strain. Similar to the 
exponential growth phase, the molybdopterin biosynthesis pathway (moaC3, moaA1, 
Rv3324A, and moaX) was upregulated, along with some toxin-antitoxin systems (vapC36, 
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vapC1, and vapB44). Many transporters, some of them with an unknown substrate, as 
Rv1435c, Rv1218c, efpA, mmpL10, and Rv1463, were also upregulated. Finally, in addition 
to those already described, other transcriptional regulators (Rv2612c, Rv3093c, Rv0474, 
Rv0196, ethR, Rv1219c, and Rv3413c) were upregulated. A summary of the affected 
pathways and processes during stationary growth phase can be found in Table 3.

Downregulated genes in MtZ strain during stationary growth phase

The operon espA-espC-espD, considered a pathogenicity island in H37Rv and involved 
in the ESX-1 secretion system, was downregulated in MtZ in the stationary growth 
phase (Fig. 2) (Table S3.4). Also, the operon Rv3083-lipR-Rv3085-Rv3087-tgs4, required for 
maintaining the appropriate mycolic acid composition and permeability of the envelope 
upon exposure to acidic pH, was downregulated. Rv3083, lipR, and Rv3085 are absent 
in MtZ as is RD219, characteristic of L4.8 strains. Many transcriptional factors were 
downregulated in this growth phase: rpfD, mce1R, Rv0195, tcrX, and Rv0516c. Regarding 
lipid metabolism, fatty acid biosynthesis was clearly downregulated (affecting Rv1760, 
absent in MtZ because of an IS6110-mediated recombination, together with Rv3233c, 
accA2, Rv3720, Rv1184c, fcoT, and pks3), as well as phospholipid metabolism (cdh and 
mmpL8), lipid degradation (fadE12), and others (Rv0100, fadD10, and echA7). Finally, 
the toxin-antitoxin vapB47-vapC47 was also downregulated. A summary of the affected 
pathways and processes can be found in Table 2.

FIG 3 Affected iron homeostasis in MtZ strain. Four pathways were affected during exponential and stationary phases, including mycobactin biosynthesis (both 

operons mbt-1, responsible for the mycobactin core synthesis, and mbt-2, for the acyl complex that finishes the synthesis of the mycobactin), iron starvation 

response (tcrX and Rv3402c genes), transport of iron across the mycobacterial membrane (irtA and irtB genes) and iron storage (bfrB). exp, exponential; stat, 

stationary.
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DISCUSSION

The results obtained in RNAseq regarding the MtZ strain, related to H37Rv used as 
control, has allowed us to analyze the upregulated and downregulated processes and 
metabolic pathways of this successful tuberculosis strain. Parts of the ESX-1 system 
seem upregulated in MtZ strain (Fig. 1), in both exponential and stationary growth 
phases. This system is essential for virulence in M. tuberculosis, required for the rupture 
of the phagosome and the liberation of bacteria in the cytoplasm, mainly mediated by 
esxA-esxB heterodymer. ESX-1 has been also linked with necrosis/apoptosis induction on 
the host cell, granuloma formation, and cell-to-cell spread (6–8). Several ESX-1 secretion-
associated proteins as EspE and EspI (both in exponential and stationary growth phases), 
EspF and EspK (exponential growth phase), the transmembrane protein EccD1 (station­
ary phase), PPE68 (stationary phase), and the major ESX-1 effector protein EsxA and 
its chaperone EsxB (exponential and stationary growth phases) are upregulated. whiB6 
gene, identified as a transcriptional regulator of the ESX-1 system (9), is also upregu­
lated. It has been observed that H37Rv presents a single-nucleotide insertion in the 
promotor of whiB6 (9), specifically in the PhoP-binding region, which was related with 
the downregulation of the ESX-1 system in H37Rv in comparison to clinical strains (10, 
11), what could explain why the system appeared upregulated in MtZ as the compari­
son was carried out using H37Rv as control. However, MtZ strain has gotten upregula­
ted phoP gene (about two fold change) and Rv2034 gene, which positively regulates 
transcription of phoP, both in the exponential growth phase, suggesting that MtZ really 
could have its virulence increased mediated by the phoP-ESX-1 system. However, in the 
stationary phase, MtZ has downregulated espA-espC-espD genes, an operon considered 
a pathogenicity island in H37Rv (7, 12) and which is normally secreted along esxA-esxB 
genes. Other esp genes, such as espE and espF, are homologous to these genes, so they 
could be replacing the pathogenicity island roll in the ESX-1 system.

