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SUMMARY
The success of Mycobacterium tuberculosis (Mtb) is largely attributed to its ability to physiologically adapt
and withstand diverse localized stresses within host microenvironments. Here, we present a data-driven
model (EGRIN 2.0) that captures the dynamic interplay of environmental cues and genome-encoded regula-
tory programs in Mtb. Analysis of EGRIN 2.0 shows how modulation of the MtrAB two-component signaling
system tunes Mtb growth in response to related host microenvironmental cues. Disruption of MtrAB by
tunable CRISPR interference confirms that the signaling system regulates multiple peptidoglycan hydro-
lases, among other targets, that are important for cell division. Further, MtrA decreases the effectiveness
of antibiotics by mechanisms of both intrinsic resistance and drug tolerance. Together, the model-enabled
dissection of complex MtrA regulation highlights its importance as a drug target and illustrates how
EGRIN 2.0 facilitates discovery andmechanistic characterization of Mtb adaptation to specific host microen-
vironments within the host.
INTRODUCTION

Upon infection with Mycobacterium tuberculosis (Mtb), interac-

tions between the pathogen and the immune system create mi-

croenvironments that are compositionally distinct and changing

over time.1 As Mtb navigates these microenvironments, the bac-

terium relies on gene-regulatory networks (GRNs) to swiftly tran-

sition physiological states to adapt from one niche to another. An

accurate and comprehensive GRN model of Mtb would inform

on the transcriptional programs employed by the pathogen in

distinct microenvironments. Furthermore, a fully characterized

GRN model would enable actionable hypotheses for disrupting

networks leading to physiological adaptations that interfere

with treatment efficacy.2 Thus, GRN models can shed light on

the heterogeneity of Mtb physiology created by local microenvi-

ronments and potentially identify opportunities for new tubercu-

losis (TB) treatment.

The GRN structure is encoded in an organism’s genome as

transcription factor (TF) binding sites, referred to as gene regula-

tory elements (GREs). GREs, �6–20 nt DNA sequences, are

invariant to environmental stresses. However, environmental
This is an open access article und
cues (and genetic perturbations) alter the affinity of TFs to bind

GREs, which in turn modulates transcription in condition-spe-

cific manners. Therefore, the goal of reconstructing a GRN is

to produce an unbiased genome-wide map of GREs, including

information about what regulators bind to those sequences, in

what environments they are bound, the consequences of TF-

GRE binding on activating or repressing transcription of down-

stream genes, and, importantly, how TF binding throughout the

genome ultimately influences cellular physiology.

We previously reported models of Escherichia coli and Halo-

bacterium salinarum3 that realized these goals of GRN inference.

The models were constructed with the EGRIN 2.0 inference

methodology, which provided a number of advancements to

the previous environment and gene-regulatory influence network

(EGRIN).4 EGRIN models, learned by cMonkey5,6 and Inferela-

tor,7 have accurately predicted conditional regulatory interac-

tions in a number of organisms, including Mtb;8–15 yet, these

network models had some limitations in probabilistically uncov-

ering conditional co-regulation of genes by specific TFs and

GREs, especially in environmental conditions that represent

only a small proportion of the input compendium of pathogen
Cell Reports 42, 112875, August 29, 2023 ª 2023 The Author(s). 1
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Figure 1. Overview of EGRIN 2.0 model for M. tuberculosis

(A) The cMonkey algorithm was applied many times to subsets of gene expression data from a large compendium of transcriptome profiles to construct many

individual EGRINmodels. The cMonkey biclustering algorithm identified sets of genes that have co-expression under a subset of experimental conditions, have a

commonmotif in their promoters, and are enriched in protein-protein (P-P) interactions. Individual EGRINmodels were integrated into an ensemble andmined to

construct the final EGRIN 2.0 model, defining overlapping co-regulated sets of genes (corems) that are statistically associated with specific gene regulatory

elements (GREs).

(legend continued on next page)
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transcriptome profiles. Therefore, EGRIN 2.0 was developed to

overcome these shortcomings and model the organization of

GREs within every promoter and link the contexts in which

they act to the conditional co-regulation of genes. Importantly,

the improvements and algorithmic components of EGRIN 2.0

have been rigorously tested and validated in prior studies;

readers are encouraged to refer to the original papers for more

detail. As such, this study was able to focus on revealing new in-

sights into the regulatory networks and physiological adapta-

tions that Mtb undergoes over the course of infection. Here,

we present an EGRIN 2.0 model of Mtb, focused on the bacte-

rium’s response to acidic pH to accomplish two goals: (1) under-

stand the response to a stress with which Mtb must cope to sur-

vive and (2) demonstrate that an ensemble modeling approach

can boost discovery of influences acting in difficult-to-probe

and therefore underrepresented environmental contexts across

the transcriptome compendium. Mtb colonizes environments

where the pH can fluctuate, depending on macrophage activa-

tion status16,17 or spatiotemporal variation in granulomas

(ranging from pH 5.0–7.2, with a median pH of 5.5).18,19 Thus,

changes in pH may serve as a cue regarding the local microen-

vironment to direct Mtb to regulate processes that optimize its

physiology for a specific niche.20 While PhoPR is a well-charac-

terized two-component system (TCS) that is required for Mtb

response to pH,21–23 DphoPR mutants are still capable of re-

sponding to acidic pH and high chloride,22 suggesting other reg-

ulatorsmay play critical roles in controllingMtb response to pH in

other environmental contexts. Interestingly, Mtb in acidic pH

conditions represented only a small portion of the entire gene

expression dataset for Mtb (less than 2%), yet the ensemble

learning approach of EGRIN 2.0 boosted signal to noise to un-

cover regulatory mechanisms associated with acidic pH in the

full ensemble.

Specifically, we identified MtrA, which is part of the MtrAB

TCS, as a global modulator of Mtb response to pH as well as

other host-related environmental cues. Although MtrAB was

the first TCS to be characterized in Mtb and is essential for

Mtb survival,24–27 it remains poorly understood. MtrA deletion

has primarily been studied inM. smegmatis (Msm),28 a non-path-

ogenic rapidly growing mycobacterium; however, MtrA is not

essential in Msm, which suggests the system does not behave

identically across mycobacterial species. Other studies evalu-

ating the role of MtrAB in Mtb were limited to analyzing gene

expression changes.28–32 Importantly, the environmental cues

that drive the MtrAB system to coordinate changes in gene

expression and functional consequences have not been

comprehensively evaluated. Therefore, EGRIN 2.0 offers a sys-
(B) A summary of the counts for each feature in the EGRIN 2.0 model for Mtb.

(C) Condition blocks representing <2% of all transcriptome profiles and their inc

(D) General theme of most significant functional cluster defined by DAVID35 for e

(E) Enrichment of functional clusters in (D) for biclusters (EGRINmodels containing

Kolmogorov-Smirnov (KS) test. We report the KS D statistic. ns, not significant.

(F) The EGRIN 2.0model of Mtb with 560 corems, each of which is statistically ass

study by Minch et al.33 (green triangles). Corems are also statistically associated

functions (teal parallelograms) defined by MycoBrowser.36 We highlight a signal

genes with similar fitness at acidic pH are significantly enriched in corem 71, whic

related to the cell wall. The inset illustrates ways in which the network model ca

Biotapestry.37 CO, carbon monoxide; inh, inhibitor(s).
tems view to explore themany remaining questions aboutMtrA’s

role and the many stimuli that trigger its action in Mtb. Using the

Mtb EGRIN 2.0 model, we provide a mechanistic model for the

role of MtrAB in facilitating Mtb growth arrest in response to mul-

tiple, related environmental cues. To validate EGRIN 2.0 predic-

tions, we characterize the perturbation of MtrA directly in Mtb

and, in so doing, establish the high therapeutic potential of the

essential regulator.

