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antibiotics [3]. M. tuberculosis resides primarily in the 
lung interstitium and can replicate within macrophages, 
forming characteristic granulomas that allow the bacteria 
to remain dormant for extended periods before becom-
ing active [4]. The pathogen employs various mechanisms 
to evade host cell defenses, enabling persistent infections. 
[5–7].

Due to the intricate nature of tuberculosis pathology 
[8], antibiotic monotherapy is not recommended for 
tuberculosis treatment. Instead, a combination of mul-
tiple antibiotics is used, typically involving a four-drug 
regimen (isoniazid, rifampicin, ethambutol, and pyra-
zinamide) for susceptible strains [1]. The emergence of 
drug-resistant strains challenges TB control. According 

Introduction
Tuberculosis (TB) is one of the oldest recorded human 
diseases but remains a major life-threatening disease [1]. 
The WHO estimated that there were 10.6  million new 
TB cases and 1.3  million TB deaths in 2022 [2]. TB is 
caused by an airborne pathogen, Mycobacterium tubercu-
losis (M. tuberculosis), which has a unique cell wall rich 
in lipids, that makes it resistant to stains, dyes, and many 
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Abstract
Tuberculosis (TB) remains a major global health concern, with drug-resistant strains posing a significant challenge 
to effective treatment. Bacteriophage (phage) therapy has emerged as a potential alternative to combat antibiotic 
resistance. In this study, we investigated the efficacy of widely used mycobacteriophages (D29, TM4, DS6A) against 
Mycobacterium tuberculosis (M. tuberculosis) under pathophysiological conditions associated with TB, such as low 
pH and hypoxia. We found that even at low multiplicity of infection (MOI), mycobacteriophages effectively infected 
M. tuberculosis, got rapidly amplified, and lysed M. tuberculosis, demonstrating their potential as therapeutic agents. 
Furthermore, we observed a novel phage tolerance mechanism with bacteria forming aggregates after several 
days of phage treatment. These aggregates were enriched with biofilm components and metabolically active 
bacteria. However, no phage tolerance was observed upon treatment with the three-phage mixture, highlighting 
the dynamic interplay between phages and bacteria and emphasizing the importance of phage cocktails. We 
also observed that phages were effective in lysing bacteria even under low pH and low oxygen concentrations as 
well as antibiotic-resistant bacteria. Our results provide key insights into phage infection of slow-growing bacteria 
and suggest that mycobacteriophages can effectively eliminate M. tuberculosis in complex pathophysiological 
environments like hypoxia and acidic pH. These results can aid in developing targeted phage-based therapies to 
combat antibiotic-resistant mycobacterial infections.
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to WHO Report 2021, an estimated 450,000 drug-resis-
tant TB cases were reported, with a global treatment 
success rate of only 60% [3]. The WHO recommends a 
6-month treatment plan for multidrug-resistant (MDR) 
or rifampicin-resistant TB, using bedaquiline, pretoma-
nid, linezolid, and moxifloxacin which has shown an 89% 
treatment success rate in the TB-PRACTECAL phase 
3 trial [9]. However, this regimen’s complexity, poten-
tial side effects such as peripheral neuropathy [10], and 
emerging resistance to its components [11–13] highlight 
the need for alternative treatments.

Phage therapy presents a promising solution for com-
bating antibiotic resistance without harming the host 
microbiota, offering a precise and effective alternative 
[14]. Phages are viruses that specifically target bacte-
ria, can be isolated from various sources and have been 
extensively studied against M. tuberculosis [15, 16]. The 
actinobacteriophage database at PhagesDB.org has 
around 13,500 phages that infect Mycobacterium species, 
with 2439 sequenced. These phages are diverse and have 
been classified into several clusters and subclusters. Sev-
eral of these phages are initially isolated from M. smeg-
matis with only a subset known to infect M. tuberculosis, 
especially those that belong to Cluster K and three sub-
clusters (A1, A2, and A3) of Cluster A [17, 18].

Several studies have explored the potential of phage 
therapy against TB. Carrigy et al. demonstrated that 
preexposure prophylactic pulmonary delivery of aero-
solized mycobacteriophage D29 significantly reduced 
M. tuberculosis burden in mouse lungs, suggesting a 
valuable intervention for at-risk individuals [19, 20]. 
Broxmeyer et al. employed Mycobacterium smegma-
tis, a non-virulent strain, to deliver the lytic phage TM4 
within RAW 264.7 macrophages infected with M. avium 
and M. tuberculosis individually, showing a reduction in 
viable intracellular bacteria [21]. Guerrero-Bustamante 
et al. engineered a bacteriophage cocktail compris-
ing five phages (AdephagiaΔ41Δ43, Fred313_cpmΔ33, 
FionnbharthΔ45Δ47, Muddy_HRMN0157-1 (gp24 
G487W), and D29), to minimize the emergence of resis-
tance and efficiently eliminate the tested M. tuberculosis 
strains without compromising antibiotic effectiveness 
[16]. Yang et al. demonstrated that bacteriophage strains 
D29 and DS6A effectively lysed M. tuberculosis in vitro 
and improved health outcomes in humanized mice 
infected with M. tuberculosis [22].Furthermore, in clini-
cal settings, mycobacteriophages have demonstrated 
effectiveness in treating various mycobacterial infections, 
particularly against Mycobacterium abscessus [23–26].