MtZ strain also presented part of the ESX-2 system to be upregulated (eccD2, mycP2, 
eccE2, and eccA2 genes), recently described to be involved in phagosome permeabiliza­
tion and bacterial scape (13). This operon has been shown to be regulated by whiB5 gene 
(14). However, whiB5 was not upregulated in the MtZ strain during exponential growth 
phase, when we observed operon overexpression. whiB5 was upregulated in stationary 
growth phase, when only mycP2 gene was upregulated in MtZ strain. Besides, we did not 
observe the overexpression effect in any of the genes supposedly controlled by whiB5. 
These observations make us speculate that upregulation of part of the ESX-2 system has 
another cause different from whiB5.

Iron is essential for M. tuberculosis as it plays important roles in vital biologic 
processes, including electron transport (15). To obtain iron from the environment, M. 
tuberculosis produces mycobactins, essential for the in vivo growth and survival of 
the pathogen (16). The genes that synthesize these mycobactins are organized in 
two operons, mbt-1, including mbtA-mbtJ genes, responsible for the synthesis of the 

TABLE 3 Upregulated and downregulated pathways and processes during stationary growth phase of the 
MtZ straina

Stationary growth phase

Upregulated pathways and processes Downregulated pathways and processes

ESX-1 secretion system Mycolic acid composition and permeability of 
the envelope

ESX-2 secretion system Transcriptional factors
Biosynthesis and secretion of siderophore Phospholipid metabolism
Lipid metabolism Lipid metabolism
Molybdopterin biosynthesis Toxin-antitoxin systems
Transporter
Transcriptional regulators
aMore information can be found in the supplemental materials (Table S3).
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core structure of the mycobactin molecule, and mbt-2, including mbtK-mbtN genes, 
responsible for incorporating the hydrophobic aliphatic side chain onto the mycobactin 
backbone (17). Besides, both operons are regulated by ideR, so that in the presence of 
iron, ideR acts as a repressor of the mycobactin biosynthesis (18), promoting iron storage 
through the expression of bfrA and bfrB (19). What we observed during the exponential 
growth phase of the MtZ strain is that many genes of mbt-1 and all genes of mbt-2 
were downregulated, while bfrB was upregulated (Fig. 2), mimicking high iron level in 
the environment, so that mycobactins were not required. In this sense, the bacteria 
would have enough iron to store and thus avoid its toxicity. This observation would 
be supported by the downregulation of irtA and irtB, encoding for IrtAB cytoplasmatic 
iron transporter (20). Considering that the growth conditions were the same for the 
control strain H37Rv and MtZ, it suggests that this iron response must be somewhat 
specific for the MtZ strain. In the stationary growth phase, where low iron levels are 
expected, MtZ overexpressed some mycobactin genes (mbtA, mbtB, and mbtC) as well as 
mmpS4-mmpL4/mmpS5-mmpL5, described as forming a new siderophore export system 
for mycobactins (21). This iron incorporation defect could be compensated with the 
heme uptake, not depending on mycobactins (22), although none of the genes involved 
in this pathway was upregulated in MtZ strain.

During both exponential and stationary growth phases, MtZ strain presented 
upregulation of the molybdopterin biosynthesis pathway (moaC3, moaA1, Rv3324A, and 
moaX). MtZ has an IS6110 inserted at point 3668723 (referred to Mycobacterium bovis 
AF2122/97 genome), adjacent to the operon, and it is in forward direction, whereas the 
genes of this operon are in reverse direction. Therefore, overexpression of the operon 
does not seem to be the result of IS6110 acting as a promotor, described in other works 
(23–25). Besides, moaA1 is outside of the operon. Among the molybdenum enzymes 
in mycobacteria, we found the nitrate reductase, encoded by the narGHIJ locus (26) 
and considered an important virulence factor because nitrate is described to enhance 
survival during inhibition of respiration (27), and also the carbon monoxide dehydrogen­
ase, which plays a role in the protection of the bacteria from nitrosative stress during 
infection (28), and the biotin sulfoxide reductase. Biotin plays an important role in the 
citric acid cycle, cell signaling, epigenetic regulation, and chromatin structure (29) and 
is also required for obtaining malonyl-CoA, used for mycolic acid biosynthesis, and the 
degradation of many pyridine derivatives is catalyzed at the first step by molybdenum 
enzymes (28). sigD, a transcriptional regulator, was upregulated during exponential and 
stationary growth phases in the MtZ strain. This gene is suggested to play an important 
role in optimal growth and survival both under starvation and nutrient replete condi­
tions, and many genes have been identified as being regulated directly or indirectly by 
sigD (30). We found some of the sigD-regulated genes (rpfC, groES, fbpC, papA3, and 
fadD15) to be upregulated in MtZ during the exponential and stationary growth phases 
in vitro.