RESULTS

Constructing EGRIN 2.0 for Mtb
EGRIN 2.0 is an ensemble framework that aggregates associa-

tions across genes, GREs, and environments frommany individ-

ual EGRIN models, each trained on a subset of gene expression

data. The aggregated, post-processed ensemble of EGRIN

models is referred to as EGRIN 2.0, which details the organiza-

tion of GREs within every promoter and identifies conditionally

co-regulated gene modules, known as corems. The Mtb

EGRIN 2.0 model was constructed using the same workflow as

the previous EGIRN 2.0 models (Figure 1A), with a few advance-

ments: (1) network inference was done with the cMonkey2

biclustering alogirthm,6 (2) TF-target gene interactions with

physical binding (chromatin immunoprecipitation sequencing

[ChIP-seq] data)33 were used to inform the set-enrichment

scoring module in cMonkey2, and (3) condition blocks of Mtb

transcriptome responses to related environmental cues were

manually defined to subset the gene expression data (Data

S1). The compendium of gene expression data used for training

Mtb EGRIN 2.0 was collected from publicly available datasets

and previously used to construct the Mtb EGRIN model.9 Within

the expression compendium, transcriptome profiles of Mtb

cultured in conditions of osmotic stress, low iron, carbon

monoxide (CO) stress, rifampicin treatment, exposure to lung

surfactant, or low pH were represented in less than 2% of the

1,900 transcriptomes in the compendium (Figure 1B). However,

all condition blocks, including these, were included in �20%

of cMonkey2 runs aggregated into EGRIN 2.0. Thus, the

ensemble-based method of EGRIN 2.0 can balance the relative

contributions of datasets and reveal context-dependent regula-

tory interactions, even for environmental contexts that occur

infrequently in the data. We compared the detection of enriched

gene sets (Figure 1C) from these rare conditions within biclusters

inferred by Mtb EGRIN and corems identified by Mtb EGRIN 2.0.

With the exception of CO stress, coremswere significantly better

at detecting the enriched gene sets from rare conditions (Fig-

ure 1D). It is possible that associations related to CO stress
lusion in cMonkey runs.

ach condition block shown in (C).

relevant condition block) and corems of the EGRIN 2.0model, using one-tailed

ociated with GREs (blue circles) or transcription factors (TFs) from the ChIP-seq

with environmental influences (pink arrowheads) and general mycobacterial

path through the network that is discussed in detail (bold edges and nodes):

h is predicted to be regulated by MtrA and GRE 11 and implicated in processes

n be used to make actionable predictions. The diagram was generated with
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would have been better identified if the condition block were

consistently grouped with low oxygen (O2) and nitric oxide

(NO) stress transcriptomes, as CO, O2, and NO are sensed

concurrently during Mtb infection.34 Overall, Mtb EGRIN 2.0 bet-

ter captures conditional co-regulation of genes from rare envi-

ronments. Given that low pH conditions represent only a small

portion of the gene expression data, constructing an EGRIN

2.0 model for Mtb was imperative for this study (Figure 1E).

Genome-wide fitness screening identifies a corem with
a fitness defect at acidic pH
To identify the regulatory networks involved in Mtb adaptation to

acidic pH, we utilized transposon mutagenesis coupled with

next-generation sequencing (Tn-seq).38 Transposon mutant li-

braries containing �100K individual transposon mutants were

generated in Mtb. The libraries were cultured in either pH 7.0

or pH 5.6medium for 3 days, at which point DNA from the surviv-

ing bacteria was isolated. Transposon gene junctions were

amplified and sequenced to identify transposon insertion sites

and calculate their representation in each condition.39 We sum-

marized the comparative fitness of every gene at acidic pH

versus neutral pH (‘‘delta fitness’’), and the acidic pH corem

fitness was calculated by averaging the delta fitness scores for

genes in each corem (Data S2). This analysis revealed corem

71 as being significantly enriched with genes associated with

decreased fitness at acidic pH (permuted p < 0.001). To assess

the specificity of the corem fitness association, we performed

another Tn-seq fitness screen in the presence and absence of

the cell-wall-perturbing detergent sodium dodecyl sulfate

(SDS). There was no significant change in the fitness of corem

71 in the presence of SDS (Figure S1A and Data S2).

Analysis of EGRIN 2.0 model uncovers a role for corem
71 genes in the Mtb response to multiple environmental
cues
We previously demonstrated, in E. coli and H. salinarum, how

corems group together genes that have highly correlated fitness

effects across environments, but are regulated by different TFs.3

The high similarity of their expression changes across multiple

environments brings them together into the same corem. There-

fore, we explored all the environments enriched in corem 71 con-

taining genes with a fitness defect in acidic pH. Enrichment of

environmental influences in corems was assessed statistically

and reported as p values using the hypergeometric test with

Benjamini-Hochberg (BH) multiple testing correction. In addition

to acidic pH (p = 1.73 10�8), corem 71 was also significantly en-

riched in hypoxia stress (p = 4.6 3 10�16), starvation (p = 5.4 3

10�8), and the response to respiratory inhibitors (p = 4.7 3

10�4). This may indicate a nexus of these cues during infection,

specific to a location or status of the immune response.22,40

Interestingly, NO, which is intimately linked to both respiration in-

hibition and hypoxia,41,42 was not significantly enriched in corem

71. This could be explained by the previously reported finding

that other forms of regulation, including post-translational modi-

fication, allosteric regulation of enzymes, and protein degrada-

tion, may play a bigger role in driving Mtb response to NO than

transcription.43 Moreover, the connection between acidic pH

and respiratory inhibitors, specifically, is interesting and may
4 Cell Reports 42, 112875, August 29, 2023
be explained by a common response to redox imbalance (i.e.,

accumulation of reduced co-factors such as NADH/NADPH)

known to occur at acidic pH20,44 and during bedaquiline treat-

ment.45 Thus, this analysis identified a role for corem 71 genes

in Mtb response to not just pH, but also hypoxia, starvation,

and redox stress. Furthermore, similar analysis of environmental

features associated with all corems identified six other corems

that were also significantly enrichedwith the same set of environ-

mental influences, again, suggesting that these stresses are

linked in a particular host microenvironment. Exploring the inter-

section of genes across these corems, we found that all con-

tained a gene encoding the peptidoglycan hydrolase RipA (Fig-

ure S1B),46 indicating that RipA may play a vital role in Mtb

adaptation to these environmental cues. In addition to these cor-

ems, ripAwas found in corem 532, with significant enrichment of

conditions related to cholesterol utilization (p = 2.6 3 10�3).

Along with ripA, corem 532 genes are upregulated during growth

in cholesterol (Figure S1C) and contains members of the mce4

operon that play an essential role in cholesterol transport.47

MtrA regulation of corem 71 genes
To findevidence of corem71 regulation by specific TFs,we inves-

tigated the EGRIN 2.0-predicted organization of GREs in the pro-

moters of corem 71 genes. EGRIN 2.0 predicts the frequency of

GRE alignment to each genomic position, thus predicting the or-

ganization of GREs in gene promoters at nucleotide resolution.

EGRIN 2.0 predicts that five GREs are significantly enriched in

the promoters of corem 71 genes, with GRE 11 being the most

significant (BH-corrected p = 8.8 3 10�11) (Figure 2A). We

compared the motif of GRE 11 to motifs that were deciphered

through analysis of ChIP-seq-mapped TF binding locations and

found significant sequence similarity to the regulator MtrA.28,33

Other GREs can be similarly mapped, such as GRE 4 with signif-

icant similarity to DosR (Figure 2A).48 Furthermore, MtrA binding

sites were located by ChIP-seq in the promoters of corem 71

geneswith statistical significance (BH-corrected p < 0.0001) (Fig-

ure 2B). In addition to the genes with reduced fitness at low

pH, corem 71 contains 46 genes including MtrA. Given that

MtrA is essential in Mtb,28,49,50 we used CRISPR interference

(CRISPRi)51 to knock down the expression of mtrA and charac-

terize its potential role in the regulation of corem71genes.Wede-

signed five small guide RNAs (sgRNAs) targetingmtrA in Mtb that

achieved varying levels of knockdown (Table S1).51 Two of the

Mtb CRISPRi strains (with sgRNA2 and sgRNA3) reached high-

levelmtrAmRNA repression upon the addition of anhydrotetracy-

cline (ATc), compared with controls without ATc (Figure S2A).