Despite these promising findings, the application of 
phage therapy for TB treatment faces significant physi-
ological challenges, such as the formation of granulomas 
in the lungs, characterized by hypoxia, nutrient depriva-
tion, and acidic microenvironments [27, 28]. A deeper 

understanding of phage-bacterial dynamics under these 
conditions is crucial for developing effective phage thera-
pies. While previous research in our laboratory explored 
the effectiveness of phages against M. smegmatis [29], the 
phage-bacterial dynamics of slow-growing M. tubercu-
losis in various pathophysiological environments remain 
unexplored. Therefore, it is crucial to study how phages 
perform under both normal physiological conditions and 
the challenging pathophysiological environments typical 
of bacterial infections.

In this study, we investigate the interaction dynamics 
between phages and M. tuberculosis in different patho-
physiological conditions associated with TB, including 
low pH and hypoxia. Additionally, we conducted pro-
longed period testing and evaluated efficacy in antibiotic-
resistant strains. We also examined the development of 
phage tolerance and resistance in M. tuberculosis. Over-
all, our results suggest that phages can rapidly amplify 
and efficiently eliminate the slow-growing pathogen in 
physiological environments and in low pH and hypoxia. 
These findings significantly contribute to our under-
standing of phage infection dynamics in slow-growing 
bacteria and aid in developing phage therapies to combat 
antibiotic-resistant mycobacterial infections.

Materials and methods
Bacterial cell culture and maintenance
Experiments involving Mycobacterium tuberculosis 
H37Rv (a kind gift from Prof. Amit Singh, Indian Insti-
tute of Science, Bengaluru, India) were performed in a 
Biosafety level – 3 (BSL-3) facility (Institutional Biosafety 
Committee approval: IBSC/IISc/RA/20/2020). Primary 
cultures of M. tuberculosis H37Rv were grown in Mid-
dlebrook 7H9 broth supplemented with 0.2% glycerol, 
10% OADC (Bovine albumin fraction V 2.5  g, Dextrose 
1 g, Catalase 0.0015 g, Oleic acid 0.025 g in 50 mL dis-
tilled water), and 0.05% Tween-80. A log-phase primary 
culture was inoculated into a secondary culture without 
Tween-80 and supplemented with 2 mM Calcium Chlo-
ride (CaCl2) to promote efficient phage infection. All 
cultures were incubated at 37  °C with rotary shaking at 
180 rpm. To measure optical density (OD), 100 µL of bac-
terial culture at various time points was diluted 10-fold in 
medium and briefly sonicated for 15 s to obtain a uniform 
cell suspension. Readings were taken using a spectropho-
tometer (Jenway 7205 UV/Visible Spectrophotometer) at 
600 nm against a media blank.

Preparation of phage: phage amplification and 
maintenance
D29 and TM4 mycobacteriophages were amplified 
using M. smegmatis, while DS6A was amplified using 
M. tuberculosis H37Rv. The soft agarose overlay tech-
nique was used to amplify and quantify phages. Initially, 
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soft agarose was prepared by adding agarose (0.6% final 
concentration) to 7H9 media supplemented with 2 mM 
CaCl2. After autoclaving, the suspension was allowed 
to cool down to 42  °C, and a log-phase culture of the 
respective bacterial strain (OD 1–2) was added. The soft 
agarose suspension was poured into the plates contain-
ing solidified media composed of 1.5% agarose and 7H9 
media with necessary supplements.

The phage sample (at an MOI of 10) was spotted on 
top of the soft agarose. The plates were then incubated at 
37 °C for 12–24 h for M. smegmatis and 12–14 days for 
M. tuberculosis H37Rv. After incubation, to facilitate dif-
fusion, an appropriate amount of Magnesium Sulfate-Tris 
Chloride-Sodium Chloride Buffer (SM Buffer) was added 
to the soft agarose. The plate was further incubated for 
3–4 h at 37 °C or overnight at 4 °C. Plates were incubated 
upright, allowing the condensation of water droplets on 
the lids. The water droplets help to disperse phage across 
the bacterial lawn as they fall from the lid [30]. After-
ward, the soft agarose and the water droplets on the 
lid were collected in a 50mL falcon and centrifuged at 
4,000 g for 10 min at 4° C. The supernatant was collected 
and filtered using 0.22 μm syringe filters. The soft agarose 
overlay was utilized to determine the phage titers.

The phage titers were verified by spot assays. Mid-log 
phase M. smegmatis cultures or M. tuberculosis (OD > 1) 
were plated on Middlebrook 7H9 media supplemented 
with 1.5% agarose, CaCl2 (2 mM), 10% OADC, and 0.2% 
glycerol to form a bacterial lawn. Serial dilutions of the 
phage samples were then spotted on the bacterial lawn. 
The plates were incubated at 37 °C for 24 h for M. smeg-
matis or 6–7 days for M. tuberculosis, and subsequently, 
the number of plaques formed at various dilutions were 
counted.

Bacterial growth kinetics
To study the bacterial growth kinetics, 7H9 broth was 
supplemented with 10% OADC and 2 mM CaCl2. This 
medium was then inoculated with 150 µL of a log-phase 
secondary bacterial culture with an optical density (OD) 
of 1–2 per 10 mL of the media. The cultures were incu-
bated at 37oC with rotary shaking at 180  rpm. Periodic 
measurements of bacterial optical density (OD) were 
taken. For phage-treated samples, different MOIs of 
each phage or 2-phage mixtures (D29 and TM4, D29 and 
DS6A, TM4 and DS6A) at 1 MOI or 3-phage mixture 
(D29, TM4, and DS6A) were added in their respective 
culture tubes, at the appropriate time, either at the start 
of the experiment during the lag phase or at a specified 
interval during the mid-log phase.

