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Highlights

e We have developed a novel method, Per-Sort, to isolate a small proportion of
translationally dormant cells that pre-exist in Mycobacterium spp. cultures growing
under optimal conditions but dramatically increase in proportion under stressful
conditions.

e The pre-existing translationally dormant cells have lower oxygen consumption,
significantly longer lag phase to initiate growth in nutrient rich medium, and high
tolerance to >10x MIC concentrations of isoniazid (INH) and rifampicin (RIF), indicating
they are a subpopulation of persister cells.

e Single-cell expression profiling demonstrated that the persisters are a heterogenous
mixture of toxin (VapC30 and MazF) and alarmone response (RelA/SpoT) expressing
cells.

e A shared outcome of high toxin and alarmone response is reduced cellular oxidative
metabolism, which we demonstrate is reversed upon addition of L-cysteine to reduce
the proportion of pre-existing persister cells and increase killing by INH and RIF.

Summary

Mycobacterium tuberculosis (MTB) is able to persist in the host for long periods of time, even
during antibiotic treatment. Eliminating persister cells, which are implicated as the primary
reason for treatment failure, is essential for shortening TB treatment regimen. Here, we report
a novel methodology, Per-Sort, to identify and sort miniscule numbers of translationally
dormant mycobacterial cells within an isogenic mycobacterium population. Using Per-Sort we
have discovered that translationally dormant cells pre-exist (under optimal growth conditions)
as a fraction of a percent of isogenic mycobacterial cultures, suggesting they are generated
stochastically as a bet hedging strategy. We show that this pre-existing translationally dormant
subpopulation of cells are tolerant to antibiotics, small in size, low in oxidative metabolism, and
expand in number upon nutrient starvation. Finally, through transcriptional profiling at single
cell resolution, we’ve determined that the pre-existing persisters are a heterogeneous mix of
vapC30, mazF, and relA/spoT overexpressing cells that are eliminated and sensitized to
antibiotic killing through induction of respiration.

Keywords: Mycobacterium, preexisting persisters, antibiotic tolerance, nutrient starvation

Introduction

Persister cells, a subpopulation of cells which are refractory to drug killing, are
problematic to the chemotherapeutic treatment of tuberculosis (TB) disease. Mycobacterium
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tuberculosis (MTB) persister cells are considered a major reason why a quarter of all TB patients
require 6 months of treatment and 5% are not cured even then [1]. In addition to treatment
failure, persister cells lead to recalcitrant infections [1,2] and the emergence of genetically-
encoded drug resistance [3,4]. A better understanding of the intrinsic heterogeneity that leads
to persister subpopulation(s) within a clonal population of mycobacteria is necessary to
effectively treat persistent TB infections.

Persisters are drug tolerant bacteria, often associated with slow-growth and reduced
metabolic activity [5,6]. However, the association between growth-arrest and persisters is
currently a subject of intense debate. Importantly, persisters can re-establish drug sensitivity
and normal growth upon culture in standard media. Resumption of normal growth is a key
characteristic of persisters and distinguishes them from other antibiotic tolerant forms such as
viable but non-cultivable cells (VBNCs) [7]. Given their similarity but important difference,
VBNCs have obscured the characterization of persister cells; especially in studies using standard
“persister assay” methods, which treat bacteria with antibiotics and collect the remaining non-
lysed cells (considered persisters) by centrifugation. Therefore, we sought to establish a high-
fidelity isolation technique to study mycobacteria that fit the fundamental definition of
persisters, antibiotic tolerance and growth resumption in standard media. Furthermore, we
sought a method that identified persisters independent of antibiotic selection, in other words,
persisters that pre-exist in an isogenic culture in the absence of drugs (or other) pressure. Such
pure fractions of persisters will enable an understanding of the processes for generating and
maintaining diversity in mycobacteria.

