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Abstract 17 

Mycobacterium avium complex (MAC) is one of the most prevalent causes of nontuberculous 18 

mycobacteria pulmonary infection in the United States, yet it remains understudied. Current MAC 19 

treatment requires more than a year of intermittent to daily combination antibiotic therapy, depending on 20 

disease severity. In order to shorten and simplify curative regimens, it is important to identify the innate 21 

bacterial factors contributing to reduced antibiotic susceptibility, namely antibiotic tolerance genes. In this 22 

study, we performed a genome-wide transposon screen to elucidate M. avium genes that play a role in the 23 

bacterium’s tolerance to first- and second-line antibiotics. We identified a total of 193 unique M. avium 24 

mutants with significantly altered susceptibility to at least one of the four clinically used antibiotics we 25 

tested, including two mutants (in DFS55_00905 and DFS55_12730) with panhypersusceptibility. The 26 

products of the antibiotic tolerance genes we have identified may represent novel targets for future drug 27 

development studies aimed at shortening the duration of therapy for MAC infections. 28 

Importance  29 

The prolonged treatment required to eradicate Mycobacterium avium complex (MAC) infection is 30 

likely due to the presence of subpopulations of antibiotic-tolerant bacteria with reduced susceptibility to 31 

currently available drugs. However, little is known about the genes and pathways responsible for 32 

antibiotic tolerance in MAC. In this study, we performed a forward genetic screen to identify M. avium 33 

antibiotic tolerance genes, whose products may represent attractive targets for the development of novel 34 

adjunctive drugs capable of shortening curative treatment for MAC infections. 35 

  36 
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Introduction 37 

Nontuberculous mycobacteria (NTM) are found ubiquitously in the environment and several species 38 

can cause disease especially in the elderly, those with preexisting lung disease, and the 39 

immunocompromised, including those infected with HIV (1–4). Mycobacterium avium complex (MAC), 40 

a group of 12 related, slow-growing mycobacteria with M. intracellulare and M. avium as the most 41 

prevalent species, accounts for the majority of pulmonary infections due to NTM in the US (5,6). 42 

Although the true incidence of pulmonary MAC infections in the US is not known, a study in Oregon 43 

reported 4.8 cases per 100,000 person-years in 2012 (7). Winthrop et al. estimated the annual incidence of 44 

NTM infections in the US to be 4.73 cases per 100,000 person-years (8), and the NTM-NET group has 45 

reported that MAC accounts for 52% of NTM isolates in the USA and Canada (9), suggesting the annual 46 

incidence of MAC in the US may be closer to ~2.5 per 100,000 person-years in the US. 47 

Current treatment for MAC comprises a combination of multiple antibiotics given for at least 12 48 

months following the conversion of sputum cultures from positive to negative. Since sputum culture 49 

conversion occurs in ~50% of cases after five months of antibiotic therapy, a typical patient receives a 50 

minimum of 15-18 months of treatment (10,11). Macrolide-susceptible MAC is usually treated with at 51 

least three antibiotics, including a macrolide (azithromycin or clarithromycin), a rifamycin (rifampin or 52 

rifabutin), and ethambutol, either intermittently (three times weekly) or daily for severe fibronodular or 53 

cavitary disease. If the infecting MAC strain is macrolide-resistant or the patient is unable to take the 54 

first-line regimen, alternative antibiotics, such as moxifloxacin, clofazimine, or linezolid are often used 55 

(11,12).  56 

  The lengthy and complicated treatment course required to eradicate MAC infection has been 57 

attributed to the presence of persistent organisms, which exhibit reduced susceptibility, or tolerance, to 58 

antibiotics (13). Unlike antibiotic resistance, which results from a heritable genetic alteration permitting 59 

continued bacterial growth in the presence of antibiotic concentrations exceeding the minimum inhibitory 60 
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concentration (MIC), antibiotic tolerance is a transient, nonheritable phenotype without associated change 61 

in the MIC. The term “antibiotic tolerance” was originally coined in 1970 by Tomasz et al. to denote the 62 

ability of bacteria to withstand the bactericidal activity of antibiotics, especially of cell wall-active agents, 63 

primarily by reducing their replication rate (14). In the intervening decades, additional mechanisms have 64 

been proposed to mediate bacterial antibiotic tolerance, including biofilm formation (15,16), the stringent 65 

response (17–20), induction of efflux pumps (21–23), and altered metabolism (24,25). Following 66 

ingestion by macrophages, MAC acquires an antibiotic-tolerant phenotype within the arrested phagosome 67 

(26). Moreover, various stress conditions, including nutrient starvation, low pH and hypoxia, induce a 68 

nonreplicative, antibiotic-tolerant state (24), which is characterized by transcriptional changes (24,25), 69 

leading to altered cell wall membrane permeability (3) and increased expression of efflux pumps (21). 70 