SEM imaging
Scanning electron microscopy (SEM) (ThermoFisher XL 
– 30 ESEM) of the bacterial aggregates was carried out 

to examine the morphology of the samples. The bacte-
rial aggregates were pelleted at 1000 g and resuspended 
in 500 µL of PBS. The samples were fixed by adding 4% 
paraformaldehyde (final concentration). 20 µL of the 
sample was evenly applied onto a double-sided carbon 
tape placed on a metal stub and vacuum dried, followed 
by sputter coating with gold (20 nm) and rastered using 
an electron beam (15 keV).

HADA labeling and confocal imaging
To label the actively growing bacteria [31, 32], we 
introduced a final concentration of 0.1 mM of HADA 
(3-[7-hydroxycoumarin]-carboxamide-D-Alanine) 
(R&D Systems) into 1 mL of a TM4 phage treated cul-
ture having aggregated bacterial regrowth and allowed 
it to incubate for 3  h. Subsequently, the cells were sub-
jected to two washes in 7H9 medium and fixed by add-
ing 4% paraformaldehyde (final concentration). Agarose 
pads were created on coverslips to facilitate imaging by 
evenly spreading 1% agarose. The prepared cell sample 
was then applied to the agarose pad and dried. These cov-
erslips were subsequently mounted onto an imaging dish 
and securely sealed. Image acquisition was performed 
utilizing a Leica SP8 confocal microscope, employing a 
63x magnification objective lens with oil immersion. The 
acquired images were further processed and analyzed 
using ImageJ software for subsequent evaluation and 
data extraction.

Enzymatic treatment of bacterial aggregates
Bacterial aggregates were individually treated with Cellu-
lase (5 mg/mL in citrate buffer) for 6 h, or DNase-1 (0.8 
U/mL) for 9  h, or Proteinase K (0.1  mg/mL) for 6  h, at 
37  °C respectively. Additionally, a sequential combined 
treatment was performed where aggregates were first 
treated with Cellulase (5 mg/mL in citrate buffer) for 6 h, 
followed by DNase-1 (0.8 U/mL) for 9 h, and then Pro-
teinase K (0.1 mg/mL) for 6 h, all at 37 °C, with washing 
between each step. Following the enzymatic treatments, 
the aggregates were thoroughly washed thrice with PBS 
to remove any residual enzymes and buffers. Subse-
quently, 1 mL of a 1% crystal violet solution was added to 
each sample and incubated for 10 min at 37° C. After this 
incubation period, cultures were washed three times with 
1X PBS and then incubated with 1 mL of 95% ethanol for 
10 min to extract the crystal violet dye. The absorbance 
of the dye was measured at 650 nm.

Calcofluor white staining
The bacterial aggregates and planktonic bacteria were 
positioned on glass slides. A drop of Calcofluor white 
(CW) was applied directly onto the samples, followed 
by the addition of a drop of 10% KOH. A coverslip was 
then gently placed over the samples, and imaging was 
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performed using an upright microscope under oil immer-
sion at 100X magnification. The Calcofluor white signal 
was captured at 460  nm emission, utilizing the DAPI 
channel [33].

Bacterial growth kinetics with phage – pH and hypoxia
To investigate the impact of acidic pH on phage infection 
dynamics, we conducted a phage kinetics assay under pH 
5 following a previously described method [34]. Bacterial 
cultures were grown to the mid-log phase in 7H9 media, 
followed by two washes in phosphate-buffered saline. 
Subsequently, these cultures were introduced into 7H9 
media, adjusted to a pH of 5.0, and supplemented with 
2 mM CaCl2. The pH was then maintained using MES 
(2-(N-Morpholino) ethanesulfonic acid) (HiMedia) buf-
fer at a concentration of 100 mM. To this medium, 50 µL 
of 40 mM oleic acid (OA) and 10 µL of 100 mM choles-
terol (dissolved in ethanol: tyloxapol at 1:1) were added 
every two days. The cultures were then allowed to grow 
under acidic pH conditions for seven days. After this acid 
treatment, the cultures were washed with 7H9 at pH 5 to 
remove accumulated tyloxapol. Subsequently, the culture 
was inoculated at a concentration of 1 × 107 colony-form-
ing units (CFU)/mL (OD600: 0.1) in 7H9 media with a pH 
of 5.0. For the groups treated with phages, a three-phage 
cocktail was introduced at a MOI of 1. Bacterial growth 
was monitored over 14 days using CFU assays. At specific 
time points, serial dilutions of the cultures were prepared 
in PBS and plated onto 7H11 solid agar plates containing 
glycerol and OADC supplements, followed by incubation 
at 37 °C for 3–5 weeks to assess bacterial growth.