Fluorescent reporters have enabled a repertoire of techniques to be developed and
applied to study microbial community subpopulations, without the use of selection. In MTB,
single-cell heterogeneity was captured in vitro and during murine infections using a reporter of
16s rRNA gene expression [8]. The microscopy-based platform was able to track heterogeneity
in growth rate under standard growth conditions and found heterogeneity was amplified by
stress conditions and murine infection. However, the non-growing subpopulation was not
isolated and characterized further, most likely due to low fluorescence levels of the reporter. In
another study, Jain et al developed a dual-reporter mycobacteriophage ($°DRM) system to sort
and reveal pre-existing isoniazid (INH) tolerant MTB from in vitro cultures and human sputa [9].
Unfortunately, the necessity to re-infect daughter cells with ¢’DRM limited the ability to follow
isolated cells over generations and study their regrowth patterns. Therefore, we designed an
integrative inducible fluorescence reporter system that produced measurable fluorescence for
isolation of heterogeneous subpopulations by cell sorting, and the ability to follow the
population structure over generations. Previous studies have demonstrated that translation is
suppressed in persisters, compared to actively growing cells [10,11]. In this study, we report a
translation readout system based on an inducible fluorescent reporter that exploits this
phenotypic trait to isolate and comprehensively characterize pre-existing, slow-growing
persisters within a heterogeneous isogenic population of an actively growing mycobacterial
culture. By performing single cell transcriptional profiling and phenotypic characterization of
sorted mycobacterial subpopulations, we present evidence that persisters are generated
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94  stochastically through a variety of mechanisms via a bet hedging strategy. We demonstrate that
95 mycobacteria anticipate drug exposure upon sensing nutrient starvation to adaptively expand
96 the persister cell subpopulation and proportionally increase drug tolerance. Finally, we
97 demonstrate that notwithstanding the varied mechanisms by which persister cells are
98 generated, they converge on a similar low oxygen (O,) metabolic state that can be reversed
99 through activation of respiration with cysteine to increase antibiotic susceptibility and eliminate
100 persisters that are increased under physiological conditions.
101
102  Results and Discussion:
103
104  Per-Sort isolates pre-existing translationally dormant Mycobacterium cells that are antibiotic
105 tolerant
106
107 To identify translationally heterogeneous subpopulations in mycobacteria, we
108 generated a reporter plasmid with mEos2 fluorescent reporter[12] under the transcriptional
109 control of an anhydrotetracycline (ATc) inducible promoter and a strong mycobacterial
110 translation initiation signal (trans-mEos2). The plasmid also encoded an integrase gene for
111  chromosomal integration in Mycobacterium spp. genomes (see methods). The reported
112  plasmid was transfected into Mycobacterium smegmatis (mc?155) (MSM-mEos2) and
113  fluorescence-activated cell sorting (FACS) was used to differentiate single mycobacterial cells
114  based on mEos2 fluorescence level. Cell sorting was optimized using a mixed culture of ATc
115 induced MSM-mEos2 cells (resistant to kanamycin) and MSM cells expressing mCherry
116  (resistant to hygromycin) [13] with 1 um beads for calibration. Cells from the mixed cultures
117  were sorted and plated onto 7H10 plates with appropriate antibiotic selection. We observed a
118 separation efficiency of 95% (Fig S1a), demonstrating our FACS sorting method reports on
119  population structure and not an artifact of cell clumping [14]. We further defined gates for
120 mEos2 fluorescing and non-fluorescing cells using heat killed and non-induced cells (Fig S1b).
121  Using the optimized FACS method and MSM-mEos2 reporter strain, we found that post-
122  induction with ATc, a majority of the overall population had fluorescence (“lit” cells), while a
123 small fraction (<1%) were non-fluorescing (“dim cells”, Fig 1a).
124 To confirm that the dim and lit cells have similar mEos2 transcript levels and that the
125 difference in fluorescence is due to variation in translation rate, we isolated mRNA from
126 300,000 cells from each sorted dim and lit subpopulations. We quantified mEos2 transcript
127 levels by qRT-PCR, using the constitutive expression of the kanamycin selection gene for
128 normalization. The mEos2 transcript levels were not significantly different between the dim and
129 it subpopulations (Fig 1b), confirming that the absence of fluorescence in the dim cells is likely
130  due to reduced rate of translation.
131 Next, in order to ascertain that there were no VBNCs within sorted dim and lit cells, we
132  assayed their viability by sorting 10,000 cells from each subpopulation (including dead cells as
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133  control), and plated 1:100 dilution onto 7H10 plates. The percentage of cultivable cells was
134  identical (90%) across the dim and lit populations, confirming that neither population was over-
135 represented with VBNCs (Fig 1c). We further investigated characteristics of regrowth of dim and
136 it cells by sorting 1000 cells of each subpopulation into 7H9 media. When the cultures reached
137  an ODggy of 0.6, the expression of mEos2 was induced by addition of ATc and incubation for 12
138 hours, thereafter the cultures were re-analyzed by flow cytometry. Cultures generated from
139 both dim and lit subpopulations had similar structure as the parent population vis-a-vis
140 proportions of dim and lit cells, 99.5% lit cells and 0.5% dim cells (Fig 1d). These results
141  demonstrated that translational dormancy of dim cells is not heritable and that the population
142  structure is generated stochastically with dim and lit cells dividing to produce daughter cells of
143  each type at a fixed probability (dim cells @p=0.05, and lit cells @p=0.95) under optimal growth
144  conditions.

