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Abstract

“Viable but non-culturable” (VBNC) states of bacteria pose challenges for environmental 

and clinical microbiology, but their biological mechanisms remain obscure. Mycobacterium 
tuberculosis (Mtb), the leading cause of death from infection until the coronavirus disease 2019 

pandemic, affords a striking example of this phenotype. Mtb can enter into a “differentially 

detectable” (DD) state associated with phenotypic antimicrobial resistance. In this state, Mtb 

cells are viable but undetectable as colony-forming units. We found that Mtb cells enter the DD 

state when they undergo sublethal oxidative stress that damages their DNA, proteins, and lipids. 

Additionally, their replication process is delayed, allowing time for repair. Mycobacterium bovis 
and its derivative, BCG, fail to enter the DD state under similar conditions. These findings have 

implications for tuberculosis latency, detection, relapse, treatment monitoring, and development of 

regimens that overcome phenotypic antimicrobial resistance.

One Sentence Summary:

Mycobacterium tuberculosis that sustains moderate oxidative damage survives undetected on solid 

media, but growth delay restores replicative ability.
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Introduction

In 2019, active tuberculosis (TB) sickened an estimated 10 million people and killed an 

estimated 1.4 million (1). Treatment usually requires at least 6 months of multi-drug 

chemotherapy to prevent relapse in a majority of those treated, even with regimens that 

effectively convert sputum cultures to negative at 2 months (2, 3). Better understanding 

of the survival strategies of Mycobacterium tuberculosis (Mtb), the causative agent of the 

vast majority of TB cases, could shorten treatment through improved targeting of slowly 

sterilized subpopulations.

Mtb can enter a state in which it is unable to grow on standard nutrient-rich solid media, 

and is therefore considered absent or dead, but is shown to be viable by other methods 

(4–6). For example, in the “Cornell model”, Mtb-infected mice were treated with TB drugs 

such that no Mtb could be cultured from any part of the carcass after treatment stopped, yet 

the disease reappeared later in some other members of the cohort and in almost all of the 

members of the cohort if they were immunosuppressed (4, 7–9). Limiting dilution assays 

have also revealed the existence of viable Mtb cells that do not form colonies on agar; that 

is, they do not represent colony-forming units (CFU). Enumeration of CFU has remained the 

gold standard assay for in vitro quantification of bacterial viability since Koch introduced 

the technique in the 1880’s, but this is undercut by these states of Mtb, interchangeably 

called “viable but non-culturable”, “differentially culturable” or “differentially detectable” 

(DD). DD Mtb have been found to outnumber CFU from three-fold up to multiple orders of 

magnitude in 21% to 86% of TB patients’ pre-treatment sputa, as well as in material from 

TB patients’ lymph nodes, pleural fluid, colon, and bone (5, 10–13). Moreover, previous 

studies have shown that the proportion of DD Mtb in the sputum rose within two weeks 

of antibiotic treatment as the total number of viable Mtb in the sputum declined (13). 

When generated in vitro, DD Mtb show marked phenotypic resistance to TB drugs (14, 

15). Phenotypic resistance to antibiotics favors the emergence of genetic resistance (16, 17). 

Formation of DD Mtb might contribute to the requirement for prolonged therapy of TB, the 

variability in treatment outcomes, the emergence of genetic antimicrobial resistance, and the 

phenomenon of latent TB.

We recently developed an independently validated in vitro model of DD Mtb generation by 

starving Mtb of nutrients in phosphate-buffered saline (PBS) followed by exposure to high 

concentrations of rifampin (RIF), hereafter termed the PBS-RIF model. Worldwide, RIF 

is a backbone of the treatment of drug-susceptible and latent TB. In the PBS-RIF model, 

the starved cells, which are nonreplicating, are phenotypically resistant to conventional 

therapeutic doses of RIF. As judged by the reduction in CFU, RIF is required at 

concentrations 2 to 3 orders of magnitude above the conventional minimum inhibitory 

concentration (MIC) to kill 90 to 99% of the Mtb. In contrast, a liquid limiting dilution assay 

designed to avoid artefacts reveals a 1 to 2 log10 greater number of viable cells, based on the 

most probable number (MPN) calculation (14). In effect, RIF actually kills only some and 

often none of the starved cells, even at these high concentrations—a biologically striking 

and clinically worrisome example of phenotypic resistance (17).
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Not accounting for DD Mtb may complicate the testing of TB drug regimens. It may 

confound a physician’s ability to determine when an individual patient can stop taking 

multiple potentially toxic drugs, something that is not reliably revealed by the negativity of 

sputum cultures in standard assays. However, the phenotypic limiting dilution/MPN assay 

is too cumbersome for routine clinical application. Therefore, a mechanistic understanding 

of DD Mtb is needed. This could provide insights that facilitate development of drugs that 

can kill DD Mtb, lay the groundwork for an improved clinical assay for DD Mtb, and reveal 

biology underlying TB transmission and latent TB infection.

Here we applied genetic and biochemical approaches to define the critical processes 

underlying DD Mtb formation. We found that DD Mtb arise when two conditions are 

met. First, Mtb cells experience an intermediate degree of oxidative damage such that they 

alter their growth phenotype. Second, delay of replication allows for recovery of replicative 

capacity. Limiting dilution allows for this delay and recovery, but is not the only such 

condition. Intriguingly, both Mycobacterium bovis BCG (BCG), the live strain used for TB 

vaccination worldwide, and M. bovis, the strain from which BCG was derived, experience 

greater oxidative stress than Mtb under the conditions tested and do not enter the DD state, 

apparently dying instead.

Results

DD Mtb undergo oxidative stress and partial loss of the oxidative stress response 
augments the DD phenotype.

Decades of research on other bacteria have implicated oxidative stress and damage in the 

formation of non-cultivable states (18, 19). Oxidative stress or oxidative damage (20) have 

been associated with both of the conditions in the PBS-RIF model (nutrient starvation and 

antibiotic exposure) that collectively lead to cultures composed of at least 90% DD Mtb as 

compared to vehicle control (PBS-dimethyl sulfoxide [DMSO]) (Fig. 1A). Recently, Hong 

et al. demonstrated that E. coli’s generation of reactive oxygen species (ROS) in response 

to antibiotics could prevent the cells from growing as CFU without killing them and ROS 

accumulation could continue after the antibiotics were removed (21). Thus, we hypothesized 

that increased oxidative stress and subsequent damage may occur during formation of DD 

Mtb.

We first assessed this using CellROX green, a proprietary dye that fluoresces upon reaction 

with superoxide and subsequent binding to DNA. Based on CellROX fluorescence, McBee 

et al. reported that BCG produced superoxide during nutrient starvation or RIF treatment 

and did so to the highest degree after the combination of starvation and exposure to RIF 

(22). Similarly, we found that CellROX fluorescence increased significantly in nutrient 

starved Mtb and in Mtb in the PBS-RIF model as compared to logarithmically growing 

(log phase, LP) bacilli (P=0.01 for PBS-DMSO, P<0.0001 for PBS-RIF 100 µM, Fig. 1B), 

although baseline signal strength varied among experiments performed on separate days. 