To investigate the efficiency of phage infection dur-
ing hypoxia, the cultures were grown within plastic 
Silicone-coated Vacutainers (BD Cat No. 367820) to cre-
ate hypoxic conditions. Briefly, bacterial cultures with 
an optical density (OD600) of 0.1 were prepared in 7H9 
medium, supplemented with Glycerol, ADC, Calcium 
Chloride (2 mM), and 1.5  µg/mL of methylene blue. 
These cultures were then aseptically injected into the BD 
Vacutainers using a 26 G needle. Subsequently, samples 
were collected using a syringe and a 20 G needle for spec-
trophotometer readings and CFU (colony-forming unit) 
assays. Oxygen levels were tracked by measuring the 
optical density of Methylene Blue at 665 nm. For groups 
subjected to phage treatment, a three-phage cocktail was 
administered at a multiplicity of infection (MOI) of 1, 
either at the experiment’s onset during the lag phase or 
when methylene blue indicated the onset of hypoxia [35, 
36].

Antibiotic growth kinetics
To investigate the combined effects of antibiotics (spe-
cifically, isoniazid or rifampicin) and phage treatment on 
M. tuberculosis H37Rv growth, 7H9 broth supplemented 

with ADC and 2mM CaCl2 were prepared and inoculated 
with 100 µL of log phase secondary bacterial culture per 
10 mL of the media. The cultures were then incubated 
at 37  °C with rotary shaking at 180  rpm. For antibiotic-
treated samples, a final concentration of rifampicin at 
2  µg/mL and isoniazid at 10  µg/mL were added at the 
appropriate time (either at the lag phase or at a specified 
interval of the mid-log phase). Similarly, a three-phage 
cocktail was added at 0.0001 MOI for phage-treated 
samples at lag and log phase. We co-treated cultures with 
antibiotics and phages at specified concentrations and 
phases to assess their combined impact. Optical den-
sity (OD) was periodically measured at 600 nm against a 
blank medium, and a CFU assay was performed to study 
bacterial growth.

Phage kinetics against isoniazid and rifampicin resistant M. 
tuberculosis Rv mc28251 (BSL2 strain)
To investigate the impact of a phage cocktail on an anti-
biotic-resistant strain M. tuberculosis Rv mc28251, we 
prepared a 7H9 broth supplemented with OADC, CaCl2, 
and PLAM(L-pantothenate, 24 mg/L; L-leucine, 50 mg/L; 
L-arginine, 200  mg/L; and L-methionine, 50  mg/L), M. 
tuberculosis Rv mc28251 [37]. This medium was then 
inoculated with 100 µL of a log-phase primary bacte-
rial culture of M. tuberculosis Rv mc28251 per 10 mL of 
media. The cultures were subsequently incubated at 37 °C 
with rotary shaking at 180  rpm. For the phage-treated 
samples, a three-phage cocktail was added at MOI of 1 at 
a specific time, either during the lag phase or at a speci-
fied interval during the mid-log phase. For phage-treated 
samples in the presence of antibiotics, Isoniazid (INH) at 
1  mg/L and Rifampicin (RIF) at 4  mg/L concentrations 
were added, either during the lag phase or at a specified 
interval during the mid-log phase. At periodic intervals, 
bacterial optical densities (OD) were recorded using a 
spectrophotometer at 600 nm against a media blank.

Phage rechallenge experiments
To evaluate the susceptibility of a growing bacterial 
population to phages after exposure, we determined the 
titers of our phage stocks on the phage-exposed bacteria. 
Bacterial cultures that showed growth post-phage treat-
ment (using D29, TM4, DS6A, and a three-phage cock-
tail) were centrifuged at 1000 g for 1 min. The resulting 
pellet (aggregated bacteria) and the planktonic bacteria 
(supernatant) were streaked, and single colonies were 
selected and inoculated in 7H9 media containing OADC, 
glycerol, and CaCl2. Each phage culture was added to soft 
agarose and plated on the 7H11 plate. Serial dilutions of 
the phage stocks were prepared, and the corresponding 
phage was spotted on the bacterial lawn. The plates were 
subsequently incubated at 37  °C for 7–10 days, and the 
number of plaques was counted.
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Statistics
All experiments were performed on independent bio-
logical replicates. Statistical significance was deter-
mined for the control and experimental groups using 
2-way ANOVA with Tukey’s multiple comparisons test 
(alpha = 0.05) or one-way ANOVA with Dunnett multi-
ple comparison test, as specified. GraphPad (Prism) was 
used for all statistical analysis.

Results
Mycobacteriophages reduce bacterial growth in M. 
tuberculosis
To determine the efficacy of bacteriophages in lysing 
virulent M. tuberculosis H37Rv, we amplified three lytic 
mycobacteriophages, namely D29 (Cluster A), TM4 
(Cluster K), and DS6A (Singleton) [PhagesDB.org], each 
from distinct clusters to titers of 1010. We first conducted 
infection experiments using M. tuberculosis bacterial 
cultures with D29 and TM4 mycobacteriophages at mul-
tiplicities of infection (MOIs) ranging from 1 to 300 at 
different growth phases (lag and log) (Figs S1 and S2). 
Significant reductions in optical density (OD) and col-
ony-forming units (CFUs) were observed after 48 h when 
phages were added during the log phase. No increase in 
OD was observed in the lag phase phage-treated cultures. 
The study was conducted for 25 days, and no visible 