145 We investigated drug susceptibility of dim and lit subpopulations, given the known
146 relationship between phenotypic heterogeneity and drug tolerance [8,15,16]. Using FACS, we
147  sorted 10,000 cells each of the dim and lit subpopulations into 7H9 media containing ~10x MIC
148  of isoniazid (INH) or rifampicin (RIF) for 8 hours. The cells were incubated at 37°C with antibiotic
149  for 8 hours, washed in 7H9 media and dilutions plated onto 7H10. By comparing CFUs from the
150 subpopulations before and after antibiotic treatment, we observed that a significantly greater
151  proportion of dim cells survived in the presence of high concentrations of INH and RIF (Fig 1e),
152  demonstrating that the translationally dormant dim cells are refractory to antibacterial killing.
153  Further, these results demonstrate that translationally dormant, drug tolerant persisters pre-
154  exist in small numbers (<0.5%) within an isogenic population of MSM growing under optimal
155 growth conditions. Importantly, the results also demonstrate the capability of the Per-Sort
156 technology to identify and sort these translationally dormant persisters, even though they exist
157 as a tiny fraction of the overall population. We demonstrated that this technology is
158 generalizable to other mycobacteria by performing Per-Sort with MTB transformed with the
159  trans-mEos2 reporter. We observed similar translational heterogeneity and a similar size
160 subpopulation of pre-existing INH tolerant persisters under optimal growth conditions (Fig S2).
161

162  Translationally dormant pre-existing persisters are characterized by small size, reduced
163 respiration and longer lag phase.

164

165 While performing Per-Sort, we observed that intensity of side scatter by dim cells (SSC)
166  was lower relative to lit cells, indicating they were smaller in size relative to lit cells (Fig 2a).
167  Further, size distribution of dim cells was narrow across the subpopulation with >95% of the
168 cells measuring <1 um, whereas the size distribution of lit cells spanned from < 1 pm to > 3.5
169 um (Fig S3a). The small size morphology of the dim cells is comparable to the 1 um small resting
170  cells (SMRCs) of MSM discovered during gentle starvation [16]. In addition to small size, SMRCs
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171 were found to have extreme antibiotic tolerance and reduced metabolic activity [16].
172  Therefore, we assayed the level of oxidative metabolism within dim and lit cells with Per-Sort
173  and estimated relative Reactive Oxygen Species (ROS) levels within each subpopulation using
174  the ROS indicator dye CellROX orange. The positive control for this study (i.e., ROS+ cells) was
175 generated by triggering ROS production across the ATc induced MSM-mEos2 culture by adding
176  tert-butyl hydroperoxide. Similarly, a negative control was also included by treating the ATc
177  induced MSM-Eos2 culture with N-acetyl-cysteine to quench ROS (Fig 2b). The lower CellROX
178  orange fluorescence of dim cells compared to lit cells, indicated that dim cells had low ROS
179 levels (we show later that this is potentially because of a subdued citric acid (TCA) cycle, a
180 major source of ROS [17]).