Lipids from the host are used by M. tuberculosis as carbon source, allowing myco­
bacterial persistence (31). The main lipids used by M. tuberculosis are fatty acids and 
cholesterol, transformed into bacterial products that mediate pathogenesis, replication, 
drug tolerance, and virulence (32). One of these products is propionyl-CoA, which can 
be used for central metabolism as part of the methylcitrate cycle (33, 34) or for the 
synthesis of virulence-associated cell wall lipids as part of the methylmalonyl pathway 
and polyketide biosynthesis (35). During exponential growth phases, the MtZ strain 
appeared to be redirecting its metabolism to obtain propionyl-CoA, as we observed 
upregulation of genes involved in the degradation of the A and B rings of cholesterol 
at some stages (kshA, hsaF, and hsaG genes), as well as the b-oxidation of the side 
chain (cyp125) and also the degradation of branched chain amino acids (bkdA and bkdB), 
another source of propionyl-CoA. Besides, once propionyl is obtained, it is redirected 
toward the methyl-malonyl pathway (mutB gene is upregulated in MtZ) and from there 
to the synthesis of virulence lipids of the cell wall (many pks genes are upregulated, 
both in exponential and stationary growth phases). In the stationary growth phase, the 
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degradation of the C and D rings of cholesterol was upregulated (fadD3 and ipdC gene) 
as was the transformation of propionyl-CoA into succinate and pyruvate through the 
methylcitrate cycle, which was actually downregulated in the exponential growth phase 
(prpC and prpD genes).

Peptidoglycan is important for maintaining cell shape, and it fortifies the plasma 
membrane against the osmotic pressure of the cytoplasm (36). During stationary and 
exponential growth phases, the peptidoglycan remodeling was upregulated in MtZ 
through ldtA, murG, and Rv1433 genes (all involved in the peptidoglycan synthesis), ripB 
(required for normal separation of daughter cells after cell division and cell wall integrity 
and for host cell invasion), and rpfC (with peptidoglycan hydrolytic activity). In addition, 
MtZ had upregulated some other genes involved in the maintenance of the cell wall 
integrity: fbpC (antigen 85 protein, catalyzes the transfer of mycolic acids to cell wall 
arabinogalactan) and pimF. The synthesis and translocation of polyacyltrehalose (pks4, 
papA3, and mmpL10) and phthiocerol dimycocerosates (PDIM) (pks8, pks9, and pks17) 
seemed to be also upregulated in the exponential growth phase, while the polyacyl­
trehalose synthesis seemed downregulated during stationary growth phase (Rv1184c 
and pks3). However, the synthesis of sulfolipids (pks2 and papA1 genes) was downregu­
lated. This altered composition of the cell wall could be due to the downregulation of 
whiB3, demonstrated as being responsible for modulating the biosynthesis of complex 
virulence lipids (37). In addition, metyl-malonyl concentration has been suggested to 
regulate the biosynthesis of both sulfolipids and PDIM, so that in the absence of PDIM, 
biosynthesis of sulfolipids increases (38); conversely, the reverse situation is possible. 
That is what we observed in the MtZ strain: the downregulation of sulfolipids but the 
upregulation of PDIM.

One important fact in MtZ strain is the inactivation of desA3 gene due to an IS6110 
insertion (point 3606308 in H37Rv genome) (3, 4). desA3 encodes a stearoyl-CoA Δ9 
desaturase that produces oleic acid, a precursor for mycobacterial membrane phos­
pholipids and triglycerides (39) and considered essential (40) because it is the only 
enzyme with this activity described in M. tuberculosis (41). In Mycobacterium smegmatis, a 
knockout of the homologous gene of desA3 resulted in a decrease of oleic acid of about 
40%–50% but remained viable on solid media, whereas in liquid media, the knockout 
strain showed an aberrant growth with a long lag phase until the bacteria started to 
grow, not reaching the optic density of the wild-type strain in any case (41). The authors 
of the study concluded that there were other enzymes that complemented the activity 
of desA3. This aberrant growth is exactly what we observe when the MtZ strain is grown 
in liquid media. The fact that the strain remained viable may suggest that there could be 
some oleic synthesis by an unknown enzyme, as oleic acid is essential for mycobacterial 
growth.

The main limitation of this study is that the interpretation could be biased by 
comparing MtZ strain against a laboratory H37Rv. In addition, transcriptomic alone is 
not enough to extract definitive conclusions.

In summary, we have analyzed the transcriptomic differences of the MtZ strain 
compared to H37Rv and found some differences that could explain the success of this 
tuberculosis strain among our population in Aragon. More studies such as metabolomics, 
proteomics, or cellular studies would be needed to complement the results obtained and 
improve our understanding of M. tuberculosis behavior.