growth was observed during the entire study period after 
phage infection in both the lag and log phases. To find 
the minimum MOI at which the phages were effective, 
we conducted infection studies at lower MOIs. MOIs of 1 
and 10− 2 showed significant growth reduction in both lag 
and log phases, while MOIs of 10− 4 and 10− 6 resulted in 
reduced culture optical density only when added during 
the lag phase (Fig S3). Consequently, MOIs of 0.1, 0.01, 
and 0.001 were selected to study the dynamics between 
individual mycobacteriophages and M. tuberculosis 
H37Rv. All three phages (D29, TM4, DS6A) individually 
led to significant growth reduction in CFU and optical 
density at the MOIs of 0.1, 0.01, and 0.001 (Fig. 1). The 
CFU and OD were monitored for 58 days as the control 
CFU dropped significantly after 58 days. To gain insight 
into why the phages remained effective at consistent lev-
els across different MOIs, we conducted a phage burst 
experiment to investigate the dynamics of phage replica-
tion and release within the M. tuberculosis H37Rv cul-
tures. D29 phage was infected at 1 MOI, and the plaque 
forming unit (PFU) assay was performed regularly to 
determine the number of phages. We observed a log-
10fold increase in phage numbers within 3–4 h of infec-
tion. This implies that the burst time for D29 phage is 
around 3–4  h in M. tuberculosis (Fig S4), much faster 
than the bacterial replication time of around 24  h. This 

Fig. 1  Efficacy of infection of mycobacteriophage on M. tuberculosis H37Rv. Growth curves of M. tuberculosis in liquid culture in the presence of (A) 
D29, (B) TM4, and (C) DS6A phage. The study includes (i) Measurements of culture absorbance at 600 nm over time and (ii) Colony Forming Unit (CFU) 
measurements over time. The black arrow represents the time when phage solution was added to the cultures. These experiments were repeated several 
times (≥ 2) (with n = 3), and the representative graphs were plotted. 2-way ANOVA with Tukey’s multiple comparisons test was used to determine statisti-
cal significance (p < 0.05). * Indicates a significant difference (p < 0.05) between the control and all phage groups at that time point.
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could explain effectiveness at low MOIs as the phages can 
build up their numbers and reach high MOI before bac-
teria can replicate.

Bacterial regrowth after phage infection was observed 
as tiny clumps with clear supernatant in all single phage-
treated cultures, with varying regrowth times. D29 and 
TM4-treated cultures exhibited regrowth at around 110 
days, while DS6A-treated cultures showed regrowth 
at around 75 days. These regrowth times were noted 
based on visual observations of tiny clumps in the cul-
ture tubes (Fig S5), as the OD readings did not change 
due to the clear supernatant. No significant differences 
were observed in bacterial regrowth patterns with vary-
ing MOIs. The regrowing bacteria formed aggregated 
clusters, and as time progressed, these clusters increased 
in size. Surprisingly, we did not observe any increase in 
the planktonic OD. We determined phage titers to evalu-
ate the stability and activity of the phages during this 
regrowth phase. The results showed that active phages 
were present in the media even after several months after 
inoculation (Table S1). To test whether this regrowing 
bacterium is genetically resistant to the phage, for each 
phage-treated group, we collected the aggregates, resus-
pended them in 1 mL of fresh media and streaked them 
onto separate 7H11 agar plates. Subsequently, five single 
colonies were selected from each plate and inoculated in 
the fresh liquid medium. Phage infection efficiency was 
checked by conducting a PFU assay with the respective 
phage on the regrown bacterial culture. We found that 
bacteria were not genetically resistant as phages could 
infect the bacteria at the same efficiency as the control 
bacteria (Table S2).

Our investigation revealed that the bacteria displayed 
no genetic resistance, as phages could infect them with 
the same efficiency as the control bacteria. To further 
explore the phenotype of these bacterial aggregates, we 
employed Scanning Electron Microscopy (SEM) imaging, 
as depicted in Fig. 2A. The SEM images showed a densely 
packed biofilm-like morphology within the aggregates, 
devoid of visible pores. We conducted HADA staining 
to confirm the presence of bacteria within the aggregates 
and assess their metabolic activity. HADA, function-
ing as an amino acid alanine analog, is incorporated in 
peptidoglycan during its synthesis, a process intricately 
dependent on alanine incorporation. This facilitates visu-
alization of actively metabolizing bacteria within the 
aggregates. Subsequently, to capture these aggregates in 
three dimensions, we utilized Z-stack imaging through 
confocal microscopy (Fig.  2B). Our findings confirmed 
that the HADA staining signals were indeed localized 
within the aggregates in the form of rod-shaped bacte-
ria, providing evidence of active bacterial metabolism. To 
test the composition of the aggregates, we stained some 
of these aggregates for cellulose through calcofluor white 

staining (Fig.  2C). The aggregates showed a strong sig-
nal for cellulose, indicating the presence of cellulose in 
aggregates.

Furthermore, when these aggregates were treated with 
DNase, Proteinase K, and Cellulase, a reduction in crys-
tal violet optical density was observed (Fig. 2D). Crystal 
violet has a strong affinity to extracellular polymeric sub-
stances and is a widely utilized indicator for biofilm esti-
mation [38]. The observed reduction in optical density 
(OD) following enzyme digestion is attributable to the 
high concentration of polymeric substances - DNA, pro-
tein, and cellulose, within the aggregates. This supports 
the hypothesis that these substances play a crucial role in 
aggregates and serve as a strategic adaptation by bacte-
ria to exclude phage interaction with the bacterial surface 
receptor.