181 As previously shown by Wu et al, SMRCs grow out to ‘large’ cells before resuming
182  normal cell division, exhibiting a lag phase of 6 h without increase in CFUs during regrowth [16].
183  To look at the regrowth properties of the dim and lit subpopulations, we used an adaptation of
184  Scanlag, a technique that combines cell plating with high-throughput dynamic imaging [18].
185  Per-Sorted dim and lit cells (100 cells) were plated onto 7H10 media and observed via ScanlLag
186 for 3 days and pictures were taken at the interval of 90 mins. Colonies from the lit population
187  were collected from both the high and low mEQOS2 fluorescence intensity spectrum. Regardless
188  of the relative translational status of cells (i.e., fluorescence intensity), the time of appearance
189 (TOA) of colonies from lit cells was the same (Fig 2c), indicating that this subpopulation was
190 phenotypically uniform with respect to growth. By contrast, TOA of colonies from dim cell
191 subpopulation occurred over a broader time range and on average 10 h after the lit cells (Fig
192  2c¢). The longer lag phase of the dim cells was reproduced in liquid cultures, wherein growth
193  was monitored by recording absorbance (ODggo) at 30 m intervals for 3 days (Fig S3b). However,
194  there was no difference in maximum growth rate between dim and lit cultures (ODgqq slope =
195  0.12 Hr™ for both) once cell division resumed. Delayed growth resulting from an extended lag
196 time s a phenotype well-established with drug tolerance [4,19].

197

198 Nutrient starvation increases proportion of translationally dormant persister cells

199

200 The striking similarities between SMRCs and dim cells led us to hypothesize that dim
201  cells are a phenotypically distinct subpopulation of cells that pre-exist in the bulk population to
202  ensure survival in fluctuating environments. If so, we predicted that the proportion of dim cells
203  in the population would increase in response to environmental change, such as starvation and
204  drug pressure. To test this, MSM-mEos2 cells were grown in 7H9 media with varying amounts
205  of glycerol (0.5% and 0.001%), until cultures reached exponential growth. We then induced the
206  cultures with ATc and performed Per-Sort on half of the sample and the other half of the
207  starved culture was treated with 10x MIC of INH and 5x MIC of RIF for 12 hours and assessed
208 for antibiotic survival, as described previously in Fig 1e. Analysis by Per-Sort discovered a 10-
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209 fold increase in dim cells induced by starvation (Fig 3a). The starvation-induced increase in dim
210  cell proportion was also associated with a proportional increase in tolerance to INH in the bulk
211  population (Fig 3b). We also grew MSM cells in 7H9 media with standard (0.5% v/v) or low
212 (0.005% v/v) glycerol until the cultures reached saturation. We diluted and plated aliquots of
213  these cultures onto 7H10 media (0.5% glycerol) and used ScanlLag to observe regrowth
214  properties. Cultures grown in standard glycerol media had two subpopulations with a 10 hour
215  difference in their TOA (Fig S4). This was consistent with the lag phase difference between the
216 dim and lit subpopulations, confirming the presence of pre-existing persister cells in standard
217 growth conditions. However, cultures starved of nutrients (0.005% glycerol) displayed a
218  uniform delayed TOA (10 h), indicating the expansion of the persister cell population in nutrient
219  starved conditions (Fig S4).

220 We also tested whether the dim cell numbers expand in response to low dose drug
221  pressure, to investigate if this phenomenon could be attributed to generalized stress that was
222  common to antibiotic exposure and nutrient starvation. Instead of transfer to PBS, the MSM-
223  mEos2 cultures were mildly stressed with 0.1x MIC of INH. The INH pre-treatment only slightly
224  increased the proportion of dim cells (2-fold increase shown in (Fig S4), but had a significant
225  increase in the bulk tolerance to INH and RIF (Fig S4b). Interestingly, INH treatment led to
226  higher variance in mEos2 fluorescence and shift in bulk population towards translational
227  dormancy, as indicated by reduced mEos2 fluorescence intensity from the INH treated culture,
228 compared to untreated (Fig 3c). Thus, the response to low dose INH response is distinct relative
229 to nutrient starvation, which resulted in a clear bimodal distribution of fluorescence intensity
230 and a dramatic increase in the dim cell subpopulation (Fig 3d). These data suggest that nutrient
231  starvation and sub-MIC INH treatment increase antibiotic tolerance via distinct mechanisms.
232 While the former induces an expansion of persister cells, the latter induces the formation of an
233  intermediate adaptive state that affords antibiotic tolerance and perhaps better fitness in the
234 presence of mild drug pressure. The bimodal distribution observed under nutrient starvation is
235  characteristic of stochastic switching between two distinct phenotypes [20-22]. While the rate
236  of stochastic switching under optimal growth conditions preferentially generates a fast growing,
237  translationally active, and INH susceptible population (i.e., the lit cells), nutrient starvation
238  shifts the dynamics of switching towards a slow growing, translationally dormant, and INH
239  tolerant subpopulation (i.e., the dim persister cells) (Fig 3d).