This stress-induced adaptation of MAC is accompanied by dramatically reduced metabolism, with a shift 71 

to the glyoxylate shunt, stabilization of the mycolate pool, and a switch to transcription of only essential 72 

genes (25). Additionally, the glyoxylate shunt enzyme isocitrate lyase is critical for long-term survival of 73 

the related pathogen M. tuberculosis in host tissues (27), and can be used in a reductive amination 74 

pathway to produce NAD, which may serve as an alternative energy source in a nonreplicative state and 75 

under anaerobic conditions (28,29). However, the molecular mechanisms driving antibiotic tolerance in 76 

MAC remain poorly understood. 77 

Transposon insertion sequencing (Tn-seq) is a powerful technique for determining bacterial 78 

genotype-phenotype relationships, particularly the requirement for specific bacterial genes for growth 79 

and/or survival under controlled stress conditions (30–33). Modifications of this technique have been 80 

used to define essential genes for in vitro growth of M. tuberculosis (34) and M. avium  (35). Xu et al. 81 

screened a saturated transposon mutant library in the presence of partially inhibitory concentrations of 82 

various antibiotics with diverse mechanisms of action to identify genetic determinants of intrinsic 83 

antibiotic susceptibility in M. tuberculosis (36). In the current study, we used a similar approach to 84 

identify genes responsible for intrinsic tolerance of M. avium to the antibiotics clarithromycin (CLR), 85 
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rifabutin (RFB), moxifloxacin (MOX), and ethambutol (EMB). The hits we have identified may serve as 86 

targets for the development of novel antibiotics, with the objective of shortening the duration of curative 87 

treatment for MAC. 88 

 89 

Methods 90 

Strains 91 

All experiments were performed using Mycobacterium avium subsp. hominissuis strain 109 (35). 92 

 93 

Media and buffers 94 

To make 7H11 agar, 10.25 g of 7H11 w/o Malachite Green powder (HiMedia Cat No. 511A) was 95 

added to 450 mL deionized water. A volume of 5 mL 50% glycerol was then added before autoclaving. 96 

The agar was cooled to 55 C before addition of 50 mL OADC enrichment (Becton Dickinson). To make 97 

7H9/30% OADC, 2.35 g of 7H9 powder was added to 350 mL deionized water. After sterilization (by 98 

autoclaving at 121 C or passing through a 0.22 μm filter) 150 mL of OADC enrichment was added. 99 

Unless otherwise specified, no Tween-80 or glycerol was included in the media. To make PBS-Tw, 100 

1.25mL filter-sterilized 20% Tween-80 was added to 500 mL of sterile phosphate-buffered saline (PBS). 101 

 102 

Overview of transposon screen setup  103 

The setup for our genome-wide differential susceptibility screen is shown in Figure 1. We 104 

inoculated a 1-mL frozen aliquot of a previously generated diverse Himar1 transposon mutant pool 105 

(consisting of approximately 1.2 × 106 unique mutants) (35) into 300 mL of 7H9/30% OADC contained 106 

in a 1.3-L roller bottle. This was shaken at 37oC for 24 hours to reduce bacterial clumping (220 rpm, 0.75 107 
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in [1.905 cm] orbit). The optical density at 600 nm (OD600) was tracked until exceeding 0.32. The 108 

transposon mutants were then diluted to OD600 0.1 with cold 7H9/30%OADC and aliquoted into 89 50-109 

mL conical tubes (10 mL/tube). Tubes were incubated for 5 hours while shaking at 37o C to allow the 110 

bacteria to return to log-phase growth. Five tubes were randomly selected for processing (0 hours). These 111 

samples were then processed for colony forming-unit (CFU) enumeration and regrowth (same tube used 112 

for both operations). Following regrowth, bacterial samples were scraped and processed for Tn-seq. 113 

Regrowth is required before Tn-seq library preparation in order to remove the contribution of DNA to the 114 

sequencing library from dead transposon mutants. After collection of enumeration and regrowth samples 115 

at 0 hours, antibiotics (or DMSO vehicle as control) were then added to all tubes. Samples were collected 116 

at 12 and 48 hours after antibiotic exposure in triplicate and processed for CFU enumeration and regrowth 117 

in the same manner as the 0 hours samples.  118 

 119 

Sample processing for CFU enumeration and regrowth  120 

The bacterial density (CFU/mL) was estimated by removing 400 μL of bacterial culture, 121 

centrifuging (2000 g for 5 minutes) and washing twice with PBS-Tw to remove antibiotic. Washed 122 

samples were diluted 10-fold and 50 μL of each dilution was plated on 7H11 agar without malachite 123 

green. Malachite green, which is typically present in standard 7H10 and 7H11 agar formulations, was 124 

excluded to avoid potential issues with post-antibiotic recovery in mycobacteria (37). T-shaped spreaders 125 

were used to spread liquid evenly across agar plates. CFU were counted after 7-8 days.  126 