Phage cocktails show synergy in growth reduction
Since phages worked well at low MOIs and high phage 
MOIs can result in lysis from without [39, 40], we chose 
to use the MOI of 1 for all subsequent assays. To test the 
effect of phage cocktails, M. tuberculosis H37Rv cultures 
were exposed to different combinations of phages. These 
included a cocktail of 3 phages (D29, TM4, and DS6A) 
and various 2-phage cocktails, such as D29 and TM4, 
D29 and DS6A, and DS6A and TM4, at 1 MOI. Phage 
cocktail treatment significantly reduced the optical den-
sity and CFU of the bacterial cultures. Like the single 
phage-treated cultures, bacteria started to regrow in all 
two phage-treated groups at around 65 days after phage 
treatment (Fig. 3A). The regrowth looked like tiny clumps 
with clear supernatant as observed with all single phage-
treated cultures. These were also noted based on visual 
observations of tiny clumps in the culture tubes, as the 
OD readings did not change due to the clear supernatant.

For the three-phage treated cultures, bacterial regrowth 
was not observed for up to 100 days (Fig. 3B (i)). CFUs 
were also below the detection limit after a month of 
treatment (Fig.  3B (ii)). This shows that the cocktail of 
phages can act synergistically to lyse the bacteria and 
prevent the regrowth of bacteria for a longer time. This 
three-phage cocktail at MOI of 1 was used for all subse-
quent experiments.

Mycobacteriophages are effective under low pH and 
hypoxia
To assess the efficacy of phage infection under patho-
physiological conditions, we cultured the bacteria in two 
distinct settings. First, we subjected them to hypoxic 
conditions using vacutainers, reaching a hypoxic state at 
approximately day 12 of the experimental setup, as evi-
denced by the decreased methylene blue readings [35, 
36] (Fig.  4A (i) and (ii)). Notably, in both phage-treated 
groups (before and after the onset of hypoxia), several 
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log order reductions in colony-forming units (CFU) were 
observed within 48 h of phage introduction (Fig. 4A (iii)).

To study the efficiency of phage infection in an acidic 
environment, we tested the stability of these phages at pH 
5 and found them to be stable (Fig S6). We exposed the 
bacteria to a low pH environment (pH 5) with host-rele-
vant carbon sources (oleic acid and cholesterol) [34] for 
seven days before introducing phages. Following phage 
administration, we observed a significant CFU reduction 
(4-log order) within seven days (Fig. 4B).

Testing synergy between mycobacteriophages and 
antibiotics
To assess the effectiveness of bacteriophages in lys-
ing antibiotic-treated M. tuberculosis and explore the 
potential synergy between phages and antibiotics, we 
conducted a phage kinetics study in the presence of 

antibiotics in the culture. We selected rifampicin at 
2 mg/L or isoniazid at 10 mg/L, concentrations that dem-
onstrated substantial effectiveness during the lag phase 
but lacked efficacy during the log phase (Fig S7).

Upon the simultaneous introduction of phages 
(3-phage mixture at 0.0001 MOI) and isoniazid (10 mg/L) 
during the lag phase, their effectiveness mirrored that of 
phages alone. Notably, only the isoniazid-treated groups 
exhibited regrowth after 15 days. In contrast, the cultures 
where both isoniazid and phages were treated simulta-
neously, like those treated with phages alone, did not 
regrow during the treatment period (Fig. 5A(i)). This sug-
gests that phages were effective when added with isonia-
zid during the lag phase.

However, when introduced during the log phase, 
although notably effective compared to the control, the 
combined impact of phages and isoniazid was similar to 

Fig. 2  Characterization of aggregated bacterial regrowth. (A) Representative SEM image of TM4 phage treated bacterial aggregate (at 500X magnifica-
tion), (B) Representative image of HADA incorporation in the bacteria in the aggregate (Excitation/Emission, λ: ~405/450 nm; Scale: 30 μm) (C) Image of 
Cellulose and Calcofluor staining on the aggregates; i – Control bacteria, ii – TM4 phage treated at 1 MOI Lag phase bacteria (Scale: 100 μm). (D) Protein-
ase K (P), DNase (D), and Cellulase (C) treatment on the aggregates. One-way ANOVA with the Dunnett multiple comparisons test was used to determine 
statistical significance (p < 0.05). * Indicates the level of significant difference (p < 0.05) between the untreated and the respective enzyme-treated groups.
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the isoniazid alone. It did not surpass that of phages act-
ing alone in reducing bacterial numbers (Fig. 5A(ii)). This 
implies a lack of synergy between phages and isoniazid 
during the log phase.

Similarly, for cultures co-treated with rifampicin 
(2  mg/L) and phages (3-phage mixture at 0.0001 MOI), 
significant effectiveness was observed compared to the 
control. Yet, it did not surpass the impact of phages alone 
in reducing the bacterial numbers after treatment of both 

lag and log phases (Fig.  5B (ii)), further emphasizing 
the absence of synergy between phages and rifampicin. 
This suggests that the phage and antibiotic co-treatment 
performed similarly to or better than only antibiotics; 
however, the co-treatment resulted in a worse outcome 
compared to phage alone, suggesting a lack of synergy.