After RIF was washed out and the cells were incubated a further week in PBS without 

RIF, the CellROX signal returned to the value seen in starved, non-RIF treated cells (fig. 

S1). The data are consistent with increased intrabacterial superoxide formation in both the 

PBS-DMSO and PBS-RIF models.
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We then used an orthogonal assay to verify redox changes. The mycoredoxin-1-fused redox-

sensitive green fluorescent protein (Mrx1-roGFP2) plasmid is a ratiometric fluorescence 

biosensor of the antioxidant glycopeptide mycothiol that can report the redox status of Mtb 

(23, 24). The biosensor indicated that there was only a slight increase in the reductive 

state in starved Mtb (PBS-DMSO) as compared to LP cells (Fig. 1C). However, in a dose 

dependent manner, subsequent RIF exposure led to oxidation of the biosensor (Fig. 1C). 

These results suggest that Mtb adapted to the increased superoxide formation we observed 

during starvation to preserve its redox balance, but that RIF interfered with this adaptation. 

Thus, the balance shifts toward oxidation in tandem with the vast majority of the culture 

entering the DD state. We hypothesized that the maintenance of redox balance, despite 

increased superoxide formation, renders starvation alone incapable of forming DD Mtb.

DD Mtb exhibit widespread damage to DNA, protein, and lipid components.

We next asked if the observed increase in oxidative stress during formation of DD Mtb 

impacted three classes of Mtb’s macromolecules: DNA, proteins, and lipids. We used 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to fluorescently 

label single and double strand breaks in DNA. A protocol for TUNEL staining of eukaryotic 

cells was ineffective, likely due to inefficient permeabilization of the waxy mycobacterial 

cell wall and poor entry of terminal deoxynucleotidyl transferase (TdT). We adapted a 

protocol that uses organic solvent in reverse micelles to create Mtb cytoplasts (25) prior 

to fixation. This technique allowed discrimination between the signal seen before and after 

exposure of Mtb to the DNA-damaging agent bleomycin (fig. S2A and B). The modified 

TUNEL assay demonstrated a significantly higher percentage of positive cells in starved, 

RIF-exposed Mtb cells than in LP Mtb (P=0.0039, Fig. 2A), indicating an increased number 

of single- or double-strand DNA breaks in DD Mtb.

We used Oxyblot to detect carbonyl groups introduced into proteins by oxidative reactions. 

As compared with LP Mtb, starved cells exposed to either DMSO or RIF showed an 

increase in carbonylated proteins, as did the positive control, LP cells exposed to cumene 

hydroperoxide (Fig. 2B). Some protein species became carbonylated only in starved cells 

additionally exposed to RIF. This suggests that, although starved cells experienced oxidative 

stress, RIF either altered the pool of proteins available for oxidation or affected which 

proteins were oxidized. Experiments using coumarin hydrazine for fluorescent detection 

of carbonylation also showed an increase in carbonylation in starved, RIF-exposed Mtb as 

compared to LP cells (fig. S2C). The ability to form DD Mtb was not altered in strains of 

Mtb with disruption of individual genes important for certain forms of DNA repair (ΔuvrB, 

ΔrecAΔKu, and a recB transposon mutant) or protein homeostasis (ΔprcBA, ΔclpB) (fig. 

S3A to D). This could be due to their mutual redundancy or reliance of DD Mtb on different 

genes for protection or repair (26). Finally, starved cells exposed to either DMSO or RIF had 

significantly greater quantities of lipid hydroperoxides (oxidatively damaged lipids) than LP 

cells (P=0.005), although their quantities were equivalent regardless of the presence of DD 

Mtb (Fig. 2C).
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Transcriptomic analysis of DD Mtb reveals dysregulation of central carbon metabolism and 
upregulation of genes related to redox status and damage repair.

With the above evidence of oxidative stress and damage, we turned our attention to 

mechanisms by which the bacilli react to and survive these insults as DD Mtb. We first used 

an unbiased approach comparing the transcriptome of Mtb in the PBS-RIF model to Mtb in 

PBS-DMSO controls. Because RIF inhibits RNA polymerase (RNAP) it might be expected 

almost to eliminate the transcriptome, as has been documented in exponentially growing 

Mtb exposed to RIF (27). Only a few transcripts in that study were elevated, thought to 

be secondary to differential mRNA stabilities (27). Strikingly, in starved Mtb, exposure to 

RIF led to nearly equivalent numbers of genes being upregulated and downregulated (data 

file S1 to S6; fig. S4A for principal component analysis). In one experiment, transcripts 

of 847 genes were upregulated (20.3% of the genome) and 897 downregulated with log2 

fold change (FC) > 1.0. These unique alterations in relative abundance of transcripts may 

contribute to the DD phenotype.

As compared to treatment with DMSO alone, starved cells exposed to RIF displayed 

perturbations in the expression of genes encoding enzymes of the tricarboxylic acid 

cycle (Fig. 3A), most prominently in downregulation of icl-1, which encodes isocitrate 

lyase (ICL). Downregulation of icl1 leaves Mtb vulnerable to antibiotic-induced oxidative 

stress (28). Additionally, aceAa, icd1, and acn, all encoding enzymes related to isocitrate 

metabolism, were downregulated. However, there was relative upregulation of enzymes in 

the half of the cycle leading from α-ketoglutarate to oxaloacetate (korA, fumC, mdh). Shifts 

in metabolism linked to replication arrest and cell survival in the metabolome of Mtb during 

hypoxia similarly featured a central role of ICL (29). At the same time, starved Mtb exposed 

to RIF upregulated many genes encoding protein chaperones (grpE, clpB), detoxification 

processes (katG, trxA) and DNA repair (recA, ruvA) (Fig. 3A and fig. S4B). In all, the 

distinctive features of the transcriptome of a population enriched in DD Mtb portrayed cells 

that were combatting oxidative stress by enhancing mechanisms to protect themselves and 

repair damage.

Transposon sequencing (TnSeq) suggests that DD Mtb require oxidative stress responses, 
DNA repair and the stringent response

To complement RNA sequencing (RNAseq) with another untargeted method to characterize 

genetic determinants of entry into the DD state, we subjected a transposon (Tn) mutant 

library of Mtb to two weeks of starvation and 5 days of exposure to RIF. This strategy can 

identify genes that are non-essential for logarithmic phase growth in liquid media, but that 

become essential or important in the PBS-RIF model. Genes that are essential at baseline 

cannot be assessed with this technique. Because Tn library outgrowth on solid bacteriologic 

agar might artificially lower recovery, the Tn library was also grown at each time point in 

liquid 7H9 (5 mL and 50 mL) (Fig. 3B). In analysis #1, we used TRANSIT software and 

the ZINB method (30) to compare the input library to the final, RIF-exposed cultures in all 

three outgrowth formats. We found that 121 genes were differentially enriched with adj-p 

(q-value) < 0.05. Of these, 104 were more essential in RIF-exposed cultures, and 89 had a 

log2 FC < −1, suggesting their conditional essentiality for entering or maintaining the DD 

Mtb state (Fig. 3C and data file S6). Several of these genes were involved with oxidative 
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stress and DNA repair (Fig. 3D), including katG, mshD, members of the nuo operon, uvrB, 
and uvrA. When comparing the DMSO and RIF arms for analysis #2, many of the same 

genes were conditionally essential, including mshD, nuo operon genes, uvrB, and uvrA (fig. 