For regrowth, the remainder of each tube (after removing samples for CFU enumeration) was 127 

centrifuged twice and washed (2000 g for 10 min) with 10 mL of PBS-Tw to remove antibiotic. The 128 

samples were centrifuged once more and the bacterial pellet was resuspended in 250 μL PBS-Tw. Fifty 129 

μL of the washed transposon pool was plated on each of four 7H11 agar plates and spread with 10-15 3-130 

mm sterile glass beads to ensure even distribution of liquid across the plate. Samples were regrown for 7-131 
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8 days. Bacterial lawns from the four agar plates were scraped and pooled into 2-mL tubes. DNA was 132 

extracted from regrown samples, as described previously (short-read sequencing protocol) (38). DNA was 133 

processed for Tn-Seq, as described previously (35). Libraries were sequenced (2×75bp) on an Illumina 134 

HiSeq 2500 by the Johns Hopkins GRCF High Throughput Sequencing Center. A total of 59 samples (5 135 

input-pool samples and 18 groups of output-pool triplicates) were sequenced, yielding between 2,333,295 136 

– 7,193,522 reads per sample for a total of 269,324,560 paired-end reads. 137 

 138 

Antibiotic selection 139 

Doses were selected to reflect antibiotic concentrations at the most common site of infection in 140 

non-compromised patients (the lungs) following standard antibiotic dosing. Based on a search of the 141 

pharmacokinetic literature, maximum achievable doses in lung tissues were taken to be 54 μg/mL for 142 

CLR (39), 0.63 μg/mL for RFB (40), 10.0 μg/mL for MOX (41), and 21.0 μg/mL for EMB (42) (based on 143 

non-human primate data). For each drug, a 10-fold dilution series of the estimated maximum achievable 144 

dose was performed to explore the impact of dose. A preliminary calibration experiment was performed 145 

to estimate the bacterial viability at different antibiotic concentrations (data not shown) and to select the 146 

number of concentrations to include (4 total concentrations for CLR, 3 concentrations for the other 147 

antibiotics in addition to drug-free controls).  148 

 149 

Sample selection for sequencing from susceptibility screen 150 

Given resource constraints, only a subset of samples from the differential susceptibility screen was 151 

chosen for Tn-seq library prep and sequencing. Samples were sequenced at two manually chosen 152 

concentrations for each drug at both available timepoints (12 hrs, 48 hrs). To help identify which should 153 

be processed further, objective criteria were established a priori, with the goal of clearly identifying 154 

mutants with higher susceptibility to antibiotics, but also reducing the likelihood that mutants were 155 
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removed by chance due to low bacterial viability during antibiotic exposure. We considered the following 156 

3 criteria for selecting samples:  157 

(A) Bacterial numbers must exceed 106 CFU/mL at all times during exposure. This ensures that the 158 

probability of losing a non-defective mutant is minimized, given the 60,129 possible thymine-159 

adenine (TA) sites for the Himar1 transposon to insert across the MAC109 genome. Only CFU 160 

data were used, and we did not attempt to directly estimate the total number of bacterial cells, 161 

which can differ significantly from CFU.  162 

(B) There should be decreased bacterial viability after antibiotic exposure relative to drug-free 163 

controls (as measured by CFU). This ensures the concentration of antibiotic is high enough to 164 

have bactericidal activity. Otherwise, the antibiotic concentration might be too low to select for or 165 

against mutants with growth phenotypes.  166 

(C) Drug concentrations near or below achievable serum concentrations of the drug after standard 167 

dosing are preferred. We assumed approximate serum values of 2.31 μg/mL for CLR, 4.42 μg/mL 168 

for MOX, 0.52 μg/mL RFB and 2.27 μg/mL for EMB (43). In our view, this criterion makes the 169 

results more clinically relevant.  170 

 171 

Identification of hypersusceptibile mutants from sequencing data 172 

A schematic of the pipeline to process the data is provided in Figure S1. Raw reads were mapped 173 

using the TRANSIT preprocessor (tpp) (44). Counts from tpp were then processed with a custom python 174 

script to produce a *.csv file to be read by pandas (version 0.24.1) used for downstream analyses. 175 

 176 

Effect size/log-fold change calculation 177 

For calculation of the normalized read counts for each mutant, a pseudocount of 4 was added to 178 

the raw count from all samples (for stabilization) before dividing read counts by total read count: 179 
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 180 