Fig. 3  Phage cocktails show synergy and are more effective against M. tuberculosis than single phage. (A) Growth curves of M. tuberculosis in presence of 
2-phage cocktail (D29 + TM4, D29 + DS6A, DS6A + TM4) at 1 MOI (B) Growth curves of M. tuberculosis in the presence of 3-phage cocktail (D29, TM4, and 
DS6A) at 1 MOI, where (i) Measurements of culture absorbance at 600 nm over time, and (ii) Colony Forming Unit (CFU) measurements over time. The 
black arrow represents the time when phage solution was added to the cultures. The dashed green line indicates the limit of detection. 2-phage cocktail 
with D29 and TM4 and 3-phage cocktail experiments were repeated twice (with n = 3), and the representative graphs were plotted. 2-way ANOVA with 
Tukey’s multiple comparisons test was used to determine statistical significance (p < 0.05). * Indicates a significant difference (p < 0.05) between the con-
trol and phage groups between 10 and 95 days for absorbance vs. time and from day 7 for Log10 CFU/mL vs. time.
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Mycobacteriophages are effective against drug-resistant 
M. tuberculosis
Both Rifampicin and Isoniazid-resistant infections are 
on the rise [9]. Hence, we, tested the efficacy of myco-
bacteriophages against M. tuberculosis mc28251, which 
is both rifampicin and isoniazid-resistant strain [37]. We 
conducted the infection experiment with a three-phage 
cocktail at 1 MOI. The OD readings were taken periodi-
cally (Fig. 6A). We observed that the three-phage cocktail 
effectively infects and lyses antibiotic-resistant M. tuber-
culosis mc28251, and no regrowth was observed for up to 
150 days.

We then tested whether the phages would remain 
effective in the presence of both rifampicin and isonia-
zid. For this, we treated cultures with isoniazid at 1 mg/L, 
rifampicin at 4  mg/L, below their minimum inhibitory 
concentrations for this strain [37], and a simultaneous 
three-phage cocktail at 1 MOI. Surprisingly, unlike the 
antibiotic and phage combined treatment against M. 

tuberculosis H37Rv (Fig.  5), the phages demonstrated 
effectiveness against M. tuberculosis mc28251 (Fig.  6B) 
comparable to when they were treated alone (Fig. 6A) at 
both lag and log phase. These results suggest that phages 
effectively combat antibiotic-resistant infection and pre-
vent bacterial regrowth.

Discussion
Due to the increasing prevalence of mycobacterial infec-
tions and drug-resistant bacteria, particularly multidrug-
resistant tuberculosis and extensively drug-resistant 
tuberculosis [41, 42], it has become crucial to find new 
methods to control and treat TB.

Although mycobacteriophages have not yet been 
tested clinically on humans for the treatment of tuber-
culosis, many studies have reported using phages to 
treat Mycobacterium abcessus infection [23–26]. For 
instance, successful treatment of a 15-year-old patient 
with cystic fibrosis and disseminated, antibiotic-resistant 

Fig. 4  Mycobacteriophages are effective under various pathophysiological conditions. Growth kinetics of M. tuberculosis H37Rv cultures treated with a 
three-phage cocktail at (A) hypoxic condition, where (i) represents a photograph of vacutainers of all treatment groups after phage treatment, (ii) repre-
sents methylene blue readings at 665 nm, and (iii) represents log10CFU/mL vs. time, and (B) pH condition of 5. The black arrow represents the time when 
phage solution was added to the cultures. The dashed green line indicates the limit of detection. These experiments were repeated twice (with n = 3), and 
the representative graphs are shown here. 2-way ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance (p < 0.05). 
* Indicates a significant difference (p < 0.05) between the control and phage groups.
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Mycobacterium abscessus infection using a three-phage 
cocktail intravenously underscores their therapeutic 
potential [23]. Similarly, Little et al. reported a success-
ful treatment of an immunocompromised individual 

with a chronic disseminated M. chelonae infection using 
a combination of antimicrobial medications, surgical 
intervention, and single bacteriophage therapy. Despite 
the development of neutralizing antibodies against the 

Fig. 5  Combined effect of Mycobacteriophages and Phage cocktail at 0.0001 MOI Growth kinetics of M. tuberculosis H37Rv cultures treated with (A) 
the 3-phage cocktail at 0.0001 MOI and isoniazid at 10 mg/L and (B) the 3-phage cocktail at 0.0001 MOI and rifampicin at 10 mg/L, where (i) represents 
absorbance @ 600 nm vs. time (ii) represents Log10CFU/mL vs. time. The black arrow represents the time when phage solution and antibiotics were 
added to the cultures. The dashed green line indicates the limit of detection. These experiments were repeated twice (with n = 3), and the representative 
results are shown here. 2-way ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance (p < 0.05). Statistics data are 
represented in Tables S3 and S4.
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bacteriophage, the patient exhibited stable improvement 
with no bacterial resistance [43].

In our study, we investigated the efficacy of mycobac-
teriophages against M. tuberculosis, emphasizing factors 
such as the multiplicity of infection (MOI) and dosing 
regimen. Surprisingly, we found that mycobacteriophages 
could effectively infect and lyse M. tuberculosis cultures 
in vitro, even at low MOIs of 0.001 during the log phase 
and 0.0001 during the lag phase. To our knowledge, this 
is the first report demonstrating prolonged efficacy of 
phages at such low MOIs in M. tuberculosis. This con-
trasts with our earlier findings with M. smegmatis, where 
phages were effective at an MOI of 10 or more, possibly 
due to higher phage receptor abundance or greater affin-
ity for phages in M. tuberculosis [29]. M. tuberculosis’s 
slower replication rate (18–24  h) allows phages to initi-
ate bursting within 3–4  h after infection, with varying 
burst sizes (see Supplementary Fig.  4), while M. smeg-
matis (replicating every 3–4 h) experiences phage burst-
ing within 1–2  h, which is close with the timeframe of 
observed [44]. This slower replication of M. tuberculosis 
enables phages to replicate multiple times and infect bac-
teria before they complete their replication cycle. Addi-
tionally, differences in phage-defense systems between 
the two species could also contribute to variations in the 
MOI required to effectively reduce bacterial growth.