S4C).

Comparisons between each of the liquid outgrowths and the 7H10 agar outgrowth for RIF- 

exposed cells revealed fewer changes, even when including genes conditionally essential in 

either outgrowth condition: 33 genes for 50 mL 7H9 versus agar and 21 genes for 5 mL 7H9 

versus agar (data fileS7). Strikingly, part of a complex linking oxygen radical detoxification 

with thiol homeostasis, sseA (31), was conditionally essential for growth on agar after RIF 

exposure. This implies that this detoxification system is required to allow Mtb to grow as 

CFU in the PBS-RIF model.

The TnSeq results also suggested conditional essentiality of Rv2538c (relMtb), a mediator 

of the stringent response to amino acid starvation (32, 33). Consistent with this, ∆relMtb 

were unable to form a population of DD Mtb as compared to CFU growth on 7H10 plates 

supplemented with charcoal (Fig. 3E), and the ratio of MPN to CFU was significantly 

lower in the knockout strain as compared to the wild type in the PBS-RIF arm (P=0.0008, 

fig. S4D). Charcoal was added to mitigate RIF carry-over on cells; in our prior work, 

charcoal did not restore cultivability of Mtb CFU in the PBS-RIF model and was therefore 

omitted in those control arms (14, 34). The relative lack of a substantial DD population 

in ∆relMtb suggests that genetically encoded adaptation to stress is required for Mtb to 

exist in the DD state. The gene encoding sigma factor B, which is induced in multiple 

stress conditions (35–38) including nutrient starvation (39), also appeared to demonstrate 

conditional essentiality for DD Mtb. However, a ∆sigB strain demonstrated an overall loss 

in viability, explaining the positive hit in TnSeq, and the knockout strain did not show a 

difference in DD Mtb proportion after starvation and RIF exposure, suggesting that sigB 
does not play a specific role in entering the DD state (fig. S5A). Moreover, none of the 

single sigma factor knockouts produced a notable decrease in CFU after up to 14 days in 

starvation, and individual sigC, E, F, G, H, J, K, and M knockout strains also did not show 

alterations in proportions of DD Mtb after starvation and RIF exposure (fig. S5A and B). 

This approach, limited by use of single sigma factor knockouts, did not reveal a specific 

regulatory pathway. In sum, the above data suggest that DD Mtb formation is not reliant on a 

generic stress response.

Dysregulation of specific stress response genes influences the DD phenotype.

Using results of the unbiased screens, we next evaluated whether dysregulation of specific 

aspects of Mtb adaptation to oxidative stress could alter the DD phenotype. Mycothiol, 

the mycobacterial homolog of glutathione, buffers oxidative stress in Mtb (40–42). An 

enzyme involved in mycothiol synthesis, encoded by mshD, was found in the TnSeq to 

be conditionally essential in the PBS-RIF model. Mtb in which mshA, a gene essential 

for mycothiol synthesis, was disrupted formed an increased proportion of DD Mtb in the 

PBS-RIF model (Fig. 4A). Likewise, Mtb lacking icl1, one of the most downregulated genes 

after RIF exposure of starved Mtb, produced a higher proportion of DD upon RIF exposure 

than wild type Mtb and produced a significant amount of DD Mtb compared with starvation 
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alone (P<0.0001, Fig. 4B). Ratios of MPN to CFU for both the mshA and icl1 knockout 

strains in the PBS-RIF condition were significantly higher than for their respective wild type 

strains (mshA, P< 0.0001; icl1 P<0.02, fig. S6A and B). In contrast, a strain lacking dlaT, 

which encodes one member of a four-protein peroxynitrite reductase/peroxidase (43) and 

which is highly sensitive to nitrosative stress (44), did not show an altered DD phenotype 

(fig. S6C). In addition, dlaT transcripts were only mildly increased in DD Mtb (average 

log2 FC 1.43). These results support the hypothesis that both oxidative stress and an altered 

cellular response to it are key to formation of DD Mtb, and that there is specificity in the 

type of stress or stress resistance involved in the formation of DD Mtb.

RNA polymerase inhibition of starved cells is not sufficient to produce DD Mtb.

The foregoing results with genetic knockouts suggested a specificity in the response to 

oxidative and starvation stress related to formation of DD Mtb. We then asked if there is also 

specificity in the way that RNAP is inhibited that affects DD Mtb formation. We previously 

demonstrated that DD Mtb formation in this model was seen only with rifamycins among 

compounds tested, and that mutations in RNAP that conferred resistance to RIF’s ability 

to kill replicating Mtb also blocked RIF from inducing DD Mtb in starved Mtb (14). 

To determine whether another RNAP inhibitor could replace a rifamycin, we exposed 

starved Mtb to Nα-aroyl-N-aryl-phenylalaninamides (AAP)—RNAP inhibitors whose mode 

of action is distinct from that of RIF (45). We used doses that reduced CFU by about 1-log10 

so that any potential DD population could be recognized. Charcoal-supplemented 7H10 

plates were also used for CFU assessment. No statistically significant proportion of DD 

Mtb was generated (P=0.932, Fig. 5A). This suggests that globally impaired transcription 

by itself is insufficient for DD Mtb formation, and that the way that RNAP is inhibited is 

critical. The mechanism of RNAP inhibition may influence which genes are affected and 

determine whether and to what extent a transcript is increased or reduced.

M. bovis and BCG do not form DD under the same conditions as Mtb.

To test whether closely related mycobacteria could enter the DD state in the PBS-RIF 

model, we grew attenuated Mycobacterium bovis BCG Pasteur and virulent Mycobacterium 
bovis (American type culture collection (ATCC) 19210) to LP, starved them in PBS for at 

least 2 weeks and then exposed them to RIF. No DD populations formed, despite a decrease 

in the CFU (Fig. 5B). Nor did DD populations form when we used RIF at a 10-fold lower 

dosage (10 µM) to produce a decrease in CFU similar to that seen in Mtb in the PBS-RIF 

model. Screens aimed at reducing oxidative stress in BCG using 5 µM RIF after 4 weeks 

of starvation and using 10 µM RIF after only 1 week of starvation did not yield a DD 

population when comparing the limiting dilution assay to growth on charcoal supplemented 

7H10 plates (fig. S7A and B).