(where xt,ir is the normalized read count, Xt,ir is the raw read count for transposon insertion site t, for 181 

antibiotic treatment group i, for replicate r. α is the pseudocount (α = 4) and T is the number of transposon 182 

insertion sites). This pseudocount was determined by manual examination of read counts in genes known 183 

to be essential and set to be substantially larger than occasional background reads. The normalized read 184 

counts were then averaged over samples: 185 

 186 

(where μt,i is the average representation of each mutant across samples, and ni is the number of replicates 187 

for treatment group i). An aggregate log-fold-change (LFC) was used as a measure of effect size for 188 

differentially susceptible mutants. The aggregate LFC between treatment groups i and j was calculated as 189 

the median of the log-fold change change at individual transposon insertion sites within a gene: 190 

 191 

where Gg is the set of transposon insertion sites annotated to belong to gene g and LFCg,(i/j) is the log-fold 192 

change between treatment groups i and j for gene g. Although this formula is generally useful for 193 

comparing any pair of groups, for the work presented here, i always represents a drug-containing 194 

treatment group and j always represents the matching drug-free group at the same time point  195 

 196 

P-value calculation 197 

For calculation of p-values, read counts for each sample were first normalized by dividing by the 198 

total read count in each sample (pseudocounts are unnecessary for the non-parametric test described 199 

below, and thus not used). 200 
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 201 

The Jonckheere-Terpstra (JT) test was then applied to the normalized read counts at each time 202 

point (45,46). Briefly, the JT test is a non-parametric test of trend, which is more powerful than the more 203 

commonly used Kruskal-Wallis test when the alternative hypothesis assumes a monotonic trend of the 204 

treatment groups. In this case, we have three treatment groups for each drug at each time point: No drug, 205 

low dose, high dose. We postulated that if a mutant is hypersusceptible at a low dose of antibiotic, it will 206 

be even more hypersusceptible at a higher dose of that antibiotic. We define the alternative hypothesis as: 207 

 208 

against a null hypothesis: 209 

 210 

(where θ1...θK are measures of a centrality parameter and K is the number of treatment groups for the drug 211 

at a particular time point (in this case K = 3 for each drug)). The JT test statistic (Bt) at site t is defined as: 212 

 213 

(where 1[ ] is the indicator function). P-values at individual sites are computed via permutation test. 214 

Naively, this would result in non-uniformly distributed p-values due to the discrete nature of the 215 

distribution. To ensure a truly uniform distribution, we performed a small correction on the permutation 216 

test p-values by sampling from a uniform distribution bounded between adjacent values of the discrete 217 

permutation distribution. This process gives precisely uniform p-values under the null hypothesis.  218 

Pooling the p-values within each gene (one p-value calculated for each transposon insertion site) 219 

is then accomplished with the two-sided Stouffer’s method. Finally, adjusted p-values are then computed 220 

using the Benjamini-Hochberg procedure.  221 

 222 

Thresholds for defining differentially susceptible mutants 223 
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Gene mutants are considered “differentially susceptible” to a drug if the absolute value of the 224 

LFC at the high dose of each drug (relative to no drug control) is greater than 0.5 and the adjusted p-value 225 

is less than 0.05. This condition must be met at both the 12 hours and 48 hours time points in order for the 226 

mutant to be defined as differentially susceptible to the drug. Mutants with negative LFC are predicted to 227 

be hypersusceptible to the drug, while positive LFC indicates the mutant is hypertolerant. 228 

 229 

Raw data and code availability 230 

The raw sequencing data (*.fastq) from this project can be found in the NCBI Sequence Read 231 

Archive (SRA) under BioProject number PRJNA559896. A Jupyter notebook and associated scripts to 232 

reproduce the data analysis (including figures) from the raw data is provided on github.com 233 

(https://doi.org/10.5281/zenodo.4542412). 234 

 235 

Results 236 

Effects of antibiotics on bacterial growth at the population level 237 

To monitor the effects of individual antibiotics on the entire bacterial population, we measured 238 

CFU and OD600 during antibiotic exposure. CFU values obtained following antibiotic exposure for 0, 12, 239 

and 48 hrs are provided in Figure S2. OD600 values are provided in Figure S3. The same no-drug (vehicle) 240 

control data appear in all four plots (performed in triplicate). Notably, the no-drug control curve has an 241 

inflection at the 12-hr time point. Truly logarithmic growth should appear as a straight line on this plot. 242 

Light microscopy of unstained samples of the no-drug control cultures revealed clumps of approximately 243 