240

241  Noise in expression of vapC30, mazF toxins, or relA/spoT alarmone response induces the
242  stochastic formation of translationally dormant persisters

243

244  The observation that persisters pre-exist within isogenic cultures of mycobacteria suggests that
245  they might be stochastically generated by noise in gene expression at the single-cell level as a
246  fail-safe measure against unpredictable environmental stressors [23,24]. While this
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247  phenomenon is well-known in other pathogenic and non-pathogenic bacteria, it has never
248  before been implicated in formation of persisters in isogenic mycobacterial cultures, in absence
249  of drug pressure [25,26]. Therefore, we profiled within individual cells of both dim and lit
250 subpopulations, the transcript levels of 45 genes that were previously implicated in persister
251 formation in Mycobacterium spp. and E. coli (Table S1). Single-cell gene expression profiling
252  was performed with the Fluidigm Biomark 48x48 system per manufacturer instructions and
253  assayed relative to single-cell genomic DNA signal [27]. Transcript abundance was also
254  normalized to a spike-in RNA control to account for experimental noise.

255 Kernel PCA (kPCA) with RBF (radial basis function) kernels [28] was used to identify the
256  groups among dim and lit subpopulation based on patterns in their persister genes expression
257  and toxin:antitoxin ratio, since toxins induce persister formation when they are expressed at
258  higher levels relative to their antitoxin counterpart [29]. The kPCA identified overlapping
259  clusters demonstrating phenotypic uncertainty from expression of persister genes (Figda).
260  Unlike the lit cell subpopulation that had a unimodal spread, histograms plotted on the
261  principal component with highest variance revealed three modes (transcriptional subgroups) in
262  the dim cell subpopulation. As features are transformed onto a nonlinear state space in kPCA,
263  their role in grouping is difficult to analyze. Therefore, we performed hierarchical clustering [30]
264  of single-cell transcriptomes and reproduced the tripartite sub-grouping. Hierarchical clustering
265 of cells with elevated relA/spoT transcript level and increased toxin to antitoxin ratio
266  (vapC30:B30 and mazF:E) stratified dim cells into three statistically significant clusters with at
267  least four cells per cluster (approximately unbiased p-value >90 ) (Fig 4b, S5). Importantly, we
268 did not detect similar population stratification through clustering analysis of lit cell
269  transcriptomes (Fig 4b, S5d) mirroring the observations in kPCA analysis (Fig 4a). Further,
270  whereas 80% of dim cells (20/25) were associated with elevated transcript levels of relA/spoT
271  (=log;3.5), high mazF:E ratio (> log;0.7), or vapC30:B30 ratio (> log;0.7), only 35% (9/26) of the
272 it cells had similar associations. These data suggest that high expression of RelA/SpoT and
273  presence of free toxins VapC30, and MazF might be responsible for higher rate of persister
274  formation in the dim cell subpopulation.

275 Next, we sought further evidence that one or some combination of the three
276  mechanisms were indeed active in dim cell subpopulation and the likely mechanism(s) for
277  persister formation. The VapC30 and MazF toxins belong to a family of type Il toxin-antitoxin
278  (TA) systems, implicated in mycobacterial dormancy and persistence [31-33]. Activation of the
279  type Il TA system results in toxin-mediated cleavage of specific mRNAs [34], tRNAs [35], or
280 rRNAs [35,36] causing translational dormancy [37]. Since the specific target mMRNAs and tRNAs
281  of VapC30 and MazF were unknown, we analyzed 16S and 23S rRNA levels in dim and lit cells by
282  qRT-PCR. We discovered that dim cells have lower rRNA content relative to lit cells; and we did
283  not observe the same pattern with a transcript level of a highly expressed metabolic gene
284  (phosphoglucoisomerase, pgi) (Fig 4c). These data support the hypothesis that translational
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285 dormancy in dim cells with high vapC30:vapB30 and mazF:mazE ratios are a consequence of
286  toxin-mediated cleavage of rRNA.