MATERIALS AND METHODS

Strains and growing conditions

Three different MtZ isolates were selected for the transcriptomic study: MS 387 (clinical 
isolate of 1995), HMS 2045 (isolated in 2007 with an extra IS6110 located in dnaA:dnaN), 
and HMS 2742 (isolated in 2012 with a deletion of ∼10 kb, including the genes from 
Rv2816c to the point of insertion of IS6110 in Rv2823c because of an IS6110-mediated 
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recombination) (42). H37Rv strain was used as control. Three replicates of each strain 
were used. The strains, stored at −80°C were thawed, and culture was started a in 7H9 
medium supplemented with 10% (vol/vol) albumin-dextrose-catalase. A second culture 
was started under the same conditions until DO = 0.6–0.7 for exponential growth phase 
and DO = 1.2–1.3 for stationary growth phase. Strain HMS 2045 was eliminated from 
the exponential phase study because the analysis of the results indicated that it was a 
different strain than expected, possibly due to inoculum failure.

RNA extraction and sequencing

The RNA was extracted using the FastPrep homogenizer and the chloroform-isoamilic 
alcohol-isopropanol method from 10 mL of bacterial culture (43). The samples were 
sent to the STAB-VIDA company (Caparica, Portugal; https://www.stabvida.com) for the 
transcriptomic analysis. The library construction of cDNA molecules was carried out 
using a ribosomal depletion library preparation kit. The generated DNA fragments were 
sequenced in the lllumina Novaseq platform using 150-bp paired-end sequencing reads. 
The analysis of the generated raw sequence data were carried out using CLC Genomics 
Workbench version 12.0.3. The high-quality sequencing reads were mapped against the 
reference genome M. tuberculosis H37Rv (NC_000962.3).

Bioinformatic analysis

The analysis of the transcriptomes were carried out independently for each RNA isolate, 
and subsequently, the average of the three replicates was performed to obtain the 
average values. Those genes that were expressed significantly different in the three 
strains with respect to H37Rv were used in the study. The common differentially 
expressed genes were extracted using Venn diagram available online (https://www.bio­
tools.fr/misc/venny). Integrative Genome Browser software was used for a visual study 
of the transcriptome (44) using the WIG files of the transcriptome. Cytoscape software 
and BiNGO tool (supported by the U.S. National Institute of General Medical Sciences) 
were used to group the genes in different metabolic pathways. Mycobrowser (https://
mycobrowser.epfl.ch/), Uniprot (https://www.uniprot.org/), and KEGG PATHWAY database 
(https://www.genome.jp/kegg/pathway.html) were used to find information of the genes 
and proteins of interest.

ACKNOWLEDGMENTS

The authors acknowledge the use of Servicio General de Apoyo a la Investigación, 
Universidad de Zaragoza (Servicio de Análisis Microbiológico). We also thank Ana Cristina 
Millán and José Manuel Ezquerra for teaching us how to use Citoscape and BiNGO tools. 
English was kindly revised by Dessislava Marinova.

This work was supported by the Carlos III Health Institute in the context of a grant 
(FIS18/0336), and J.C. was awarded a scholarship by the Government of Aragon/Euro­
pean Social Fund, “Building Europe from Aragon.” Publication costs were supported by 
"Grupos DGA: proyecto B35_23R: Genética de Micobacterias."

AUTHOR AFFILIATIONS

1Instituto Aragonés de Ciencias de la Salud, Zaragoza, Spain
2Universidad de Zaragoza, Zaragoza, Spain
3Fundación IIS Aragón, Zaragoza, Spain
4CIBER de Enfermedades Respiratorias, Madrid, Spain

AUTHOR ORCIDs

Jessica Comín  http://orcid.org/0000-0002-3211-6134
Jesús Gonzalo-Asensio  http://orcid.org/0000-0001-8841-6593

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.04685-22 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 F

eb
ru

ar
y 

20
24

 b
y 

15
5.

21
0.

59
.2

10
.

https://www.stabvida.com
https://www.biotools.fr/misc/venny
https://mycobrowser.epfl.ch/
https://www.uniprot.org/
https://www.genome.jp/kegg/pathway.html
https://doi.org/10.1128/spectrum.04685-22


Sofía Samper  http://orcid.org/0000-0002-3011-2519

FUNDING

Funder Grant(s) Author(s)

IS Carlos III 18/0336 Sofía Samper

Gobierno de Aragon Jessica Comín

AUTHOR CONTRIBUTIONS

Jessica Comín, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Writing – original draft | Elena Campos, Investigation | Jesús Gonzalo-
Asensio, Investigation | Sofía Samper, Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Writing – review and editing

DATA AVAILABILITY

The raw data of the transcriptomic samples presented in this study can be found in 
the National Center for Biotechnology Information repository. The BioProject accession 
number is PRJNA1021783, biosamples: SAMN37570867–SAMN37570886.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Table S1 (Spectrum04685-22-s0001.xlsx). Differentially expressed genes vs H37Rv of 
each strain and condition studied reference strain.
Table S2 (Spectrum04685-22-s0002.xlsx). Common_dif_expressed_genes.
Table S3 (Spectrum04685-22-s0003.xlsx). Genes classified by functional pathways.