5 bacteria (data not shown), likely accounting for the inflection point. Bacterial clumping was likely also 244 

present in the antibiotic-containing tubes, although these were not specifically examined. The presence of 245 

clumping is unlikely to impact the results of the screen, as there is no reason to suspect that individual 246 

transposon mutants were disproportionately distributed among the clumps. Applying the set of criteria for 247 
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selecting samples for processing, we prepared libraries and sequenced both time points at the following 248 

concentrations: CLR 0.54 and 5.4 μg/mL, MOX 0.1 and 1.0 μg/mL, RFB 0.063 and 0.63 μg/mL, EMB 249 

2.1 and 0.21 μg/mL. The colored arrows in Figures S1 and S2 indicate the time points sequenced. 250 

 251 

Identification of mutants with altered antibiotic susceptibility 252 

A total of 161 mutants showed increased susceptibility and 32 mutants showed reduced 253 

susceptibility to at least one of the four antibiotics. 46 mutants were hypersusceptible and 14 mutants 254 

were hypertolerant to CLR. 6 mutants were found to be hypersusceptible to EMB, while no mutants were 255 

hypertolerant to this antibiotic. The MOX screen revealed 103 hypersusceptible and 2 hypertolerant 256 

mutants. 84 mutants were found to be hypersusceptible and 108 mutants were hypertolerant to RFB. 257 

Effect sizes (after 48 hours of exposure) for mutants with significantly altered antibiotic susceptibility are 258 

plotted in Figure 2 and summary data are provided in Tables S3-S6.  259 

We also looked for overlaps between the different drug classes tested. Our results of this analysis 260 

are summarized in Figure 3 and Table S1 (hypersusceptible mutants) and Table S2 (hypertolerant 261 

mutants). Mutants hypersusceptible to multiple antibiotics may reflect genes with a role in more general 262 

bacterial persistence mechanisms, while mutants hypertolerant to multiple antibiotics may suggest genes 263 

promoting antibiotic susceptibility. Notably, no mutant was found to be hypersusceptible to one antibiotic 264 

but hypertolerant to another. 265 

Two mutants were hypersusceptible to all four antibiotics tested, namely DFS55_00905 266 

(annotated as an acyltransferase, homologous to M. tuberculosis Rv0111) and DFS55_12730 267 

(hypothetical protein, homologous to Rv1836c). 10 mutants were hypersusceptible to CLR, MOX, and 268 

RFB, but not to EMB. 269 

Two mutants were identified as hypertolerant to CLR, MOX, and RFB (no mutant was 270 

hypertolerant to EMB): DFS55_10765 (annotated as a pyruvate kinase, homologous to Rv1617) and 271 
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DFS55_20040 (DUF1707 domain-containing protein, homologous to Rv0966c). An additional 4 mutants 272 

were found to be hypertolerant to RFB and CLR only, but not MOX. These included DFS55_10660 273 

(quinolinate synthase, homologus to Rv1594), DFS55_10665 (L-aspartate oxidase, homologous to 274 

Rv1595), DFS55_16845 (trigger factor, homologous to Rv2462c), and DFS55_21750 (hypothetical 275 

protein, homologous to Rv3489). 276 

 277 

Discussion 278 

In this work, we utilized a genome-wide transposon mutant pool to screen for M. avium mutants 279 

with altered susceptibility to various clinically relevant antibiotics. Compared to the other antibiotics, 280 

exposure to MOX yielded the highest number of hypersusceptible mutants, highlighting the many 281 

potential targets which might synergize with this antibiotic. Also, given the strong effect sizes observed 282 

with MOX relative to the other antibiotics tested, MOX synthetic lethality may represent the greatest 283 

opportunity for novel treatment-shortening strategies. 284 

Transposon insertions in several known virulence genes were found to enhance susceptibility of 285 

M. avium to multiple antibiotics. For example, mutations in secA2 (DFS55_12665 or rv1821) conferred 286 

hypersusceptibility to both CLR and MOX. The Sec export pathway is conserved across bacteria and 287 

exports secreted proteins across the cytoplasmic membrane (48). Mycobacteria have two SecA proteins, 288 

SecA1 and SecA2 (48). While SecA1 is essential and facilitates the transport of unfolded proteins though 289 

the SecYEG channel via its ATPase activity, the mechanism of export in the SecA2 pathway is less well 290 

understood (49). SecA2 is required for secretion of M. tuberculosis virulence proteins and arresting 291 

phagosome maturation by preventing acidification, thereby facilitating M. tuberculosis growth within 292 

macrophages (50). In particular, the SecA2-secreted phosphatase SapM and the kinase PknG have been 293 

identified as effectors with direct roles in preventing phagosome maturation and promoting M. 294 

tuberculosis intracellular survival and replication (51). As CLR inhibits protein synthesis (52) and SecA2 295 

disruption impairs secretion of virulence-related proteins, these two alterations which both dysregulate 296 
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proteostasis may have a synergistic or additive effect, leading to higher antibiotic susceptibility for this 297 

mutant. A similar but more indirect mechanism could be proposed for the sensitization of this mutant to 298 