With ATc induction, we also observed very limited growth (Fig-

ure S2B) and severe cell aggregation in broth culture (FigureS2C).

The other three CRISPRi strains (with sgRNA4, sgRNA5, and

sgRNA6) achieved lesser degrees of mtrA knockdown (Fig-

ure S5A) and growth reduction upon ATc addition (Figure S2D).

Using sgRNA2 and sgRNA3, which produced high-level knock-

down of mtrA, we collected samples 4 days after ATc addition

for gene expression profiling by RNA sequencing (RNA-seq).

We performed differential expression analysis with respect to

uninduced (�ATc) controls and confirmed that CRISPRi knock-

down ofmtrA repressed the expression of many corem 71 genes

(Figure 2C and Data S3). A total of 18 corem 71 genes with GRE
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Figure 2. Validation of EGRIN 2.0-predicted regulation of corem 71 genes

(A) Architecture of the ripA (Rv1477) promoter predicted by the EGRIN 2.0 model. (Top) Frequency of GRE alignment to each position in the ripA promoter.

Genome sequencemarked with putative GRE 11 and GRE 4 locations with significance of alignment calculated by FIMO.53 The motif logos of GRE 4 with DosR48

and GRE 11 compared with MtrA motifs that were deciphered through analysis of ChIP-seq-mapped binding locations from Minch et al.33 and Gorla et al.28 are

shown. The p values from alignment carried out with Tomtom54 are shown. The pie chart represents average predicted influence of GREs on the regulation of

genes in corem 71. *p < 0.05, ***p < 0.001, ****p < 0.0001.

(B) Network visualization of genes in corem 71.

(C) Volcano plot of differentially expressed genes for induced and uninduced CRISPRi knockdown of mtrA with sgRNA3 in Mtb. The significantly differentially

expressed genes were selected by p < 0.01 and absolute log2 fold change >1. Dots represent different genes, with labels for particular genes of interest. Gray

dots are genes without significant differential expression, red dots are significantly upregulated genes (n = 266 genes) and blue dots are significantly down-

regulated genes (n = 240 genes). The orange dots are all genes of corem 71.
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11 in their promoter were significantly repressed upon mtrA

knockdown (Table S2). A handful of other genes (Rv1075c, lipU,

ctpD, ripB, Rv1754c, and desA3) were significantly downregu-

lated with mtrA knockdown but not represented in the model

and could also be bona fide regulatory targets of MtrA. Further,
the isoniazid-induced genes (iniBAC) were significantly upregu-

lated when mtrA expression was silenced (Figure 2C), a well-

known indicator of defects in the cell wall.52

Given the strong homology (84.1% nucleotide sequence simi-

larity and 96.9% amino acid identity) but difference in essentiality
Cell Reports 42, 112875, August 29, 2023 5
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Figure 3. Characterization of MtrA activity in acidic pH

(A) Boxplot representing log2 fold change for Mtb H37Rv in medium buffered to either pH 7 or pH 5.6, comparing expression at 24 h versus 0 h of MtrA regulatory

targets in corem 71 (unshaded genes in Table S2) from three biological samples.

(B) Growth of Mtb indicated merodiploid strains producing wild-type MtrA or MtrA mutants in medium buffered to either pH 7 (circles, dashed line) or pH 5.6

(squares, solid line). Growth was monitored by optical density at 600 nm. Points are the means of three biological replicates and error bars represent standard

deviation (SD).

(C) Bar plot representing log2 fold change of ripA from Mtb merodiploid strains in neutral or acidic pH, comparing expression at 24 h versus 0 h. Data are the

mean ± SD from three biological samples. Statistical significance was calculated with Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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ofMtrA inMtb andMsm,28,55 we sought to also characterizemtrA

knockdown inMsm.WegeneratedCRISPRi strains that achieved

strong repression ofmtrA upon ATc addition (Figure S3A), but re-

sulted in only moderate growth inhibition of Msm (Figure S3B),

supporting the prediction that MtrA is not essential in Msm, in

contrast with the Mtb ortholog. We performed RNA-seq and

analyzed differential expression of all genes due to ATc-induced

repression of mtrA in the Msm CRISPRi strain (Figure S3C and

Data S4). Knockdown of mtrA in Msm resulted in significant

repression of many genes orthologous to the MtrA regulon in

Mtb (Table S2) and a consensus binding motif with significant

overlap to GRE 11 and MtrA from ChIP-seq (Figure S3D).

There were also key differences, of note, two genes with

conserved DivIVA domains, wag31 (MSMEG_4217) and sepIVA

(MSMEG_2416), that are essential for cell growth in both spe-

cies.56,57 Both genes were repressed upon mtrA knockdown in

Mtb, but wag31 was not differentially expressed in Msm (and

no MtrA consensus motif found in promoter), while sepIVA was

significantly upregulated and had a strong MtrA motif found in

its promoter (p = 3.7 3 10�5). It is possible that changes in inter-

action with these essential target genes could explain the differ-

ence in MtrA essentiality between Msm and Mtb. In addition,

repression of mtrA in Msm caused significant upregulation of

genes encoding the peptidoglycan (PG) transglycosylases known

as resuscitation promoting factors, rpfB and rpfE (log2 fold

change = 2.47 and 5.11, respectively, p < 0.01). RpfB and RpfE

interact with RipA (Rpf-interacting protein) in Msm, where the

protein complex hydrolyzes PGs during cell division.58–60 It is

possible that increased expression of the rpfs (via an unknown

regulatory mechanism) could sustain PG cleavage in Msm

when other PG hydrolases (ami1, ripA, ripD) were repressed by

mtrA silencing, making mtrA dispensable for growth in Msm. In

Mtb, rpfB and rpfE were not significantly differentially expressed

uponmtrA knockdown, which points toward differences in PG re-

modeling pathways between the two species.58,61,62 This also

suggests that, while the regulatory function of MtrA is largely
6 Cell Reports 42, 112875, August 29, 2023
conserved from Msm to Mtb, differences in the activity of the

MtrA regulon have emerged upon their evolutionary divergence,

manifesting as a particular vulnerability for the human pathogen.

MtrA regulon repression slows Mtb growth in response
to environmental cues
To examine the transcriptional response of the MtrA regulon at

low pH, we grew wild-type Mtb to mid-log phase in 7H9 growth

medium at neutral pH and washed and then diluted the cells in

either neutral or low-pH medium (7H9-rich medium supple-

mented with 0.05% tyloxapol and adjusted to pH 7.0 or 5.6).

Following transition to either neutral or acidic medium, we moni-

tored growth for 7 days and collected samples at 24 h for tran-

scriptome profiling by RNA-seq. We observed a significant

decrease in MtrA regulon expression at acidic pH compared

with neutral pH (Figure 3A), along with an expected decrease

inMtb growth at acidic pH (Figure 3B). This change in expression

of MtrA regulon genes suggests that an appropriate reduction in

their expression is important for proper growth (i.e., growth ar-

rest) in acidic conditions. This could explain why transposonmu-

tants with cell growth defects were more sensitive to acid stress.

We also see significantly decreased expression of the MtrA reg-

ulatory target, ripA, in response to the conditions enriched in

corem 71 (hypoxia, starvation, respiratory inhibitors), but, strik-

ingly, no significant transcriptional response to NO stress (Fig-

ure S4), consistent with model predictions. Altogether, this evi-

dence points toward MtrA repression of an �25 gene regulon,

which slows growth and promotes survival in response to multi-

ple environmental stresses.