REFERENCES

1. World Health Organization. Global tuberculosis report 2021. 2021.
2. López-Calleja AI, Gavín P, Lezcano MA, Vitoria MA, Iglesias MJ, Guimbao 

J, Lázaro MA, Rastogi N, Revillo MJ, Martín C, Samper S. 2009. Unsuspec­
ted and extensive transmission of a drug-susceptible Mycobacterium 
tuberculosis strain. BMC Pulm Med 9:1–10. https://doi.org/10.1186/1471-
2466-9-3

3. Millán-Lou MI, López-Calleja AI, Colmenarejo C, Lezcano MA, Vitoria MA, 
del Portillo P, Otal I, Martín C, Samper S. 2013. Global study of IS6110 in a 
successful Mycobacterium tuberculosis strain: clues for deciphering its 
behavior and for its rapid detection . J Clin Microbiol 51:3631–3637. 
https://doi.org/10.1128/JCM.00970-13

4. Comín J, Madacki J, Rabanaque I, Zúñiga-Antón M, Ibarz D, Cebollada A, 
Viñuelas J, Torres L, Sahagún J, Klopp C, Gonzalo-Asensio J, Brosch R, 
Iglesias M-J, Samper S. 2022. The MtZ strain: molecular characteristics 
and outbreak investigation of the most successful Mycobacterium 
tuberculosis strain in Aragon using whole-genome sequencing. Front 
Cell Infect Microbiol 12:887134. https://doi.org/10.3389/fcimb.2022.
887134

5. Ates LS, Dippenaar A, Ummels R, Piersma SR, van der Woude AD, van der 
Kuij K, Le Chevalier F, Mata-Espinosa D, Barrios-Payán J, Marquina-
Castillo B, Guapillo C, Jiménez CR, Pain A, Houben ENG, Warren RM, 
Brosch R, Hernández-Pando R, Bitter W. 2018. Mutations in ppe38 block 
PE-PGRS secretion and increase virulence of Mycobacterium tuberculosis. 
Nat Microbiol 3:181–188. https://doi.org/10.1038/s41564-017-0090-6

6. Gröschel MI, Sayes F, Simeone R, Majlessi L, Brosch R. 2016. ESX secretion 
systems: mycobacterial evolution to counter host immunity. Nat Rev 
Microbiol 14:677–691. https://doi.org/10.1038/nrmicro.2016.131

7. Simeone R, Bobard A, Lippmann J, Bitter W, Majlessi L, Brosch R, Enninga 
J. 2012. Phagosomal rupture by Mycobacterium tuberculosis results in 
toxicity and host cell death. PLoS Pathog 8:e1002507. https://doi.org/10.
1371/journal.ppat.1002507

8. Aguilo JI, Alonso H, Uranga S, Marinova D, Arbués A, de Martino A, Anel 
A, Monzon M, Badiola J, Pardo J, Brosch R, Martin C. 2013. ESX-1-induced 
apoptosis is involved in cell-to-cell spread of Mycobacterium tuberculosis. 
Cell Microbiol 15:1994–2005. https://doi.org/10.1111/cmi.12169

9. Solans L, Aguiló N, Samper S, Pawlik A, Frigui W, Martín C, Brosch R, 
Gonzalo-Asensio J. 2014. A specific polymorphism in Mycobacterium 
tuberculosis H37Rv causes differential ESAT-6 expression and identifies 
WhiB6 as a novel ESX-1 component. Infect Immun 82:3446–3456. https:/
/doi.org/10.1128/IAI.01824-14

10. Pérez E, Samper S, Bordas Y, Guilhot C, Gicquel B, Martín C. 2001. An 
essential role for phoP in Mycobacterium tuberculosis virulence. Mol 
Microbiol 41:179–187. https://doi.org/10.1046/j.1365-2958.2001.02500.x

11. Frigui W, Bottai D, Majlessi L, Monot M, Josselin E, Brodin P, Garnier T, 
Gicquel B, Martin C, Leclerc C, Cole ST, Brosch R. 2008. Control of M. 
tuberculosis ESAT-6 secretion and specific T cell recognition by phoP. 
PLoS Pathog 4:e33. https://doi.org/10.1371/journal.ppat.0040033

12. Majlessi L, Prados-Rosales R, Casadevall A, Brosch R. 2015. Release of 
mycobacterial antigens. Immunol Rev 264:25–45. https://doi.org/10.
1111/imr.12251