The genomes of Mtb and BCG differ in 14 regions of the chromosome. An Mtb strain with 

deletions in both region of difference 1 (RD1) and panCD, each of which is required for 

virulence (46, 47), was able to form DD Mtb, suggesting that the critical genes for entering 

the DD state lie elsewhere (fig. S7C). The mce3 operon was upregulated in the RNAseq 

analysis and is absent from M. bovis (48), and we thus hypothesized that it might play a role 

in Mtb’s ability to enter the DD state. However, mce3A and mce3F transposon mutants in 
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Mtb (49) did not demonstrate a difference in their DD phenotype compared to wild type Mtb 

(fig. S7D).

To further explore the difference between Mtb and M. bovis with respect to DD formation, 

we performed RNAseq in M. bovis in the PBS-RIF model. Results from one study with 

three biologic replicates were verified by reverse transcription quantitative polymerase 

chain reaction (RT-qPCR) and compared directly to changes in Mtb. Striking differences 

between the species occurred during starvation, even prior to RIF exposure (Fig. 5C, data 

file S5, S8, and S9; table s1). icl1, one of the most upregulated genes in starved Mtb when 

compared to LP bacilli, was not upregulated during starvation in M. bovis (Fig. 5D). This 

suggests that alterations in icl1 during nutrient starvation are critical for subsequent survival 

as DD Mtb upon RIF exposure, and that M. bovis does not respond in the same way. 

Furthermore, damage response genes including dnaK and grpE, involved in proteostasis (50, 

51), and ligB, involved in DNA repair (52, 53), were upregulated in M. bovis but not in 

Mtb during starvation alone (Fig. 5D). This implies that M. bovis is reacting to damaged 

macromolecules whereas Mtb survives without requiring this adaptation during nutrient 

starvation. Comparisons of macromolecular damage in PBS-RIF exposed M. bovis versus 

Mtb were confounded by lack of formation of DD M. bovis, whose surviving population 

consisted almost entirely of CFU, as opposed to Mtb, whose surviving population was 

highly enriched for DD cells. However, a comparison of oxyblot results during starvation 

alone, where both populations survived as CFU, showed a different pattern of protein 

expression and protein oxidation between the two species (fig. S7E and F).

Intermediate degrees of oxidative stress promote formation of DD Mtb.

The inability of M. bovis to enter a DD state and the above differences between the 

transcriptomes of M. bovis and Mtb led us to hypothesize that M. bovis may suffer greater 

oxidative stress than Mtb during the PBS-RIF model. M. bovis displayed significantly higher 

CellROX staining than Mtb (P<0.0001, Fig. 6A) during both starvation and RIF exposure. 

Likewise, exposure of starved Mtb to an Nα-aroyl-N-aryl-phenylalaninamide (AAP), which 

also did not lead to formation of DD Mtb, produced a higher degree of oxidation of the 

Mrx1-roGFP2 biosensor than exposure of starved Mtb to RIF (Fig. 6B). In both cases, lack 

of a DD population is indicative of more extensive bacterial death than experienced by Mtb 

in the PBS-RIF model. Streptomycin and fluoroquinolones, which did not generate DD Mtb 

when presented to starved Mtb (14), did not lead to an increase in oxidative stress (Fig. 6B). 

The rifamycins RIF and rifapentine (RPT) both cause moderate oxidative stress, and both 

can generate DD Mtb (14). Overall, these results suggest that: oxidative stress drives Mtb 

toward the DD state; Mtb must be able to mitigate oxidative stress to survive in the DD state; 

Mtb’s capacity to do so is limited, so that only intermediate degrees of oxidative stress lead 

to DD Mtb; and M. bovis strains are further limited in this capacity, such that they succumb 

under similar conditions.

We hypothesized that mitigating oxidative stress after DD Mtb were plated on agar might 

allow a greater proportion to grow as CFU. However, there were no increases in starved, 

RIF-treated Mtb recovered on agar plates incubated at 1%, 5% or 21% oxygen, or on plates 

with the anti-oxidant N-acetylcysteine (NALC) (fig. S8A to C). Screens for improved CFU 
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recovery on agar plates made with ultrapure agarose and a liquid/solid hybrid of filter paper 

floating on 7H9 also did not yield higher CFU counts (fig. S8D).

Growth delay is associated with recovery of DD Mtb’s ability to grow as CFU.

We next turned our attention to the question of why limiting dilution in nutrient-rich 

7H9 medium allows oxidatively stressed Mtb to recover their ability to grow as CFU, 

when incubation on nutrient-rich agar without limiting dilution does not. Typically, when 

logarithmically replicating bacteria are diluted into fresh nutrient rich medium, they do 

not pause in their replication. In contrast, when stressed bacteria are re-suspended in fresh 

nutrient rich medium, there is a lag before they resume logarithmic replication. For Mtb, this 

lag has been described at the population level after exposure to RIF (54, 55) and at the single 

cell level after starvation in PBS (56). We hypothesized that a delay in replication may be a 

critical feature that allows DD Mtb to be detected by limiting dilution when the same cells 

plated directly on agar fail to grow. However, the reported studies of bacterial lag involved 

the transfer of stressed or starved cells to nutrient-rich liquid medium without limiting 

dilution. It is not clear whether limiting dilution itself imposes a lag in onset of bacterial 

replication. Therefore, we tested the effect of ten-fold serial dilutions on the number of CFU 

of Mtb collected in three conditions: during logarithmic replication, after starvation in PBS 

and exposure to DMSO vehicle alone (PBS-DMSO), or after being placed in the PBS-RIF 

model. The cells from each group were washed twice by centrifugation, re-suspended in 

7H9, serially diluted, and sampled daily for up to 14 days for quantification of CFU.

Mtb collected from LP and subjected to limiting dilution continued logarithmic replication 

without a delay in onset (fig. S9A). In contrast, both PBS-DMSO and PBS-RIF cells 

displayed two different phases of growth: an initial slower growth phase, followed by a 

much faster phase. Starved cells exposed to DMSO alone displayed a 1- to 2-day delay in 

resumption of logarithmic growth, and this was unaltered by the extent of dilution (Fig. 7A). 

These cells continued this degree of growth until reaching stationary phase. RIF-exposed 

cells followed a more complex pattern that was influenced by the extent of dilution. These 

cells had the longest lag phase when undiluted or minimally (10x) diluted (Fig. 7B). We 

speculate this was due to residual cell-associated RIF. Samples diluted to an intermediate 

extent (100- to 1000-fold) grew more slowly for the first 6 days than they did thereafter but 

began replication earlier than other dilutions. Cells diluted even more extensively delayed 

their onset of rapid replication by as long as 15 days (Fig. 7B). The inset in Figure 7B 

displays the data with a linear y-axis to clearly delineate the differences in time of onset 

of faster replication. The results imply that in the limiting dilution assay, cells in the most 

dilute wells undergo a substantial replication delay that is independent of the RIF carry-over 

that may have affected the least diluted samples. In sum, three factors impose a delay in 

replication in the recovery phase in this model for DD Mtb generation: prior starvation, prior 

RIF exposure, and limiting dilution itself.