To test whether perturbed MtrA activity would alter Mtb

response to acid stress, we used two MtrA phosphorylation-

deficient mutants. One mutant had alanine in place of aspartic

acid at the 13th codon (MtrAD13A)
63 and the other had the aspartic

acid at codon 56 replaced with asparagine (MtrAD56N).
30 Al Zayer

et al. previously demonstrated that the merodiploid strain pro-

ducing MtrAD13A grew poorly in nutrient-rich broth, suggesting
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Figure 4. MtrA controls cell division in M. tuberculosis

(A) Example micrographs of uninduced (�ATc) and induced (+ATc) CRISPRi knockdown ofmtrA with sgRNA5 in Mtb. After knockdown, cells were labeled with

HCC-amino-D-alanine (HADA) for 20 h. Red arrows indicate multiple septa and yellow arrow indicates the polar clubbing phenotype.

(B) Violin plots showing the cell length of uninduced and induced CRISPRi knockdown of mtrA with sgRNA5 in Mtb. Significance was determined by unpaired t

test. ****p < 0.0001.

(C) Bar plot representing the percentage of cells that contain one or more septa for uninduced and induced CRISPRimtrA knockdown with sgRNA5 in Mtb. The

colored sections within the bars represent the proportions of cells with different numbers of septa. Two independent experiments were quantified. ATc, an-

hydrotetracycline inducer.
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that MtrAD13A behaves like a constitutively active repressor.63

Consistent with these results, we observed a growth defect for

MtrAD13A at neutral pH (Figure 3B). However, there was no

growth defect compared with wild-type MtrA (MtrAwt) at acidic

pH, and we found similar repression of the MtrA regulatory

target, ripA, at both neutral and acidic pH (Figure 3C). Previous

characterization showed that the merodiploid strain producing

MtrAD56N had no growth defect in standard broth conditions,

but that the mutant was only partially replicative in macrophages

compared with wild-type Mtb and was attenuated in mice.30 We

also found no growth defect with MtrAD56N at pH 7, but observed

a growth defect at acidic pH compared with MtrAwt (Figure 3B).

Gene expression analysis also revealed significant upregulation

of ripA at acidic pH, which is in contrast to the downregulated

expression in MtrAwt during acid stress (Figure 3C). Thus, alter-

ations in MtrA phosphorylation status at specific residues can

disrupt MtrA interaction with its regulatory target, making Mtb

maladaptive to conditions of active replication (i.e., MtrAD13A at

neutral pH) and slow growth (i.e., MtrAD56N at acidic pH). While

more studies are needed to determine the exact phosphorylation

status of MtrA in actively growing versus slowly growing cells

(and in response to particular stress conditions), these results

confirm that preciseMtrA phosphorylation is required for optimal

MtrA target expression in response to environmental cues.

Knockdown of mtrA results in cell division and
elongation defects
Among theproposed regulatory targets ofMtrA (TableS2) are five

genes that encode proteins with PG hydrolase activity: ami1,

ripA, ripB, ripD, and Rv2525c. PG hydrolases are present in mul-

tiple variant forms in all bacteria, where their activities are har-

nessed to support cell growth, division, and differentiation,

enabling bacteria to propagate and adapt to changing environ-

mental conditions.64,65 The enzymes (PG hydrolases) havemajor

roles in cleavage of the septum during cell division and break-

down of PGs to accommodate new material during cell elonga-

tion.64 PGs consist of linear glycan strands cross-linked by short
peptides to form a rigid polysaccharide layer between the outer

‘‘mycomembrane’’ and the plasma membrane. A variety of hy-

drolase enzymes allow for the specific cleavage of different posi-

tions on the macromolecule, and the required hydrolase activity

may be specific for certain processes and/or conditions.66

Among the multiple PG hydrolase targets of MtrA, Ami1 contains

an amidase_3 domain that cleaves the peptide stem from

N-acetyl-muramic acid on the PG glycan backbone.67 RipA and

RipB are D,L-endopeptidases that cleave PGswithin the peptide

stem.68 RipD also contains an endopeptidase NlpC/p60 domain,

similar to RipA, but the purified protein demonstrated a non-cat-

alytic PG-binding function.69 Finally, structural studies suggest a

PG glycoside hydrolase function for Rv2525c, although its activ-

ity has not been established.70 To assess the effect of MtrA regu-

lation on these PG cleavage enzymes and the impact onMtb cell

division and growth, we used the HCC-amino-D-alanine analog

(HADA), which is incorporated into newly synthesized PGs.71

We fluorescently labeled the PG of Mtb mtrA knockdown cells

containing sgRNA5, which achieved low-level mtrA repression,

and observed elongated multiseptated cells (Figure 4A). Cells

with ATc-induced mtrA knockdown had an increased median

cell length compared with uninduced cells (Figure 4B). Nearly

all (�75%) of the mtrA knockdown cells contained at least one

septum, while septa were present in only 15% of the uninduced

cells (Figure 4C). In fact, more than one septum was present in

a majority of the mtrA knockdown cells, indicating that septa

form, but the cells fail to divide, and MtrA regulatory targets act

at late stages of cell division. In addition, the mtrA knockdown

cells adopted an abnormal clubbed or bent shape at the poles,

which was not found in the uninduced cells (Figure 4A). Interest-

ingly, onepolewasaffectedmore than theother inmost cells, and

fluorescent signal was greater in the region of the pole that was

clubbed (Figure 4A). The unipolar clubbing and HADA accumula-

tion evident inmtrA knockdown cells suggest thatMtrA regulato-

ry targets may also play a role in the incorporation of new PG

material during elongation, which occurs at the poles in myco-

bacteria.72 This unipolar phenotype is consistent with irregular
Cell Reports 42, 112875, August 29, 2023 7
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Figure 5. MtrA promotes intrinsic resistance and drug tolerance

(A) Bar plot representing the log2 fold change in IC50 for the indicated drugs in the mtrA knockdown stain compared with the control. The gradient of molecular

weights is also indicated. Results from an unpaired t test are shown; ***p < 0.001, **p < 0.01, *p < 0.05.

(B) Dose-response curves for the indicated strains. Data are means ± SD from three biological samples and representative of two independent experiments.

(C) Colony-forming unit (CFU) quantification of the indicated strains after incubation with isoniazid (0.25 mg/mL), cycloserine (15 mg/mL), or linezolid (2.0 mg/mL) in

standard growth medium. Data are means ± SEM from two independent experiments, each performed with triplicate cultures. Statistical significance of the

differences between control and mtrA knockdown was assessed by unpaired t test, *p < 0.05, ****p < 0.0001. NT, non-targeting sgRNA; KD, knockdown; ATc,

anhydrotetracycline inducer.
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localization of new growth in mycobacteria, specifically caused

by dysfunction in Wag31 due to a fluorescent protein tag.73

Thus, the observed phenotype reveals that MtrA might not be

required only for septal PG cleavage during cell division, but

may also facilitate cell growth at the polar region via regulation

of wag31. Elongated, multiseptated cells, exhibiting polar club-

bing, were also observed with the MsmmtrA knockdown strain,

although the fluorescent signal was more uniform (Figure S5).

MtrA promotes intrinsic drug resistance to high-
molecular-weight antibiotics
In a genome-wide CRISPRi library screen against a panel of

diverse antibiotics, mtrA knockdown strongly sensitized Mtb to

rifampicin, vancomycin, and bedaquiline, mediated by increased

cell-wall permeability.32 Independently, we measured the IC50

(concentration required for 50% growth inhibition) using the

mtrA CRISPRi strain with sgRNA5. Consistent with the screening

results,mtrA knockdown decreased theMtb IC50 to vancomycin,

bedaquiline, and rifampicin, but not isoniazid (Figures 5A and 5B).

Also consistent with the screening results, there was decreased

susceptibility to the translation inhibitor linezolid. Extending these

results, we quantified drug susceptibility ofmtrA knockdownwith

additional antitubercular compounds, including two compounds

reported as MtrA inhibitors (compound 2 and compound 6).74

With the exception of translation inhibitors, the IC50 reduction

(calculated as log2 fold change for mtrA knockdown compared

with control) was significantly correlated with the molecular

weight of the compounds tested (R2 = 0.68), more than other

drug physiochemical properties (Figure S6A). There were also
8 Cell Reports 42, 112875, August 29, 2023
similar molecular-weight-dependent drug susceptibility patterns

observed in mtrA knockdown cultures in Msm, as measured by

disk diffusion (Figure S6B). The Msm mtrA knockdown cultures

showed increased susceptibility to rifampicin, carbenicillin, and

vancomycin, but no difference in susceptibility for cycloserine

and isoniazid, compared with the control.