MOX, which inhibits DNA gyrase and topoisomerase IV (52). Both of these enzymes are involved in the 299 

winding and unwinding of DNA and are necessary for DNA replication and RNA transcription (53,54). 300 

MOX-induced reductions in mRNA transcripts may also dysregulate proteostasis in MAC, potentially 301 

explaining the similar phenotypes observed with CLR exposure. 302 

RecA (DFS55_08530 or Rv2737c), which was found to be required for MAC tolerance to both MOX 303 

and RFB, plays a critical role in the mycobacterial DNA damage response, specifically in the repair of 304 

double-stranded breaks, as M. smegmatis cells lacking RecA are more sensitive to DNA damage (55). 305 

Specifically, after RecBCD resects double-stranded breaks, RecA is loaded onto the 3’ end of the DNA, 306 

helping to mediate a homology search and subsequent strand invasion (55). By inhibiting DNA 307 

topoisomerases, MOX promotes DNA damage and triggers a mutagenic SOS response, which can lead to 308 

the formation of persister cells (56). RecA activation promotes the self-cleavage of LexA, which is able to 309 

downregulate the SOS regulon (57). In turn, this suppression of the SOS regulon decreases persister 310 

formation. Chemical inhibition of RecA with suramin in DNA gyrase-depleted cells has been shown to 311 

improve killing of M. tuberculosis by several anti-TB drugs, including rifampin and EMB (56). RFB, the 312 

rifamycin tested in our study, inhibits DNA-dependent RNA polymerase and suppresses RNA synthesis. 313 

Previous work showed that a recA-deficient M. tuberculosis mutant was unable to develop resistance to 314 

rifampin, possibly due to inability to generate an SOS response (58). In short, it appears that inhibiting 315 

RecA, thereby suppressing the SOS response, could provide a means to decrease persister formation and 316 

improve killing of pathogenic mycobacteria, such as M. tuberculosis and MAC. 317 

 Interestingly, we identified two mutants as hypersusceptible to all four antibiotics tested in our 318 

study (Figure 3). These included mutants with transposon insertions in DFS55_00905 (annotated as an 319 

acyltransferase, homologous to rv0111) and DFS55_12730 (hypothetical protein, homologous to 320 

rv1836c). Mutants in DFS55_00905 displayed particularly robust hypersusceptibility to MOX (effect 321 
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size: -2.0 at 1 μg/mL and 48-hr exposure) and EMB (effect size: -1.4 at 2.1 μg/mL, 48 hrs, which was the 322 

largest effect size we observed with this drug at 48 hrs). Mutants in DFS55_12730 were strongly 323 

hypersusceptible to CLR (effect size:-1.6 at 5.4 μg/mL, 48 hrs), MOX (-1.9 at 1.0 μg/mL, 48 hrs), and 324 

RFB (-1.5 at 0.63 μg/mL, 48 hrs). Future work should investigate the function of these gene products and 325 

their relationship to the pansusceptibility phenotype observed. 326 

An additional 10 mutants were found to be hypersusceptible to CLR, MOX, and RFB, but not to 327 

EMB. These included mutants in sigE (DFS55_18590, rv1221) and an alpha-beta hydrolase gene 328 

(DFS55_15065, homologous to rv2224c, also known as caeA or hip1). Deficiency of sigma factor E 329 

(SigE) has been shown to confer increased susceptibility of M. tuberculosis to multiple drugs, including 330 

EMB and rifampin, but not to ciprofloxacin (59). These results differ somewhat from the results of our 331 

study. Upon closer examination of our results for EMB, we find that this mutant was barely outside our 332 

conservative thresholds for defining hypersusceptible mutants. While adjusted p-values at both time 333 

points were below cutoff (0.045 and 0.0001, cutoff: 0.05), the corresponding log-fold-changes were 334 

barely above our chosen thresholds (-0.47 and -1, cutoff: -0.5). Therefore, it is possible that our stringent 335 

cutoffs misclassified this mutant as displaying similar EMB susceptibility as wild type. On the other hand, 336 

the discrepancy regarding hypersusceptibility of sigE -deficient mycobacteria to fluoroquinolones may be 337 

due to differences between the two species (M. tuberculosis vs. MAC, which have vastly different growth 338 

rates) and/or the experimental designs (resazurin microtiter assay vs. our Tn-seq screen). Additional 339 

studies are required to further evaluate the impact of sigE deficiency on MAC susceptibility to EMB and 340 

fluoroquinolones. Consistent with our data in MAC, M. tuberculosis mutants in caeA/hip1/rv2224c have 341 

been shown to be hypersusceptible to rifamycins (rifampin) and macrolides (erythromycin) (60). Our data 342 

suggest that caeA deficiency also confers enhanced susceptibility to fluoroquinolones, which might be 343 

useful for designing novel therapies for M. tuberculosis. 344 

 We found 2 mutants that displayed hypertolerance to three of the four antibiotics tested (CLR, 345 