We next asked whether a growth delay unrelated to limiting dilution can suffice to restore 

CFU formation by stressed Mtb. DD Mtb formed in the PBS-RIF model were washed twice, 

re-suspended in PBS/0.02% tyloxapol (PBS-Tx) to the original volume and incubated at 37 

°C. We sampled the cells weekly for both CFU and limiting dilution assays. The number 
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of viable Mtb estimated by limiting dilution did not markedly change, but the number 

of Mtb recovered as CFU increased until, by 3 weeks, there was no longer a difference 

between estimations of viable Mtb derived by the limiting dilution/MPN and CFU assays 

(Fig. 7C). Thus DD Mtb recovered the ability to grow as CFU under a condition that 

precluded replication, without access to externally supplied nutrients and without dilution. 

In contrast, DD Mtb incubated in PBS at 4 °C could no longer be recovered by limiting 

dilution or CFU assays; they were presumably dead (Fig. 7C). Additionally, the increased 

TUNEL signal noted in PBS-RIF cells fell to match PBS-DMSO signal after 3 weeks 

of incubation in PBS-Tx, suggesting that the relative extent of DNA damage dropped to 

pre-drug exposure amounts (fig. S9B). We hypothesized that mitigating oxidative stress 

might alter CFU recovery, and found that DD Mtb cells recovered their ability to grow as 

CFU more quickly if we added the anti-oxidant catalase to the starved cells one day prior to 

RIF exposure and again after RIF was washed out (Fig. 7D). Although exogenous catalase 

did not prevent formation of DD Mtb, that catalase hastened the ability of DD Mtb to form 

CFU reinforces the relationship between oxidative stress and delayed return of replicative 

capacity.

DD Mtb from TB patients appear to grow more slowly ex vivo than CFU in the same 
samples.

Given the above in vitro evidence, we hypothesized that ex vivo DD Mtb recovered from 

patient sputa would also demonstrate a growth delay when recovering in the limiting dilution 

assay. To test this, we analyzed unpublished data compiled in an earlier study (13). In that 

work, 13 patients newly diagnosed with active TB in Haiti had Mtb quantified in sputum 

samples by both CFU and limiting dilution assays immediately prior to treatment and after 

2 weeks of TB therapy with the standard 4-drug regimen for drug-sensitive TB, which 

includes RIF. CFU were counted and limiting dilution plates were read at 3, 5, 7, and 9 

weeks, with termination of the assay any time after 5 weeks in which the counts were 

unchanged from the prior reading. For data points in which the 3-week read was available 

(11 patients, 20 samples), values of CFU and MPN from limiting dilution at 3 weeks were 

assessed as a percentage of the final values obtained from the same assay when scored after 

a longer incubation. Except for one outlier, all CFU reached at least 50% of their final value 

at 3 weeks, and 65% (13/20) reached at least 90% of their final value at 3 weeks. There was 

no significant correlation between this percentage for the CFU and the relative proportion of 

DD Mtb in the same sample (r = −0.3409, P=0.707 (Fig. 7E). In contrast, the percentage of 

final growth in the limiting dilution assay at 3 weeks was significantly negatively correlated 

(r = −0.5814, p<0.0036; Spearman correlation) with the ratio of MPN to CFU (Fig. 7E). 

Technical limitations associated with low bacillary load (<1000 per mL) and no evidence 

of growth at 3 weeks apply to two outliers with slow growth and without evidence of a 

DD population. In all, the results suggest that longer growth delay correlates with a higher 

proportionate recovery of DD Mtb in clinical samples, as it does for DD Mtb generated in 

vitro.

DD Mtb can form without starvation or antibiotics.

Clinical evidence suggests that entry into DD state can occur independent of rifamycin 

exposure, as DD Mtb have been recovered from sputa of patients who have not yet been 

Saito et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2022 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treated (10–13). Given the highly specific requirements of the PBS-RIF model in forming 

DD Mtb, we next asked if antibiotic-independent methods of generating oxidative stress 

could produce DD Mtb. We discovered that LP cells incubated at 45 °C in nutrient rich 

medium for 24 hours displayed a marked decrease in CFU. Strikingly, however, there was no 

change in viable numbers of Mtb as assessed by limiting dilution (Fig. 8A). Within 2 days 

of being returned to 37 °C, the DD Mtb regained colony-forming capacity (Fig. 8A). The 

rate of recovery in numbers of CFU was faster than the initial remaining CFU population 

could have achieved by logarithmic replication at the rate seen in unstressed cells in the 

same medium. There was inter-experiment variability in the generation of DD Mtb by heat, 

especially after incubation at 50 °C (Fig. 8A and fig. S10). Nonetheless, heat-induced DD 

Mtb formation was positively correlated with a higher CellROX signal and a higher percent 

of TUNEL positivity (Fig. 8B and C) than in cells incubated at 37 °C.

Transmission of TB occurs by aerosol, and aerosols are subject to evaporative desiccation. 

Yet it has been known for over a century that tubercle bacilli expectorated into the 

environment can maintain virulence for days or even months, as evidenced by the ability 

of recollected bacilli to cause TB in guinea pigs (57, 58). We hypothesized that desiccation 

stress might create a population of DD Mtb. To test this, Mtb cells were grown on filter 

paper and allowed to desiccate in room air for 7 days. As compared to Mtb on filter paper 

floating on saline, desiccation killed a large proportion of the population. The majority of 

survivors were DD Mtb (Fig. 8D). Thus, desiccation is another drug-independent in vitro 

model of DD Mtb formation, with implications for transmission biology.

Discussion

The remarkable resilience of oxidatively-damaged Mtb as it enters a DD state sheds light 

on fundamental questions in microbiology and introduces considerations for the clinical 

management of TB. Microbiologically, our findings demonstrate that oxidative stress drives 

the formation of DD Mtb; the transcriptome of these nonreplicating, phenotypically resistant 

cells is not “dormant” but is dramatically altered. Further, we show that survival of Mtb in 

the DD state requires specific genetic controls. The special ability of rifamycins to generate 

DD Mtb correlates with the intermediate degree of oxidative stress they generate in starved 

cells and may also reflect the specific identities of genes whose expression is enhanced 

or reduced by RIF. However, DD Mtb can form without antibiotic exposure (15, 59, 60), 

and there are other routes to imposition of intermediate amounts of oxidative stress in Mtb 

besides starvation and exposure to rifamycins, including exposure to the immune system 

(10–12) and, as shown here, heat. In the human host, it is possible that repeated exposure to 

febrile body temperatures might recapitulate what we saw in vitro with brief exposure to a 

supra-physiologic temperature, but this is speculative. DD Mtb created by heat stress shared 

the evidence of oxidative stress and DNA damage observed in the starvation-RIF model. 

Desiccation also drove Mtb into the DD state, which has implications for environmental 

biology and disease transmission.