The reportedMtrA inhibitors, compound2 (C2) andcompound6

(C6), both based on a thiazolidine scaffold, hadwild-typeMtb IC50

measurementsof 15and350mg/mL, respectively, higher thanpre-

viously published (9 and 43mg/mL, respectively).74 However,mtrA

knockdowndecreased the IC50 3-fold for bothC2andC6. Further,

we lookedat geneexpressionchanges inwild-typeMtb treated for

72 h with C2 (34 mg/mL) or C6 (80 mg/mL) compared with DMSO

control. Treatment with C2 significantly upregulated the MtrA reg-

ulon,whereasC6didnot have anyeffect on the expressionofMtrA

regulatory targets (Figure S6C). While we cannot conclusively

determine that these compounds directly exert effects on MtrA

(although hypersensitivity of hypomorphs is well established in

Mtb75–77), these results demonstrate how inhibition of MtrA can

potentiate antitubercular compounds, particularly inhibitors of

new targets, which are desperately needed to treat TB.

MtrA promotes drug tolerance to cell-wall-targeting
antibiotics
Mycobacteria divide asymmetrically, resulting in daughter cells

that have different growth rates, sizes, and distributions of mac-

romolecules.72 One daughter cell, called the alternator cell, in-

herits one non-growing pole of intermediate age and one new

pole. Its sister cell, the accelerator cell, inherits a new pole and



Figure 6. The knockdown of mtrA potentiates frontline TB drugs

Colony-forming units (CFU) of Mtb over a period of 7 days for untreated (solid

lines) and 0.018 mg/mL isoniazid or 0.006 mg/mL rifampicin-treated (dotted

lines) liquid cultures of uninduced (black, minus ATc) and induced (orange,

plus ATc) CRISPRi knockdown of mtrA with sgRNA5. Error bars show the

standard deviation from three biological samples and gray dotted lines

represent the limit of detection. Representative results from two experiments

are presented. ATc, anhydrotetracycline inducer.
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the oldest pole and elongates faster from the old pole. The faster

elongation (and possibly cell-wall differences) makes accelerator

cells more susceptible to cell-wall synthesis inhibitors. Because

mtrA knockdown cells were elongated and exhibited polarized

cell-wall accumulation, we hypothesized that the population

may more resemble accelerator cells and be killed more rapidly

by drugs that target the cell wall. Indeed, the kinetics of isoniazid-

and cycloserine-mediated killing in liquid cultures were faster for

themtrA knockdown than for the control Mtb (Figure 5C). As the

IC50 measurements of isoniazid and cycloserine were similar for

the control and mtrA knockdown, these results indicate that

MtrA regulatory activity confers tolerance to isoniazid and cyclo-

serine. Knockdown of mtrA did not enhance the killing by line-

zolid, which also exhibited no difference in IC50 between mtrA

knockdown and control, suggesting that tolerance mediated

by MtrA may be specific to cell-wall-targeting antibiotics.
MtrA knockdown potentiates frontline antibiotics
The penetration of antibiotics into the Mtb lesion can be limited,

causingMtb to be exposed to fluctuating and often subinhibitory

concentrations of antibiotic. We compared time-kill curves for

the induced mtrA knockdown strain with the uninduced strain

when exposed to low (below IC50) concentrations of isoniazid

or rifampicin. The two drugs have different mechanisms of action

and different mechanisms by which MtrA confers survival, yet at

concentrations that only partially inhibited growth in the unin-

duced controls, no culturable bacteria were detected in the

mtrA knockdown samples after 4 days of treatment (Figure 6).
DISCUSSION

The EGRIN 2.0 model for Mtb reveals how the pathogen tailors

its transcriptional responses to survive disparate stressors in
the highly distinctive microenvironments experienced within

the host. Merging an ensemble of EGRIN models, each tuned

to a relatively smaller subset of the overall input transcriptome

compendium,3 allows EGRIN 2.0 to mechanistically distinguish,

among otherwise highly similar responses, important nuances

that occur in rare contexts. Here, we demonstrated that

ensemble modeling greatly improved detection of regulatory

mechanisms that are active in conditions that represent only a

small proportion of the entire dataset, such as acidic pH, a stress

that Mtb must cope with to survive. We identified a regulatory

module (corem 71) that brought together genes with similar

fitness contributions in acidic pH and significant co-expression

across diverse intracellular environmental contexts, including

acidic pH, hypoxia, starvation, and response to respiration inhib-

itors. Together, these different stresses may represent a specific

niche within the host microenvironment, and corem 71, a tran-

scriptional circuit that modulates key functions to support Mtb

survival therein. Such environmental associations would be diffi-

cult to make with in vitro studies of Mtb response to environ-

mental cues that largely focus on one (maybe two) signal at a

time. While in vivo spatially resolved transcriptomic profiling78

of Mtb within infected tissues (e.g., lung granuloma) from animal

models and, when accessible, directly from humans will aid in

discovery of such context-specific regulatory mechanisms, it

would be challenging to discern the specific environmental

drivers of the response. Instead, EGRIN 2.0 can partly resolve

these limitations by integrating and resampling transcriptomes

from a broad range of relevant conditions and mining for corre-

lated expression patterns and associated GREs observed repro-

ducibly in a context-dependent manner. The discovery of regu-

latory mechanisms that operate across contexts is feasible

because the architecture of regulatory networks within microbes

reflects an internalized representation of the physicochemical

coupling between environmental signals in relevant niches they

occupy (e.g., low O2, nutrient starvation, and acidic pH within a

granuloma). Hence, perturbation in one environmental factor

often elicits a response that is similar to that elicited by other

co-occurring environmental factors.79,80 Thus, EGRIN 2.0 can

provide insight into coordinated changes in multiple environ-

mental factors experienced by Mtb in a host microenvironment

and how it adapts to a given niche.

EGRIN 2.0 predicts that GRE 11 is putatively responsible for

mediating transcriptional regulation of many corem 71 genes.

The locations of GRE 11 align with regions that were experimen-

tally characterized in independent studies as MtrA binding sites,

demonstrating that EGRIN 2.0 is able to accurately predict the

organization of GREs in gene promoters at nucleotide resolution.

Strikingly, we found that GRE 11 was active in environments,

including acidic pH, where the MtrA-regulated transcript, ripA,

is repressed, but also in environments, including growth on

cholesterol, where transcript levels are elevated. This is powerful

because it shows that, using EGRIN 2.0, we can predict when

(environmental context) and how (activate or repress) a specific

GRE within a promoter might act, even though we might not

know the precise regulatory mechanism (e.g., TF binding/un-

binding, post-translational modification, co-factor interaction,

etc.). Furthermore, these alternate promoter states correspond

to co-regulation of ripA with a different combination of genes
Cell Reports 42, 112875, August 29, 2023 9
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(i.e., different corems). Thus, the context in which GRE 11 is

active may point to distinct functions of RipA. Indeed, recent

work established the contextual redundancy of RipA and Ami1,

both PG cleavage enzymes and regulatory targets of MtrA, by

establishing that Ami1 sustains in vitro cell division in Mtb cells

lacking ripA, but that this redundancy is not sufficient for replica-

tion and persistence of Mtb in vivo.81 Thus, RipA activity may be

associated with specific conditional or temporal events during

infection, possibly related to host-derived cholesterol utilization,

as predicted by EGRIN 2.0.