MOX, RFB): DFS55_10765 (annotated as a pyruvate kinase, rv1617) and DFS55_20040 (DUF1707 346 
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domain-containing protein, rv0966c). Interestingly, Rv1617 deficiency is associated with a large growth 347 

defect in M. tuberculosis (34,35), but the same phenotype is not observed in DFS55_10765- deficient M. 348 

avium (35). This suggests that the metabolic impact of pyruvate kinase deficiency is remarkably different 349 

between MAC and M. tuberculosis. Pyruvate kinase catalyzes the transfer of a phosphate group from 350 

phosphoenolpyruvate to ADP (yielding pyruvate and ATP). Central metabolism may be disrupted in 351 

bacteria lacking this enzyme, possibly triggering the stringent response, which has been previously shown 352 

to protect bacteria from antibiotic-mediated killing (61,62). Deletion of pyruvate kinase in M. tuberculosis 353 

causes allosteric inhibition of the TCA cycle through accumulation of phosphoenolpyruvate (63). 354 

Disruption of the TCA cycle, especially alternate catabolism through the glyoxylate shunt, has been 355 

linked to antibiotic tolerance in multiple bacterial species, including P. aeruginosa (64), S. aureus 356 

(65,66), and S. epidermis (67), suggesting that this pathway may be a common mechanism for promoting 357 

antibiotic tolerance. In M. tuberculosis, downregulation of the malate synthase GlcB, one of the enzymes 358 

in the glyoxylate shunt, caused increased susceptibility to both rifampin and to nitrosative and oxidative 359 

stresses in vitro (68). Deficiency of isocitrate lyase, another glyoxylate shunt enzyme, also led to 360 

increased susceptibility of M. tuberculosis to antibiotics in vitro (69) and decreased survival in activated 361 

macrophages and mice (27). Thus, mycobacterial metabolism, and the TCA cycle in particular, clearly 362 

plays an important role in the development of antibiotic tolerance, although more work is necessary to 363 

fully elucidate its contributions. DFS55_20040 appears to lack an annotated function in the literature. 364 

Additional work is needed to understand the function of these two genes and determine their relationship 365 

to antibiotic tolerance in mycobacteria. 366 

 Our approach has several limitations. First, mutants in essential genes (or those without TA 367 

insertion sites) could not be screened, as these could not be recovered with our regrowth techniques. 368 

Therefore, we are unable to assess the potential role in antibiotic tolerance of genes essential for growth 369 

of M. avium in nutrient-rich medium. Second, gene disruptions leading to changes in secreted factors 370 

(e.g., extracellular proteins) may be missed by our screen, as these factors may be complemented by 371 
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factors produced by non-defective mutants present in the same culture. Lastly, we chose a conservative 372 

statistical approach (JT-test) and conservative thresholds for p-values and LFCs, which must be met at 373 

two different time points. It is likely that mutants with low numbers of insertion sites or somewhat weaker 374 

effect sizes were missed. 375 

Previous studies have examined mycobacterial antibiotic hypersusceptibility in the context of 376 

very low antibiotic concentrations (36). In such an experimental setup, the entire bacterial population 377 

continues to grow during antibiotic exposure and libraries were generated directly from bacterial cultures. 378 

In contrast, our approach here uses an additional regrowth step on solid agar after antibiotic exposure. 379 

This regrowth step produces sufficient material for library generation independent of whether the 380 

aggregate bacterial population is growing, stable, or dying. Therefore, our approach is more generally 381 

applicable to clinical scenarios in which higher doses of antibiotics may be used, entirely inhibiting 382 

aggregate mycobacterial growth.  383 

Mutations causing defects while the aggregate population declines or is static are interpreted in 384 

our screen as amplifying the killing effect of the antibiotic (given that the wildtype organisms can be 385 

assumed to be non-growing). However, an observation of hypersusceptibility in the context of aggregate 386 

growth is more difficult to precisely resolve. Thus, it could be that the mutant is killed in the presence of 387 

antibiotic, whereas the wild type is able to grow, or it is possible that the mutant is more inhibited by the 388 