13. Pajuelo D, Tak U, Zhang L, Danilchanka O, Tischler AD, Niederweis M. 
2021. Toxin secretion and trafficking by Mycobacterium tuberculosis. Nat 
Commun 12:6592. https://doi.org/10.1038/s41467-021-26925-1

14. Casonato S, Cervantes Sánchez A, Haruki H, Rengifo González M, 
Provvedi R, Dainese E, Jaouen T, Gola S, Bini E, Vicente M, Johnsson K, 
Ghisotti D, Palù G, Hernández-Pando R, Manganelli R. 2012. WhiB5, a 
transcriptional regulator that contributes to Mycobacterium tuberculosis 
virulence and reactivation. Infect Immun 80:3132–3144. https://doi.org/
10.1128/IAI.06328-11

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.04685-22 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 F

eb
ru

ar
y 

20
24

 b
y 

15
5.

21
0.

59
.2

10
.

https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA1021783
https://www.ncbi.nlm.nih.gov/search/all/?term=SAMN37570867
https://www.ncbi.nlm.nih.gov/search/all/?term=SAMN37570886
https://doi.org/10.1128/spectrum.04685-22
https://doi.org/10.1186/1471-2466-9-3
https://doi.org/10.1128/JCM.00970-13
https://doi.org/10.3389/fcimb.2022.887134
https://doi.org/10.1038/s41564-017-0090-6
https://doi.org/10.1038/nrmicro.2016.131
https://doi.org/10.1371/journal.ppat.1002507
https://doi.org/10.1111/cmi.12169
https://doi.org/10.1128/IAI.01824-14
https://doi.org/10.1046/j.1365-2958.2001.02500.x
https://doi.org/10.1371/journal.ppat.0040033
https://doi.org/10.1111/imr.12251
https://doi.org/10.1038/s41467-021-26925-1
https://doi.org/10.1128/IAI.06328-11
https://doi.org/10.1128/spectrum.04685-22


15. Sritharan M. 2016. Iron homeostasis in Mycobacterium tuberculosis: 
mechanistic insights into siderophore-mediated iron uptake. J Bacteriol 
198:2399–2409. https://doi.org/10.1128/JB.00359-16

16. De Voss JJ, Rutter K, Schroeder BG, Su H, Zhu Y, Barry CE. 2000. The 
salicylate-derived mycobactin siderophores of Mycobacterium 
tuberculosis are essential for growth in macrophages. Proc Natl Acad Sci 
U S A 97:1252–1257. https://doi.org/10.1073/pnas.97.3.1252

17. Krithika R, Marathe U, Saxena P, Ansari MZ, Mohanty D, Gokhale RS. 
2006. A genetic locus required for iron acquisition in Mycobacterium 
tuberculosis. Proc Natl Acad Sci U S A 103:2069–2074. https://doi.org/10.
1073/pnas.0507924103

18. Schmitt MP, Predich M, Doukhan L, Smith I, Holmes RK. 1995. Characteri­
zation of an iron-dependent regulatory protein (IdeR) of Mycobacterium 
tuberculosis as a functional homolog of the diphtheria toxin repressor 
(DtxR) from corynebacterium diphtheriae. Infect Immun 63:4284–4289. 
https://doi.org/10.1128/iai.63.11.4284-4289.1995

19. Gold B, Rodriguez GM, Marras SA, Pentecost M, Smith I. 2001. The 
Mycobacterium tuberculosis ider is a dual functional regulator that 
controls transcription of genes involved in iron acquisition, iron storage 
and survival in macrophages. Mol Microbiol 42:851–865. https://doi.org/
10.1046/j.1365-2958.2001.02684.x

20. Rodriguez GM, Smith I. 2006. Identification of an ABC transporter 
required for iron acquisition and virulence in Mycobacterium tuberculo­
sis . J Bacteriol 188:424–430. https://doi.org/10.1128/JB.188.2.424-430.
2006

21. Wells RM, Jones CM, Xi Z, Speer A, Danilchanka O, Doornbos KS, Sun P, 
Wu F, Tian C, Niederweis M. 2013. Discovery of a siderophore export 
system essential for virulence of Mycobacterium tuberculosis. PLoS 
Pathog 9:e1003120. https://doi.org/10.1371/journal.ppat.1003120

22. Chao A, Sieminski PJ, Owens CP, Goulding CW. 2019. Iron acquisition in 
Mycobacterium tuberculosis. Chem Rev 119:1193–1220. https://doi.org/
10.1021/acs.chemrev.8b00285