We observed that MtrA controls �30 genes and reduces their

expression under growth-compromising conditions. In partic-

ular, we reveal that the MtrA regulon includes a number of PG

cleavage enzymes (ripA, ami1, ripB, ripD, and Rv2525c). Inter-

estingly, corem 71 contains three other PG hydrolases, dacB1

(Rv3330), penicillin-binding lipoprotein (Rv2864c), and ami3

(Rv3811), that also have a dominant GRE 11 found in their pro-

moter region and were mildly but significantly upregulated with

mtrA knockdown in Mtb (p < 0.01). PG hydrolases form a vast

group of enzymes (glycosidases, amidases, endopeptidases,

and carboxypeptidases), with multiple homologs of each in

Mtb. They have the selective ability to cleave PGs and play a

central role in many processes (e.g., cell growth, cell division,

resuscitation),82 but are capable of lysing whole cells when dys-

regulated. Therefore, regulation of multiple PG hydrolases by the

same TF (i.e., MtrA) may ensure that PG degradation is coordi-

nated across most environments (i.e., low pH, hypoxia, starva-

tion), but also subject to fine-tuned changes in some contexts

by the dual phosphorylation of MtrA, TFs binding to other

GREs in the gene promoters (e.g., GRE 4/DosR in ripA pro-

moter), and activation by other proteins (e.g., MarP cleavage of

RipA and CwlM interaction with MurA).46,83

Several recent studies have evaluated MtrA regulatory targets

using global ChIP-seq analysis with Mtb strains overexpressing

C-terminal FLAG-MtrA,33 N-terminal His-tagged MtrA,84 or pro-

posed phosphorylation-competent MtrA protein (replacement of

tyrosine with cysteine at position 102).28 Interestingly, none of

the 14 putative MtrA targets commonly identified across these

studies had GRE 11 identified in their promoter. Only Rv1815

and rpfC were found together in corems (with same conditional

enrichment as corem 71) and were significantly differentially ex-

pressed with MtbmtrA knockdown (log2 fold change =�1.9 and

�2.5, respectively). The other genes consistently associated

with MtrA binding across all the studies were not represented

in EGRIN 2.0, which might suggest their co-regulation in a

context that was not represented in the transcriptome compen-

dium or a limitation in coverage of the current model. Such short-

comings could be addressed by expanding the ensemble with a

larger number of EGRIN models, generated with a greater diver-

sity of transcriptome profiles from infection-relevant contexts in

which important, albeit rare, regulatory events may occur. In

particular, high-resolution longitudinal gene expression profiling

during environmental transitions85 may capture intermediate

adaptive processes that are not included in the current model.

In a typical TCS, the membrane-embedded histidine kinase

responds to environmental signals by either phosphorylating or

dephosphorylating a cognate response regulator, usually on an

aspartate residue.86,87 The DNA binding activity of the response
10 Cell Reports 42, 112875, August 29, 2023
regulator is thereby altered because of changes in its phosphor-

ylation status. In this study, we showed that Mtb merodiploid

strains producing elevated levels of phosphorylation-deficient

MtrAD13A or MtrAD56N were attenuated for growth in broth at

neutral or acidic pH, respectively. Further, we found that muta-

tion of specific aspartate residues led to perturbed expression

of the target gene, ripA, thereby conditionally interfering with

growth. Together, these data indicate that the combination of

D13 and D56 phosphorylation enables the integration of environ-

mental signals to fine-tune MtrA-mediated gene regulation and

growth of Mtb. It is pertinent to note that mtrB is not essential

for growth, indicating phosphorylation-independent regulation29

and/or that other kinases phosphorylate MtrA.24 Recently, it was

shown thatMtrADNAbinding activity increasedwhen phosphor-

ylated by PknK,88 whereas PknA/B-mediatedMtrA phosphoryla-

tion decreased its DNA binding ability.89 Therefore, there is a

distinct possibility of a complex combinatorial scheme with mul-

tiple kinases phosphorylating multiple sites on MtrA, with differ-

ential consequences on its function as both an activator and a

repressor.30 This scheme is reminiscent of other response regu-

lators with dual phosphorylation sites, such as the virulence-

related response regulator CovR of group A Streptococcus

(also within the OmpR/PhoB family of response regulators),

which has competing phosphorylation sites as well as a phos-

phorylation-independent mechanism of gene activation.90 Alto-

gether, it is likely that the phosphorylation status of MtrA is influ-

enced by a multitude of factors and, by integrating these layers

of post-transcriptional regulation into EGRIN 2.0, we could eluci-

date how such phosphorylation ultimately influences gene

expression and generates a more complete understanding of

Mtb pathogenesis.

Using EGRIN 2.0 andCRISPRi to repressmtrA inMtb, we have

identified a number of regulatory targets for the essential

response regulator (Table S2). Moreover, we have conducted

parallel experiments in Msm and found conserved MtrA binding

motifs and regulatory targets between the species. However,

there were also key differences (e.g., wag31, sepIVA) that may

point to why mtrA is dispensable for growth in Msm but not

Mtb. These results call into question the relevance of using a

fast-growing mycobacterial model organism to interpret MtrAB

activity inMtb. This cautionmay extend to the study ofmycobac-

terial PG-remodeling enzymes in general, as there are funda-

mental differences in PG synthesis and breakdown between

Msm and Mtb.81,91–93 Further, our findings suggest that evolu-

tion from saprophyte to pathogen likely occurred, in part,

through reprogramming of the MtrAB system, through alter-

ations in (1) dynamics/context of MtrA phosphorylation, (2) its

TF-TF and promoter interactions, and (3) the target genes in its

network, to collectively afford Mtb better adaptation to the nu-

ances of the host environment.94,95

Our findings also showed that mtrA knockdown in Mtb

strongly influences intrinsic resistance to rifampicin, vancomy-

cin, and bedaquiline32 and renders Mtb more susceptible to all

drugs tested with molecular weights above 200 g/mol (including

compounds with unknown mechanisms of action), but with no

altered sensitivity to translation inhibitors. It seems likely that

MtrA confers intrinsic drug resistance by regulating genes that

contribute to the permeability barrier of the cell wall, thereby



Figure 7. MtrA regulation of Mtb growth and antibiotic susceptibility

Under nutrient-rich conditions, MtrA binds to the promoter and induces the expression of a number of target genes that are important for cell division and growth

as well as contributing to the cell wall as a barrier to antibiotics. Asymmetric cell division in mycobacteria promotes a heterogeneous bacteria population that

allows some bacteria to survive TB therapy. In response to environmental cues, a change in the phosphorylation status of MtrA relieves binding and expression of

target genes, resulting in a slow-growing but stillheterogeneous population. Knockdown of mtrA enhances the permeability of antibiotics into the cell, thereby

increasing the sensitivity of Mtb to antibiotics withmolecular weight greater than 200 g/mol (excluding translation-targeting antibiotics). In addition, knockdown of

mtrA leads to dysregulated division and growth that makes the population more sensitive to cell-wall inhibitors. We speculate this is due to loss of heterogeneity

and/or enrichment of alternator-like cells.
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restricting access of high-molecular-weight antibiotics to their

intracellular or periplasmic targets. Isoniazid and cycloserine

are low-molecular-weight molecules (under 200 g/mol) and are

therefore able to pass through the cell wall equally well in the

mtrA knockdown and wild-type strains. Interestingly, the molec-

ular weight cutoff does not apply to translation-targeting drugs,

as mtrA knockdown did not sensitize Mtb to three protein syn-

thesis inhibitors, TBI223, GSK3036656, and linezolid, despite

their molecular weights being above 200 g/mol. We speculate

that these compounds also have greater uptake in the mtrA

knockdown strain, but that slower growth (in environmental con-

ditions and especially upon mtrA knockdown) may result in

repressed activity of their protein synthesis targets.96 We also

observed significant upregulation of the drug efflux pump tap

and its TF, whiB7, with mtrA knockdown (Figure 2). Expression

of the whiB7 regulon induces a stress response that promotes

intrinsic resistance to numerous ribosome-targeting antibi-

otics.32,97,98 It would be interesting to further investigate how

MtrA regulation affects translation and/or WhiB7 expression

and thereby the activity of protein synthesis inhibitors.