This work adds to a rich literature in other bacteria relating changes in cultivability of 

viable bacteria to oxidative stress, nutrient availability, growth rate and the definition of 

viability itself (18, 20, 61, 62). Many bacterial species can enter a VBNC state (63), as 
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first shown with chilled Vibrio and E. coli (64). In food safety literature, Staphylococcus 
aureus (65), Vibrio vulnificus (66) and Campylobacter jejuni (67) have all been shown to 

enter the VBNC state in association with oxidative stress and oxidative stress resistance. 

Similarly, creation of a VBNC subpopulation of E. coli by heat stress was associated with 

protein oxidation (68). Hong et al. (21) showed that, above a certain threshold of ROS, 

E. coli cells died, but below that threshold, provision of antioxidants revealed a cryptic 

population as CFU. Similarly, our study points to the ability of intermediate amounts of ROS 

to temporarily block the ability of an Mtb cell to be detected as a CFU.

Recovery of replication capacity on the part of oxidatively stressed Mtb was favored by 

a delay in replication, whether imposed by incubation without exogenous nutrients or by 

extensive dilution in nutritionally rich medium. Because the bulk of the Mtb populations 

in the DD models tested here were in the DD state, growth in the highest dilutions of 

the limiting dilution plates, dilutions at which no CFU remained, represented resuscitation 

of DD cells, as opposed to regrowth of a colony forming subpopulation—a distinction 

that must be considered in discussion of VBNC phenotypes (69). We hypothesize that 

recuperation requires repair, repair takes time, and replication before repair is suicidal. The 

notion of the lethality of premature replication is consistent with our observation of DNA 

strand breaks in DD Mtb. By the same reasoning, we take the eventual ability of the cells to 

proliferate as evidence that strand breaks have been repaired. The dependence of persistent 

cell survival on timing of DNA repair with respect to replication has been described in E. 
coli exposed to fluoroquinolones (70).

The discrepancy between Mtb and M. bovis/BCG in the ability to enter a DD state was 

surprising and reassuring. In many countries, viable BCG is given intradermally to newborns 

as a vaccine. BCG is also given intra-vesically to treat recurrent superficial bladder cancer. 

BCG appears to be cleared rapidly, except in some cancer patients and in immune-deficient 

infants, such as those with Severe Combined Immunodeficiency, Chronic Granulomatous 

Disease, AIDS (71), or the syndrome Mendelian Susceptibility to Mycobacterial Diseases, 

which involves deficient production or response to interferon-γ (72, 73). Recently, a live 

BCG vaccine was found to be more effective in macaques when administered intravenously 

than intradermally (74), an approach that favors the induction of “trained immunity” (75). 

Even after intravenous administration, BCG was apparently cleared (74). Virulent M. bovis 
can cause active TB that is clinically indistinguishable from the active disease caused by 

Mtb, but it remains unclear whether M. bovis routinely or readily enters a latent state 

of infection (76). Our studies support the expectation that clinically-administered BCG is 

unlikely to enter a DD state. Although stressed Mtb entered a state of reparable oxidative 

damage in vitro, BCG and M. bovis responded to the same conditions by accumulating even 

more ROS and did not recover. This differential response may be related to the equally 

striking differential regulation of icl1. A negative regulator of icl1, Rv0465 (Mtb)/Mb0474 

(M. bovis), has a non-synonymous polymorphism in M. bovis (77). This might be related to 

the difference we observed in icl1 regulation between the two species.

RIF’s imposition of a severe and numerically symmetrical dysregulation of the 

transcriptome may be key to the special propensity of rifamycins to help form (13, 14) 

or select for (13) DD Mtb. Although starvation alone produced ROS in Mtb and damaged 
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Mtb’s cellular components, starved Mtb showed no difficulty in growing on agar plates. 

Subsequent exposure to RIF appeared to disrupt cellular processes that detoxify ROS and 

control or repair the damage. This is in agreement with a study showing that RIF persisters 

undergo more oxidative stress than mid-LP, non-RIF exposed Mtb, and have a higher rate of 

de novo mutations during RIF exposure (78). Our observation that starved cells exposed to 

RIF upregulate expression of hundreds of genes is consistent with the report that Mtb cells 

phenotypically resistant to RIF incorporate [3H]uridine during RIF exposure (79). This work 

underscores the complexity of rifamycins’ mechanism of action by revealing the ability of 

cells seemingly killed by rifamycins to repair themselves, despite the post-antibiotic effect of 

RIF that has been studied for decades (50, 80, 81).

Clinically, DD Mtb are unaccounted for in the routine quantification of viable bacilli. The 

ability of DD Mtb to recover replicative capacity during a period of non-replication may 

complicate clinical management. Considering the varied environmental niches in different 

body compartments and the immunologic differences among patients and in a given patient 

over time, Mtb cells are likely to exist in the host at multiple degrees of oxidative stress and 

replicative capacity. Evidence of this has existed since the 1950s, when one study noted that 

samples taken from 44% of cavitary lesions not in communication with the airway required 

3 to 10 months of incubation to display Mtb growth, and nothing grew from the remaining 

56% of closed cavities. In contrast, nearly all ‘open’ cavitary lesions grew Mtb within 8 

weeks of cultivation (82, 83). Efforts to combat the heterogeneity of Mtb in a host with 

active TB have led to the prolonged use of multiple antibiotics. Similarly, the months-long 

duration of prophylaxis and the associated drug toxicity have frustrated efforts to eliminate 

latent TB on a large scale in endemic areas. During active TB, drug regimens that afford 

the majority of patients a relapse-free cure can also result in over-treatment of many patients 

with often toxic drug combinations. People cured earlier in the treatment course cannot be 

reliably distinguished from those who require the full course of therapy. Taking DD Mtb 

into account may provide a new perspective on heterogeneity in tuberculosis infection and 

its outcomes. Indeed, a recent study found that, out of 41 TB patients that achieved clinical 

cure, 5 had viable, differentially culturable Mtb in their sputum or bronchoalveolar lavage 

fluid at the end of treatment, and 2 of these patients relapsed within one year from the 

treatment’s end (84).

The presence of DD Mtb also complicates current quantitative and semi-quantitative clinical 

diagnostic assays. For example, during RIF monotherapy and during standard four-drug 

therapy, discrepancies were identified between results of a liquid culture diagnostic assay, 

the mycobacterial growth indicator tube (MGIT), and CFU quantification (85). Our work 

suggests that the growth of stressed bacilli in liquid culture may be delayed in onset, leading 

to an inoculum-independent lengthening of time to positivity, the end-point in the MGIT 

assay. Moreover, tests of TB drugs typically involve collection of sputum overnight into a 

chilled container, and the specimens may be refrigerated for several days before the number 

of viable Mtb is determined. Our data show that oxidatively damaged Mtb are unable 

to recover in the cold, so that DD Mtb in sputum may die if collected in this manner, 

exaggerating the impact of the drug(s) under study. Thus, the ability to quantify DD Mtb in 

the clinic might improve diagnostics and treatment monitoring.
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Our study has limitations. A minority CFU-capable population was present in every DD 

Mtb culture, complicating interpretation of RNA-seq and bulk measures of oxidative stress. 