Multiple phage resistance mechanisms have been 
reported that can emerge during phage treatment [45, 
46]. While a few phage resistance mechanisms are 
known in M. tuberculosis, such as specific mutations in 
loci Rv1043C and Rv1712 resulting in resistance to cer-
tain phages, adaptive CRISPR-mediated immunity has 

not been observed [47]. M. tuberculosis also has toxin-
antitoxin systems that may play a role in viral defense 
[44, 48]. Our study found no genetic phage resistance 
in phage-treated M. tuberculosis cultures. Instead, we 
observed a phenotypic tolerance mechanism observed 
as biofilm-like aggregates, rich in cellulose, DNA, and 
proteins which protect against phages (Fig.  2A-D). This 
remarkable observation represents, to our knowledge, 
the first reported instance of phage tolerance in M. 
tuberculosis through biofilm-like morphology observed 
in vitro, complementing previous reports of biofilm for-
mation by M. tuberculosis and the presence of cellulose 
components in these biofilms in vivo [33, 38].

In contrast, using a three-phage (D29, TM4 and DS6A) 
cocktail for treatment, we observed sustained efficacy 
with no regrowth observed for up to 100 days (Fig.  3), 
consistent with studies supporting the effectiveness of 
phage cocktails in minimizing resistance development 
[49–52].

Given that M. tuberculosis resides within granulomas, 
creating hypoxic conditions during infection, we tested 
phage efficacy under hypoxia [53]. Phages successfully 
infected and killed M. tuberculosis under these condi-
tions (Fig. 4A).

To mimic the intracellular environment in phagocytic 
cells like macrophages, we conducted a phage infection 
study under acidic pH conditions in the presence of host-
relevant carbon sources like Oleic Acid and Cholesterol. 
Mycobacteriophages exhibited remarkable efficiency in 
infecting and killing M. tuberculosis even under acidic 
pH (Fig. 4B). However, in vivo, the phages must penetrate 
macrophages and engage with bacteria to exert their 

Fig. 6  Phage cocktails are effective against INH and RIF–resistant M. tuberculosis mc2 8251. (A) Growth curves of M. tuberculosis in liquid culture in the 
presence of phage cocktail (D29, TM4, and DS6A). (B) Growth curves of M. tuberculosis in liquid culture in the presence of phage cocktail (D29, TM4, and 
DS6A) and antibiotics – isoniazid (INH at 1 mg/L) and rifampicin (RIF 4 mg/L). The black arrow represents the time when phage solution was added to 
the cultures. The experiment with only phage cocktail treatment (A) was repeated twice (with n = 3), and the representative graphs were plotted. 2-way 
ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance (p < 0.05). * Indicates a significant difference (p < 0.05) be-
tween the control and phage groups.
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efficacy. The delivery of mycobacteriophages to intracel-
lular compartments and inside granuloma can be chal-
lenging, and researchers have explored various strategies 
to achieve this goal [21, 54–56].

Our study examined the efficiency of two frontline 
drugs used to combat this complex disease pathology. 
After treatment with rifampicin (at 2 mg/L) or isoniazid 
(at 10 mg/L), the cultures regrew after 15 days. Addition-
ally, we investigated the efficiency of phages in combi-
nation with these antibiotics (Fig.  5). We observed that 
during the lag phase, the phages and antibiotic co-treated 
group exhibited efficiency similar to the phage-only 
group. However, we did not observe synergy or additive 
effects when treated during the log phase, aligning with 
the reported phage-inhibiting effects of rifampicin and 
isoniazid (Fig. 5, Table S4) [57].

Our study also evaluated phage infection in MDR M. 
tuberculosis strains, showing that phages effectively elim-
inated the bacteria, both with and without antibiotics, 
with no regrowth observed (Fig.  6). Our findings high-
light the potential of phage therapy for drug-resistant TB, 
aligning with promising outcomes from previous stud-
ies on Mycobacterium abscessus infections [23–26]. This 
study significantly adds to our understanding of phage 
therapy’s potential in addressing drug-resistant infections 
and suggests that phages have the potential to be used 
along with antibiotics to treat drug-resistant TB.

Considering the complex disease pathology involv-
ing bacterial survival in low pH and hypoxia, direct 
interaction with bacteria is vital for phage effectiveness. 
Overcoming challenges such as efficient phage delivery 
within infected mammalian cells and managing poten-
tial immune responses, including neutralizing antibod-
ies [58], is imperative. It’s also crucial to recognize that 
mycobacteriophages exhibit high specificity, necessi-
tating future testing on large number of clinical MDR 
strains. Addressing these challenges in future studies is 
essential for advancing the efficacy of phage therapy for 
tuberculosis.

Conclusions
Our results show that phage cocktails are effective 
against M. tuberculosis at low MOI and under various 
pathophysiological conditions. We also found a lack of 
synergy with antibiotics for antibiotic-susceptible strains, 
while the cocktails remained effective against drug-resis-
tant strains of M. tuberculosis. These results show the 
potential of phages in developing treatments to combat 
antibiotic-resistant M. tuberculosis infections.
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