Knockdown of mtrA resulted in faster rate of killing with the

cell-wall inhibitors isoniazid and cycloserine, with no change

in IC50 measurements, indicating that MtrA mediates tolerance

and not resistance to these drugs. We speculate that genes

regulated byMtrA (e.g.,wag31, sepIVA) are important for asym-

metric cell division in Mtb, which can lead to a heterogeneous
population with individuals that have different drug sensitivity

(Figure 7). Drug-tolerant subpopulations are of particular inter-

est as they are thought to contribute to the unusually long TB

treatment, and targeting these subpopulations has the poten-

tial to shorten TB chemotherapy. Therefore, further work at

the single-cell level is needed to determine whether MtrA con-

tributes to a heterogeneous population of cells with variation in

drug susceptibility. Here, we have reported on a single protein

as a mediator of both intrinsic resistance and drug tolerance in

Mtb. Its essentiality for growth (both extracellular and intracel-

lular) and ability to potentiate diverse drugs make MtrA a prom-

ising drug target, illustrating the power of EGRIN 2.0 in facili-

tating discovery of novel targets that operate in specific host

microenvironments.

Limitations of the study
EGRIN 2.0 facilitates the discovery of conditional genome-en-

coded regulatory programs in Mtb and is useful for both low-

and high-profile environmental contexts, including those that

represent only a small proportion of the input compendium of

transcriptomes. The ensemble-based method of EGRIN 2.0

can balance the relative contribution of datasets from various

conditions. However, this procedure is ineffective for contexts

that are absent from the transcriptome compendium and could

explain a limitation in coverage of the current EGRIN 2.0 model

of Mtb. Such shortcomings could be addressed by expanding
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the ensemble with a larger number of EGRIN models generated

with a greater diversity of transcriptome profiles from infection-

relevant contexts in which important, albeit rare, regulatory

events may occur. In particular, high-resolution longitudinal

gene expression profiling during environmental transitions may

capture intermediate adaptive processes that are not included

in the current model. In addition, transcriptome profiles of

Mtb from in vivo contexts (i.e., granuloma, caseum) remain a

key limitation in discovering regulatory events of important

microenvironments.
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Nitin Baliga

(nitin.baliga@isbscience.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq data generated in this study has been deposited at NCBI GEO (NCBI GEO: GSE166806), and raw Tn-seq data gener-

ated in this study has been deposited at SRA (SRA Bioproject: PRJNA701946) Accession numbers are also listed in the key

resources table.

d All original code has been deposited at Github (https://doi.org/10.5281/zenodo.8088502) and is publicly available as of the date

of publication. The DOI is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All M. tuberculosis strains are derivatives of H37Rv; all M. smegmatis strains are derivatives of mc2155. M. tuberculosis and

M. smegmatis were grown at 37�C in Middlebrook 7H9 broth or 7H10 plates supplemented with 0.2% glycerol, 0.05% Tween-80,

and 10% ADC (liquid media) or OADC (plates), with aeration. Where indicated, anhydrotetracycline (ATc) was used at 100 ng/ml.

For comparison of neutral and acidic pHmedia, the neutral media was 7H9 broth supplemented with 0.2%glycerol, 0.05% tyloxapol,

and ADC buffered with 100mM 3-(N-morpholino) propanesulfonic acid (MOPS) to pH 7. The acidic pHmedia was the same 7H9-rich

media buffered with 100 mM 2-(N-morpholino) ethanesulfonic acid (MES) to pH 5.6. Frozen cells were inoculated into standard

7H9-rich media, grown to mid-log phase (OD600 �0.5-0.7), washed in 1x PBS three times, and diluted into either neutral or acidic

pH media at a starting density of OD600 = 0.05.

METHOD DETAILS

EGRIN 2.0 construction
EGRIN 2.0 was constructed as an ensemble of many individual EGRIN models (�300 for M. tuberculosis). Each EGRIN model was

constructed using cMonkey2.6 The input to cMonkey2 was 1,861 transcriptome profiles with metadata collected about each exper-

iment to annotate the environmental context (termed condition block, Data S1). Other input to cMonkey2were upstream regions of all

genes, and functional association networks, including operon predictions fromMicrobesOnline101 and functional protein interactions

from EMBL String databases.102 We integrated the EGRIN models and mined the ensemble to discover frequently reoccurring fea-

tures and associations. We refer to the modules detected by our procedure as co-regulated modules, or corems, the frequently

re-occurring de novo cis-regulatory motifs as gene regulatory elements, or GREs.3 Full description of the algorithms and each

post-processing step is documented in Supplementary Information of Brooks et al3.

Transposon mutant library sequencing
Six transposon mutant libraries were constructed using the 4MycoMarT7 phagemid in M. tuberculosis H37Rv. For T0 samples, the

mutant libraries were grown to mid-log phase in 7H9-rich media, then diluted to OD600 = 0.1 in PBSwith 0.05% Tween-80 and plated

onto 245 mm x 245 mm 7H10 plates supplemented with kanamycin (50 mg/ml) with �30-40 thousand bacteria per plate. Additional

samples were were grown to mid-log phase in 7H9-rich media, then diluted to OD600 = 0.1 in 7H9-rich media at neutral (pH 7.0) or

acidic pH (pH 5.6) media for 72 hours and then plated. libraries In another experiment, the mutant libraries were diluted back in 7H9-

rich media with or without 0.05% SDS. After 3 weeks of growth, colonies were scraped, and bacteria were resuspended in buffer for

lysis and genomic DNA isolation. The mutant composition was determined by sequencing amplicons of the transposon-genome

junctions following the protocol outlined by Long et al103. Paired-end reads were run on an Illumina HiSeq 2500 at the Genomics Ser-

vices Core at Fred Hutchinson Cancer Research Center. Mapping and quantification of transposon insertions sites was done using

TRANSIT analysis platform.39 The change in fitness ‘delta fitness’ between conditions (i.e., acidic pH vs neutral pH) for all genes was

determined following the strategy of van Opijnen et al.104 using a custom processing pipeline, full description and code is available at

https://github.com/baliga-lab/tnseq_processing and http://networks.systemsbiology.net/mtb/software. The raw Tn-seq fastq

sequence data files are deposited in the Sequence Read Archive database under accession SRA Bioproject: PRJNA701946.
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Permutation test for evaluating significance of overlap between corems and genes with reduced fitness
The genes with reduced delta fitness in stress (either acidic pH or SDS treatment) were permutated 1000 times to generate shuffled

gene clusters. In each permutation, the produced shuffled gene clusters had the same size as corem 71. Then, the average delta

fitness for each shuffled gene set was computed and compared to the average delta fitness for corem 71. The overall permutation

test Pwas computed as the proportion of cases (out of 1000 permutations) in which the average delta fitness was equal or lower than

the observed value in corem 71.

Gene expression profiling of CRISPRi-mediated mtrA knockdown
In biological quadruplicate, cultures were grown tomid-log phase in 7H9-richmedia with Kanamycin (50 mg/ml) and then diluted back

in the presence or absence of 100 ng/mL ATc. Knockdown was allowed to proceed for 14 hours (M. smegmatis) or 4 days

(M. tuberculosis), at which time samples were collected by centrifugation at high speed for 5 min, discarding supernatant and imme-

diately flash freezing the cell pellet in liquid nitrogen. Cell pellets were stored at -80�C until RNA extraction was performed as previ-

ously described.44

Gene expression profiling at netural or acidic pH
To investigate gene expression changes of M. tuberculosis at acidic pH, cultures of M. tuberculosis (wildtype and merodiploid

strains containing pMZ3 expressing mtrAD13A or pMG129 expressing mtrAD56N) were cultured in standard 7H9-rich media to

mid-log phase, washed three times in 1x PBS and diluted back to OD600 = 0.1 into either neutral or acidic pH media described

above. Samples, in biological triplicate, were collected 4, 8, and 24 h after transfer to neutral or acidic pH media. Samples

were centrifuged at high speed for 5 min, supernatant was discarded and the cell pellet was immediately flash frozen in liquid

nitrogen. Cell pellets were stored at -80�C until RNA extraction was performed as previously described.44

Gene expression profiling following antibiotic treatment
Wildtype M. tuberculosis was cultured in standard 7H9-rich media, then diluted back to OD600 = 0.1 in 7H9-rich media containing

either DMSO control, 34 mg/ml Compound 2 or 80 mg/ml Compound 6. Samples, in biological triplicate, were collected after 72 h.