23. Safi H, Barnes PF, Lakey DL, Shams H, Samten B, Vankayalapati R, Howard 
ST. 2004. IS6110 functions as a mobile, monocyte-activated promoter in 
Mycobacterium tuberculosis. Mol Microbiol 52:999–1012. https://doi.org/
10.1111/j.1365-2958.2004.04037.x

24. Soto CY, Menéndez MC, Pérez E, Samper S, Gómez AB, García MJ, Martín 
C. 2004. IS6110 mediates increased transcription of the phoP virulence 
gene in a multidrug-resistant clinical isolate responsible for tuberculosis 
outbreaks. J Clin Microbiol 42:212–219. https://doi.org/10.1128/JCM.42.
1.212-219.2004

25. Alonso H, Aguilo JI, Samper S, Caminero JA, Campos-Herrero MI, Gicquel 
B, Brosch R, Martín C, Otal I. 2011. Deciphering the role of IS6110 in a 
highly transmissible Mycobacterium tuberculosis Beijing strain, Gc1237. 
Tuberculosis (Edinb) 91:117–126. https://doi.org/10.1016/j.tube.2010.12.
007

26. Weber I, Fritz C, Ruttkowski S, Kreft A, Bange FC. 2000. Anaerobic nitrate 
reductase (narGHJI) activity of Mycobacterium bovis BCG in vitro and its 
contribution to virulence in immunodeficient mice. Mol Microbiol 
35:1017–1025. https://doi.org/10.1046/j.1365-2958.2000.01794.x

27. Sohaskey CD. 2008. Nitrate enhances the survival of Mycobacterium 
tuberculosis during inhibition of respiration. J Bacteriol 190:2981–2986. 
https://doi.org/10.1128/JB.01857-07

28. Shi T, Xie J. 2011. Molybdenum enzymes and molybdenum cofactor in 
mycobacteria. J Cell Biochem 112:2721–2728. https://doi.org/10.1002/
jcb.23233

29. Zempleni J. 2005. Uptake, localization, and noncarboxylase roles of 
biotin. Annu Rev Nutr 25:175–196. https://doi.org/10.1146/annurev.nutr.
25.121304.131724

30. Raman S, Hazra R, Dascher CC, Husson RN. 2004. Transcription regulation 
by the Mycobacterium tuberculosis alternative sigma factor sigd and its 
role in virulence. J Bacteriol 186:6605–6616. https://doi.org/10.1128/JB.
186.19.6605-6616.2004

31. Russell DG, Cardona P-J, Kim M-J, Allain S, Altare F. 2009. Foamy 
macrophages and the progression of the human tuberculosis 
granuloma. Nat Immunol 10:943–948. https://doi.org/10.1038/ni.1781

32. Wilburn KM, Fieweger RA, VanderVen BC. 2018. Cholesterol and fatty 
acids grease the wheels of Mycobacterium tuberculosis pathogenesis. 
Pathog Dis 76:fty021. https://doi.org/10.1093/femspd/fty021

33. Muñoz-Elías EJ, Upton AM, Cherian J, McKinney JD. 2006. Role of the 
methylcitrate cycle in Mycobacterium tuberculosis metabolism, 
intracellular growth, and virulence. Mol Microbiol 60:1109–1122. https://
doi.org/10.1111/j.1365-2958.2006.05155.x

34. Eoh H, Rhee KY. 2014. Methylcitrate cycle defines the bactericidal 
essentiality of isocitrate lyase for survival of Mycobacterium tuberculosis 
on fatty acids. Proc Natl Acad Sci U S A 111:4976–4981. https://doi.org/
10.1073/pnas.1400390111

35. Savvi S, Warner DF, Kana BD, McKinney JD, Mizrahi V, Dawes SS. 2008. 
Functional characterization of a vitamin B12-dependent methylmalonyl 
pathway in Mycobacterium tuberculosis: implications for propionate 
metabolism during growth on fatty acids. J Bacteriol 190:3886–3895. 
https://doi.org/10.1128/JB.01767-07

36. Dulberger CL, Rubin EJ, Boutte CC. 2020. The mycobacterial cell 
envelope - a moving target. Nat Rev Microbiol 18:47–59. https://doi.org/
10.1038/s41579-019-0273-7

37. Singh A, Crossman DK, Mai D, Guidry L, Voskuil MI, Renfrow MB, Steyn 
AJC. 2009. Mycobacterium tuberculosis WhiB3 maintains redox 
homeostasis by regulating virulence lipid anabolism to modulate 
macrophage response. PLoS Pathog 5:e1000545. https://doi.org/10.
1371/journal.ppat.1000545