To compensate, we relied on marked, quantifiable differences between limiting dilution and 

CFU assays and used orthogonal approaches, such as genetic knockouts and alternative 

models for generating DD Mtb. Moreover, DD Mtb that form in mice can escape detection 

by limiting dilution (86). This raises the specter that the DD Mtb detected in clinical 

specimens may under-report the proportion of DD Mtb in the human host.

Our future work will explore whether characteristics of the DD Mtb transcriptome can be 

leveraged to help identify DD Mtb in sputa without labor-intensive, months-long limiting 

dilution assays and potentially aid in assessing treatment response. If this could be tied 

to relapse-free outcome, then there is the potential to distinguish those cured with therapy 

shorter than the standard 6 months from those who require longer treatment. Screens for 

drugs effective against in vitro-generated DD Mtb have begun (14, 15) and might identify 

regimens that are more quickly and uniformly sterilizing.

Materials and Methods

Study Design

To explore the mechanisms of Mtb entry into the DD state, we used unbiased transcriptomic 

and transposon-sequencing techniques, and tested hypotheses using Mtb mutants with 

altered DD phenotypes and mycobacteria unable to enter the DD state in the same 

conditions. We used distinct reporters to quantify oxidative stress and oxidative damage, 

studied alternative methods of DD Mtb creation, and compared the growth rate and the 

replicative recovery of DD Mtb generated in vitro and those detected in an earlier study 

of patient sputa. “Biological replicates” refers to test samples initiated from the same LP 

culture but processed separately for exposure to an experimental stress, such as starvation. 

“Technical replicates,” such as those within an MPN plate, come from a single biological 

replicate, from which multiple samples were independently collected for quantification.

Statistical Analysis

Unless noted otherwise, statistical analyses were performed using Prism 8 (GraphPad) as 

detailed in the figure legends and results. Mixed-effects analyses were performed instead 

of two-way ANOVA when data were missing from contamination or other accidental 

loss of the sample. MPN estimations and CFU counts underwent log10 transformation 

prior to statistical analysis. Means ± SEM are shown when individual points are not 

plotted. Methods of statistical analysis are shown in the figure legends or the text. For 

RNA-Seq, differentially expressed genes were identified using the DESeq2 R package 

(87). Subsequent analysis of gene expression was performed in R (88, 89). For TnSeq, 

statistically significant differences in reads were identified using the Zero-Inflated Negative 

Binomial (ZINB) method by TRANSIT software v.3.0.1 (30). This allows simultaneous 

comparison of multiple variables, enabling appropriate q-value calculation. Data were 

normalized by trimmed total reads (TTR) normalization and adjusted for batch effects. 

Comparison between liquid and solid outgrowths for the RIF exposed cells was performed 

using a resampling method with TTR normalization and LOESS correction. Flow cytometry 
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data were analyzed using FCS Express 7 Research Edition (De Novo Software). Gates were 

set two-dimensionally in unstained samples, using side scatter (SSC) versus either CellROX 

or TUNEL dot plots. To help ensure uniformity in analysis, gates were set to include the top 

0.5 to 1.5% of unstained samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DD Mtb undergo oxidative stress.
(A) Representative results of DD Mtb estimation in the PBS-RIF in vitro model are shown 

with photo of a representative liquid limiting dilution assay used for most probable number 

(MPN) calculations. Mtb cells were starved in PBS for at least 2 weeks, then exposed to 

either high dose RIF (10 to 100 µM) or DMSO (vehicle control). After washing out the RIF 

or DMSO, the culture undergoes 10-fold serial dilutions across 5 technical replicates, and 

the number of positive wells is inputted into an MPN calculator to estimate the original, 

undiluted concentration of viable cells. Data were analyzed using a mixed effects analysis 

with Sidak’s multiple comparisons test. (B) Flow cytometry analysis is shown of log 

phase (LP) Mtb, LP Mtb exposed to 100 mM menadione (LP + MENA), starved then 

DMSO-exposed Mtb (DMSO; vehicle control), and starved then RIF-exposed Mtb (RIF), 

after staining with CellROX Green. Data shown are representative of 7 experiments with 1 

to 3 biological replicates each, except RIF 10 µM data which are from 4 experiments with 3 
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biological replicates each. Data were analyzed using a mixed effects analysis with Tukey’s 

multiple comparisons test. Horizontal bars indicate median. (C) Flow cytometry analysis of 

Mrx1-roGFP2 plasmid containing H37Rv (6 experiments, 12 biological replicates total) in 

LP, PBS starved then DMSO or RIF exposed Mtb. Statistics were calculated by one-way 

ANOVA with Tukey’s multiple comparisons test. Horizontal bars indicate mean. *adj p < 

0.05, **adj p < 0.01, ***adj p < 0.001, ****adj p < 0.0001.
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Fig. 2. DD Mtb exhibit widespread damage to DNA, proteins, and lipids.
(A) TUNEL assay flow cytometry analysis of starved cells exposed to DMSO or RIF 

is shown normalized to the average LP percent positive. Data are representative of 3 

experiments with 3 biological replicates each. Lines connecting DMSO and RIF indicate 

arms of the same biological replicate. Data were analyzed using a Wilcoxon matched-pairs 

signed rank test. **p < 0.01. (B) A representative western blot is shown of Oxyblot detection 

of carbonyl groups on proteins derivatized by 2,4-dinitrophenylhydrazine (DNPH) from LP 

cells, LP cells treated with 10 mM cumene hydroperoxide (CHP), and starved cells treated 

with DMSO or RIF. Control lanes were processed in the same way but lack DNPH. M: 

DNP-derivatized molecular weight protein standards. (C) Results of a Cayman LPO assay 

estimating lipid hydroperoxides is shown using lipid extracts prepared from LP cells, LP 

cells treated with 10 mM CHP, and PBS starved cells treated with DMSO or RIF. Data are 
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representative of 3 experiments with 5 biological replicates total. Data were analyzed using a 

one-way ANOVA with Tukey’s multiple comparisons test. **adj p < 0.01, ***adj p < 0.001.
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Fig. 3. Characterization of DD Mtb by RNA-sequencing and Transposon-sequencing.
(A) Heat maps of selected significantly upregulated and downregulated genes as compared 

to vehicle control (DMSO) are shown. Data are representative of 2 experiments with 3 

biological replicates each. (B) A schematic for TnSeq experiment and data analysis is 

shown. ZINB, zero-inflated negative binomial. (C) A volcano plot of transposon mutants 

depleted in starved, RIF exposed cells is shown as compared to input library. Data are 

representative of 2 experiments with 1 sample each. (D) Oxidative stress response genes 

and DNA damage repair genes from (C) are highlighted. (E) Viable cell counts are shown 

for wild type (WT) H37Rv UMass, ∆rel, and ∆rel::rel after starvation and 5 days of RIF 

or DMSO exposure. Data are representative of 2 experiments with 3 biological replicates 

each. CFU+C = CFU grown with charcoal supplementation. Data were analyzed using a 

mixed-effects analysis with Sidak’s multiple comparisons test. **adj p < 0.01, ***adj p < 