antibiotic relative to wild type, but continues to grow, albeit at a slower rate. In particular, the overall 389 

population declined in the presence of 5.4 μg/mL CLR, suggesting that any defective mutants are killed 390 

more rapidly than the wild type. However, at CLR 0.54 μg/mL, the overall population increased, 391 

suggesting that defective mutants could either be killed more rapidly or merely that their growth is 392 

inhibited to a greater extent than that of wild type (see Figure S2). Follow-up studies are needed in order 393 

to resolve the behavior of hypersusceptible mutants at this dose. 394 

Our study represents a first step towards the development of novel, treatment-shortening 395 

strategies for MAC infections through identification of genes affecting antibiotic susceptibility. 396 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 24, 2021. ; https://doi.org/10.1101/2021.02.23.432616doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.23.432616
http://creativecommons.org/licenses/by/4.0/


18 
 

Biochemical characterizaation of the corresponding gene products might yield novel insights into the 397 

mechanisms of MAC antibiotic tolerance and lay the groundwork for the development of novel 398 

antibiotics, which might synergize with currently available drugs to more effectively kill tolerant 399 

organisms and shorten curative treatment for MAC infections. Future work is needed to validate the 400 

susceptibility phenotypes of individual gene-deficient mutants and their respective complemented strains 401 

in axenic culture. Proof-of-concept studies could then be performed to demonstrate the treatment-402 

shortening potential of candidate targets in a relevant animal model of pulmonary MAC disease (70,71).  403 

  404 
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Figures 606 

 607 

Figure 1: Schematic of transposon mutant screen to identify hypersusceptible mutants following 608 

exposure to multiple doses of various antibiotics in liquid culture. After antibiotic exposure, cultures were 609 

regrown on solid agar to enrich for surviving bacteria. After regrowth, DNA was extracted and prepared 610 

for Tn-seq analysis. Hypersusceptible mutants were identified using a non-parametric statistical approach. 611 

 612 
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 613 

Figure 2: Bar chart showing the effect size of each statistically significant mutant. Each bar represents a 614 

single gene. A negative value represents a hypersusceptible mutant, while a positive value signifies that a 615 

mutant is less susceptible (hypertolerant) to the antibiotic. (A) clarithromycin, (B) ethambutol, (C) 616 

moxifloxacin, (D) rifabutin. 617 
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 619 

Figure 3: Venn diagram of identified hypersusceptible (Panel A) and hypertolerant transposon mutants 620 

(Panel B). Note that in Panel A the set of ethambutol-hypersusceptible mutants has been partitioned into 621 

two sets (both in yellow). Partitioning in this way greatly simplifies the diagram. Gene names in each 622 

category can be found in Tables S1-S2. 623 
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 625 

Figure S1: Schematic of the computational pipeline. The raw reads from Tn-seq were input into tpp, 626 

outputting a count for each TA position in the MAC109 genome. Counts were then normalized and log-627 

fold changes calculated. A non-parametric test of trend (Jonckheere-Terpstra Test) was used to calculate 628 

p-values for each TA site. P-values for TA sites in the same gene were pooled using Stouffer’s method. 629 

Statistically significant mutants were selected based on the log-fold changes and Benjamini-Hochberg 630 

FDR-adjusted p-values. See Methods for additional details of these steps. 631 
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 633 

Figure S2: Bacterial viability of cultures by drug, dose, and time point (3 replicates each). Error bars 634 

show the minimum, maximum, and median. The arrows at the bottom indicate time point and doses used 635 

for Tn-seq. Drug-free controls (blue) are replotted in each subpanel for reference. All doses and time 636 

points were collected for drug-free controls. 637 
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 639 

Figure S3:  OD600 values by drug, dose, and time point. The arrows at the bottom indicate time point and 640 

doses used for Tn-seq. Drug-free controls (blue) are replotted in each subpanel for reference. All doses 641 

and time points were used for drug-free controls. 642 

 643 

Tables 644 

Table S1: Summary prediction table for antibiotic hypersusceptible MAC109 mutants. 645 

 646 

Table S2: Summary prediction table for antibiotic hypertolerant MAC109 mutants. 647 
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Tables S3: Clarithromycin-hypersusceptible and hypertolerant MAC109 transposon mutants by dose and 649 

time point. 650 

 651 

Tables S4: Moxifloxacin-hypersusceptible and hypertolerant MAC109 transposon mutants by dose and 652 

time point. 653 

 654 

Tables S5: Rifabutin-hypersusceptible and hypertolerant MAC109 transposon mutants by dose and time 655 

point. 656 

 657 

Tables S6: Ethambutol-hypersusceptible and hypertolerant MAC109 transposon mutants by dose and 658 

time point. 659 
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