38. Jain M, Petzold CJ, Schelle MW, Leavell MD, Mougous JD, Bertozzi CR, 
Leary JA, Cox JS. 2007. Lipidomics reveals control of Mycobacterium 
tuberculosis virulence lipids via metabolic coupling. Proc Natl Acad Sci U 
S A 104:5133–5138. https://doi.org/10.1073/pnas.0610634104

39. Phetsuksiri B, Jackson M, Scherman H, McNeil M, Besra GS, Baulard AR, 
Slayden RA, DeBarber AE, Barry CE 3rd, Baird MS, Crick DC, Brennan PJ. 
2003. Unique mechanism of action of the thiourea drug isoxyl on 
Mycobacterium tuberculosis. J Biol Chem 278:53123–53130. https://doi.
org/10.1074/jbc.M311209200

40. Sassetti CM, Rubin EJ. 2003. Genetic requirements for mycobacterial 
survival during infection. Proc Natl Acad Sci U S A 100:12989–12994. 
https://doi.org/10.1073/pnas.2134250100

41. Di Capua CB, Doprado M, Belardinelli JM, Morbidoni HR. 2017. Complete 
auxotrophy for unsaturated fatty acids requires deletion of two sets of 
genes in Mycobacterium smegmatis. Mol Microbiol 106:93–108. https://
doi.org/10.1111/mmi.13753

42. Millán-Lou MI, Otal I, Monforte ML, Vitoria MA, Revillo MJ, Martín C, 
Samper S. 2015. In vivo IS6110 profile changes in a Mycobacterium 
tuberculosis strain as determined by tracking over 14 years. J Clin 
Microbiol 53:2359–2361. https://doi.org/10.1128/JCM.00607-15

43. Gonzalo-Asensio J, Malaga W, Pawlik A, Astarie-Dequeker C, Passemar C, 
Moreau F, Laval F, Daffé M, Martin C, Brosch R, Guilhot C. 2014. 
Evolutionary history of tuberculosis shaped by conserved mutations in 
the PhoPR virulence regulator. Proc Natl Acad Sci U S A 111:11491–
11496. https://doi.org/10.1073/pnas.1406693111

44. Freese NH, Norris DC, Loraine AE. 2016. Integrated genome browser: 
visual analytics platform for genomics. Bioinformatics 32:2089–2095. 
https://doi.org/10.1093/bioinformatics/btw069

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.04685-22 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

09
 F

eb
ru

ar
y 

20
24

 b
y 

15
5.

21
0.

59
.2

10
.

https://doi.org/10.1128/JB.00359-16
https://doi.org/10.1073/pnas.97.3.1252
https://doi.org/10.1073/pnas.0507924103
https://doi.org/10.1128/iai.63.11.4284-4289.1995
https://doi.org/10.1046/j.1365-2958.2001.02684.x
https://doi.org/10.1128/JB.188.2.424-430.2006
https://doi.org/10.1371/journal.ppat.1003120
https://doi.org/10.1021/acs.chemrev.8b00285
https://doi.org/10.1111/j.1365-2958.2004.04037.x
https://doi.org/10.1128/JCM.42.1.212-219.2004
https://doi.org/10.1016/j.tube.2010.12.007
https://doi.org/10.1046/j.1365-2958.2000.01794.x
https://doi.org/10.1128/JB.01857-07
https://doi.org/10.1002/jcb.23233
https://doi.org/10.1146/annurev.nutr.25.121304.131724
https://doi.org/10.1128/JB.186.19.6605-6616.2004
https://doi.org/10.1038/ni.1781
https://doi.org/10.1093/femspd/fty021
https://doi.org/10.1111/j.1365-2958.2006.05155.x
https://doi.org/10.1073/pnas.1400390111
https://doi.org/10.1128/JB.01767-07
https://doi.org/10.1038/s41579-019-0273-7
https://doi.org/10.1371/journal.ppat.1000545
https://doi.org/10.1073/pnas.0610634104
https://doi.org/10.1074/jbc.M311209200
https://doi.org/10.1073/pnas.2134250100
https://doi.org/10.1111/mmi.13753
https://doi.org/10.1128/JCM.00607-15
https://doi.org/10.1073/pnas.1406693111
https://doi.org/10.1093/bioinformatics/btw069
https://doi.org/10.1128/spectrum.04685-22

	Transcriptomic profile of the most successful Mycobacterium tuberculosis strain in Aragon, the MtZ strain, during exponential and stationary growth phases
	RESULTS
	Upregulated genes in the MtZ strain during exponential growth phase in vitro
	Downregulated genes in MtZ during exponential growth phase in vitro
	Upregulated genes in MtZ strain during stationary growth phase in vitro
	Downregulated genes in MtZ strain during stationary growth phase

	DISCUSSION
	MATERIALS AND METHODS
	Strains and growing conditions
	RNA extraction and sequencing
	Bioinformatic analysis