0.001, ****adj p < 0.0001; NS, not significant.
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Fig. 4. Dysregulation of specific stress response genes influences the DD phenotype.
(A) Viable cell counts are shown for WT H37Rv, ∆mshA, and ∆mshA::mshA after 

starvation and 5 days of RIF or DMSO exposure. Data are representative of 2 experiments 

with 3 biological replicates each. Data were analyzed using a mixed-effects analysis with 

Sidak’s multiple comparisons test. (B) Viable cell counts are shown for parent wild type 

(WT) Erdman Mtb strain, ∆icl1–2, and ∆icl1–2::icl1 after starvation and 5 days of RIF or 

DMSO exposure. Data are representative of 3 experiments with 3 biological replicates each. 

Data were analyzed with a two-way ANOVA with Sidak’s multiple comparisons test. *adj p 

< 0.05, **adj p < 0.01, ***adj p < 0.001, ****adj p < 0.0001.
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Fig. 5. DD formation is specific to rifamycins in the PBS-RIF model, and M. bovis is unable to 
enter the DD state in the PBS-RIF model.
(A) Viable cell counts using CFU, CFU with charcoal (CFU+C), and MPN-limiting 

dilution assays are shown after starvation and 5 days of the exposure to Nα-aroyl-N-aryl-

phenylalaninamide (AAP) direct RNA polymerase inhibitors (AAP 214 and 274) or DMSO 

exposure. Data are representative of 2 experiments with 3 biological replicates each. Data 

were analyzed using a mixed-effects analysis with Sidak’s multiple comparisons test. (B) 

Viable cell counts are shown for BCG Pasteur (2 experiments, 3 biological replicates 

each) and M. bovis (3 experiments, 3 biological replicates each, except R100, which is 

2 experiments, 3 biological replicates each) after starvation and 5 days of RIF or DMSO 

exposure. Data were analyzed using a two-way ANOVA with Sidak’s multiple comparisons 

test. (C) A heat map of log2 fold change in transcripts is shown after PBS starvation 

without RIF exposure as compared to LP in Mtb and in M. bovis, according to RNAseq. 

(D) Fold change in icl1, dnaK, grpE, ligB, and sigA transcripts are shown as determined by 

qPCR after 4 weeks of PBS starvation and without RIF exposure as compared to LP cells, 

normalized to 16s rRNA, in H37Rv and M. bovis. Data were analyzed using multiple paired 

t-tests with Holm-Sidak correction for multiple comparisons. *adj p < 0.05, **adj p < 0.01.
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Fig. 6. DD formation is correlated with intermediate degrees of oxidative stress.
(A) Flow cytometry analysis is shown after staining M. bovis with CellROX Green as 

compared with Mtb. M. bovis data are from 2 experiments; Mtb data are as in Fig. 1B. 

Data were analyzed using a two-way ANOVA with Sidak’s multiple comparisons test. (B) 

Flow cytometry analysis is shown after starvation and exposure to RIF, rifapentine (RFP), 

isoniazid (INH), streptomycin (STR), levofloxacin (LVX), and AAP274 of H37Rv with the 

mrx1-roGFP2 plasmid. Data are representative of 2 experiments with 3 biological replicates 

each. Data were analyzed using a one-way ANOVA with Tukey’s multiple comparisons test. 

*adj p < 0.05, **adj p < 0.01, ***adj p < 0.001, ****adj p < 0.0001.
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Fig. 7. Growth delay allows recovery of DD Mtb’s ability to grow as CFU.
(A and B) Daily CFU counts of serially 10-fold diluted cultures in 7H9 complete are shown 

after 4 weeks of starvation and 5 further days of exposure to DMSO (1%) (A) or RIF 

(100 µM) (B), normalized to initial counts on the day of drug washout (day 5). Data are 

representative of 2 experiments with 3 biological replicates each. The inset in B shows 

days 7 to 16 with linear y-axis scale. (C) Serially sampled viable cell counts of DD Mtb 

re-suspended in PBS are shown after drug removal at 37 °C (data are representative of 

7 experiments with 3 biological replicates each) and 4 °C (data are representative of 3 

experiments with 3 biological replicates each). Data were analyzed using a mixed-effects 

analysis; only significant differences between MPN and CFU at the same temperature are 

shown; ***adj p < 0.001, 37 °C; ****adj p < 0.0001, 4 °C; *adj p < 0.05, only 37 °C; 

**adj p < 0.01, only 4 °C. (D) Serially sampled CFU counts are shown for Mtb subjected 

to starvation and exposure to RIF 10 µM and re-suspended in PBS after drug removal with 
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and without 1400 units of human catalase (CAT) added one day prior to RIF exposure 

and again after drug removal. Data are representative of 2 experiments with 3 biological 

replicates each. Data were analyzed using multiple paired t-tests with Holm-Sidak correction 

for multiple comparisons. **adj p < 0.01 (E) The proportion of DD Mtb in patient sputa 

was plotted against the percentage of the final viable counts accounted for at 3 weeks of 

outgrowth, n=20. Shown with linear regression and 95% confidence intervals for MPN data 

after log transformation.
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Fig. 8. DD Mtb can form without starvation, antibiotics, or limiting dilution.
(A) Viable cell counts are shown for LP cells exposed for 24 hours to 37 °C, 45 °C and 50 

°C immediately following heat exposure and after 48 hours at 37 °C. Data are representative 

of 3 experiments with 3 biological replicates each. Data were analyzed by a two-way 

ANOVA with Tukey’s multiple comparisons test. (B) CellROX % positive, normalized to 

average 37 °C CellROX % positive, is plotted versus proportion of DD Mtb after 1 day of 

indicated temperature exposures. Data are representative of 3 experiments with 3 biological 

replicates each and are shown with a nonlinear fit curve. (C) TUNEL positivity is plotted 

versus proportion of DD Mtb after 1 day of indicated temperature exposures. Data are 

representative of 3 experiments with 3 biological replicates each; one set of 50 °C was 

omitted due to extensive killing. Data are shown with a nonlinear fit curve. (D) Viable cell 

counts are shown for LP cells grown on filters and either desiccated or placed on a pool 

of saline for 7 days at 37 °C, 70% humidity, and room air CO2. Data are representative 

of 3 experiments with 2 to 3 biological replicates each. Data were analyzed by a two-way 

ANOVA with Sidak’s multiple comparisons test. All CFU were recorded and analyzed as 

the limit of detection, 100 CFU, if no growth was detected. *adj p < 0.05, **adj p < 0.01, 

****adj p < 0.0001.
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