Samples were centrifuged at high speed for 5 min, supernatant was discarded and the cell pellet was immediately flash frozen in

liquid nitrogen. Cell pellets were stored at -80�C until RNA extraction was performed as previously described.44

Processing and analysis of RNA-seq data
Total RNA samples were depleted of ribosomal RNA using the Ribo-Zero Bacteria rRNA Removal Kit (Illumina, San Diego, CA). Qual-

ity and purity of mRNA samples was determined with 2100 Bioanalyzer (Agilent, Santa Clara, CA). Samples were prepared with

TrueSeq Stranded mRNA HT library preparation kit (Illumina, San Diego, CA). All samples were sequenced on the NextSeq

sequencing instrument in a high output 150 v2 flow cell. Paired-end 75 bp reads were checked for technical artifacts using Illumina

default quality filtering steps. Raw FASTQ read data were processed using the R package DuffyNGS.99 Briefly, raw reads were

passed through a 2-stage alignment pipeline: (i) a pre-alignment stage to filter out unwanted transcripts, such as rRNA; and (ii) a

main genomic alignment stage against the genome of interest. Reads were aligned to M. tuberculosis H37Rv (ASM19595v2) or

M. smegmatis mc2155 (ASM1500v1) with Bowtie 2,105 using the command line option ‘‘very-sensitive.’’ BAM files from stage (ii)

were converted into read depth wiggle tracks that recorded both uniquely mapped andmultiply mapped reads to each of the forward

and reverse strands of the genome(s) at single-nucleotide resolution. Gene transcript abundance was then measured by summing

total reads landing inside annotated gene boundaries, expressed as both RPKM and raw read counts. All RNA-seq data (raw and

processed data) generated for this study are publicly available at the Gene Expression Omnibus under accession numbers NCBI

GEO: GSE166806.

Differential expression analysis
Weused a panel of 5 DE tools compiled in DuffyNGS to identify gene expression changes as previously described. The tools included

(i) RoundRobin (in-house); (ii) RankProduct106; (iii) significance analysis of microarrays (SAM)107; (iv) EdgeR108; and (v) DESeq2.109

Each DE tool was called with appropriate default parameters and operated on the same set of transcription results, using RPKM

abundance units for RoundRobin, RankProduct, and SAM and raw read count abundance units for DESeq2 and EdgeR. Each DE

tool’s explicit measurements of differential expression (fold-change) and significance (P) were similarly combined via appropriate

averaging (arithmetic and geometric mean, respectively).

Peptidoglycan labeling with fluorescent d-alanine analogues
HADA (HCC-amino-d-alanine) was synthesized by Michael VanNieuwenhze at Indiana University using methods previously pub-

lished.71 Cultures were grown to mid-log phase in 7H9-rich media with Kanamycin (50 mg/ml) and then diluted back in the presence

or absence of ATc to induce CRISPRi-mediatedmtrA knockdown. Knockdown was allowed to proceed for 14 hours (M. smegmatis)

or 4 days (M. tuberculosis). Cultures were then inoculated at an OD600 of 0.1 to 0.3 into 7H9medium supplemented with 1mMHADA
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and incubated for 3.5 hours (M. smegmatis) or 20 hours (M. tuberculosis). Bacterial suspensionwerewashed 3 timeswith PBS-0.05%

Tween-80 and fixed with paraformaldehyde for 30 min (M. smegmatis) or 4 hours (M. tuberculosis), to ensure bacterial death for

further imaging outside a contained environment.

Microscopy
Fixed bacterial suspensions were mixed with the same volume of mounting medium and 10 ml amounts were spread on microscope

slides and covered with cover glasses. Microscopy imaging was performed using SP8 Lightning super-resolution microscope (Leica

Microsystems). Images were analyzed using ImageJ software.100

Phenotyping CRISPRi-mediated mtrA knockdown
To visually monitor the effects of CRIPSRi-mediated mtrA knockdown, cultures were grown to mid-log phase in 7H9-rich media with

Kanamycin (50 mg/ml) and spotted on solid media with or without ATc. Plates were incubated at 37�C for 5 days (M. smegmatis) or

21 days (M. tuberculosis). Knockdown ofmtrAwas also quantified by RT-qPCR. CRISPRi strains were in the presence or absence of

ATc (100 ng/ml) overnight (M. smegmatis) or for 5 days (M. tuberculosis) before samples were collected for total RNA extraction was

performed as previously described.44 Residual genomic DNA was removed by DNase treatment and 3 mg RNA per sample was

reverse transcribed into cDNA with random hexamers following the manufacturer’s instructions and purified with PCR cleanup col-

umns (Qiagen 28115). SYBR green dye-based quantitative real-time PCR on a Quantstudio System 5 using mtrA-specific qPCR

primers (5 mM), normalized to sigA, was performed. Expression was quantified by the DDCt algorithm and data represent the

mean ± s.d. for biological triplicates.

Antibiotic activity measurements
Isoniazid, vancomycin and cycloserine were dissolved in water, all other compounds were dissolved in DMSO. The CRISPRi-medi-

atedmtrA knockdown strain (sgRNA1) and control sgRNA strain ofM. smegmatiswere pre-depleted in the presence of ATc (100 ng/

ml) overnight and then spread on LB agar plates containing 100 ng/ml ATc. A filter disc with 10 ml of carbenicillin (100mg/ml), isoniazid

(0.5 mg/ml), vancomycin (6 mg/ml), cycloserine (100 mg/ml) or rifampicin (0.5 mg/ml) was placed in the center of plate and the diam-

eter of inhibition of growth was measured after 4 days of growth. The CRISPRi-mediatedmtrA knockdown strain (sgRNA5) and con-

trol NT sgRNA strain ofM. tuberculosiswere pre-depleted in the presence of ATc for 5 d before assay for IC50 analysis. Cultures were

then diluted back to OD600 of 0.05 and 50 ml cell suspension was plated in technical triplicate in wells containing the test compound

and fresh ATc. Compounds were dispensed into 384-well plate formal using an HP D300e digital dispenser. For compounds dis-

solved in water, 0.003% tyloxapol was added to help with dispensing. Plates were incubated standing at 37�C with 5% CO2.

OD600 was evaluated using a Tecan plate reader at 10 d post-plating and percent growth was calculated relative to the vehicle con-

trol for each compound. IC50 measurements were calculated using a nonlinear fit in GraphPad Prism. For all dose response curves,

data represent the mean ± s.d. for technical triplicates. Data are representative of at least two independent experiments.

Time-kill assay
For each sample,M. tuberculosisCRISPRi-mediatedmtrA knockdown strain (sgRNA5) were grown tomid-log phase in 7H9-richme-

dia with Kanamycin (50 mg/ml) and then diluted back in the presence or absence of ATc to induce CRISPRi-mediated mtrA knock-

down. Knockdown was allowed to proceed for 4 days. Antibiotic or vehicle control was added to the cultures and samples were

collected at the designated time points, serially diluted and plated on 7H10 agar plates. Colonies were counted after 3 weeks. All

time-kill assays were performed in biological triplicate and data are representative of two independent experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis reported in this article were performed with GraphPad Prism, R or SciPy package in Python.110 The details of

p-values (e.g., test and sample parameters used) indicated in figures are described in figure legends. Statistically non-significant

(NS) analysis results were considered with p-value > 0.05 and other qualifying p-values were indicated accordingly * < 0.05,

** < 0.01, ***< 0.001, and ****<0.0001.

ADDITIONAL RESOURCES

All corem and GREs of the Mtb EGRIN 2.0 model are available on the Mtb web portal: http://networks.systemsbiology.net/mtb/.
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