287 The RelA/SpoT protein, on the other hand, controls the so-called “alarmone response”,
288  which acts to resist various stresses, including oxidative stress and nutrient starvation [38].
289  Briefly, RelA/SpoT is bifunctional, capable of both synthesizing and hydrolyzing (p)ppGpp [39],
290 an alarmone metabolite known to be required for long-term survival of mycobacteria during
291  nutrient starvation [40-42], persistence of MTB in mice [43], and has been shown to induce the
292  formation of persister cells in E. coli [37,44]. We discovered two lines of evidence to support
293  the hypothesis that RelA/SpoT is predominantly in a synthase form within the dim cell
294  subpopulation. First, significant number of cells (8/13) expressing high levels of relA/spoT are
295 also associated with high mazF:mazE ratio, suggesting that the RelA/SpoT system might be
296  acting through (p)ppGpp-mediated inactivation of the MazE antitoxin in these cells. Second, we
297 observed only within dim cells a significant correlation (R= 0.89, p-value=0.001) between
298  relA/spoT transcript levels and 6 alarmone response transcripts, all of which are implicated as
299  drivers of dormancy (Table S1).

300

301 Elimination of translationally dormant persisters reduces antibiotic tolerance and potentiates
302  drug activity

303

304  Our data suggest that stochastic activation of at least three mechanisms may be responsible for
305 generating translationally dormant persister cells in isogenic mycobacterial cultures growing
306 under optimal conditions (Fig 1). We further hypothesize that the dynamics of these stochastic
307 mechanisms shift in response to host-derived stress (i.e. nutrient starvation), leading to an
308 increase in the proportion of persister cells (Fig 3). As such, blocking these mechanisms could
309 potentially prevent the formation of both pre-existing and stress-induced persister cell
310 populations, leading to improvement in drug treatment outcome. However, the multiplicity of
311 mechanisms that could be deployed in a combinatorial scheme confounds this strategy (e.g.,
312 MTB genome encodes >70 TA systems). Furthermore, we are yet to discover drugs that can
313  specifically target TA systems or drugs that can kickstart translation. Notwithstanding these
314  confounding issues, metabolic pathway analysis (see methods) from GSE29631, GSE69681, and
315 GSE69983 GEO gene expression microarray datasets belonging to VapC30 over expression,
316  RelA/SpoT knockout under nutrient starvation and nutrient starvation respectively suggests
317 that the multiplicity of mechanisms for persister formation all converge into a physiologic state
318 associated with reduced TCA cycle, which is consistent with the low ROS levels in cells of this
319 subpopulation (Fig 3b and 5a). Therefore, we explored the use of L-cysteine to increase oxygen
320 consumption in the translationally dormant persisters. L-cysteine was previously shown to
321 convert MTB persister cells (selected in the presence of INH) to actively oxygen respiring cells
322  and potentiate INH and RIF killing [45]. In accordance with their results, MSM cultures grown to
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323  mid-log phase in presence of 4mM L-cysteine were assayed by Per-Sort and found to be
324  completely devoid of dim cells (Fig 5b). Importantly, our data goes beyond the previous study
325 by demonstrating that promoting oxidative metabolism can eradicate pre-existing persister
326 cells that form independent of drug pressure. We also found that treatment with L-cysteine
327 increased INH and RIF susceptibility of the bulk population by 100-fold, compared to nutrient
328  starvation conditions (Fig 5¢). Nutrient starvation conditions, which activate RelA/SpoT induced
329 alarmone response [46] act in opposition to L-cysteine by increasing the proportion of dim cells
330 (Fig 5b), and thus increasing drug tolerance of the entire population (Fig 5¢) and MDKgs
331 (minimum duration for killing 95% of bacterial cells) of RIF (Fig 5d). Furthermore, L-cysteine
332  significantly reduced the MDKgs of RIF in nutrient starved cultures (Fig 5d). Ultimately, these
333  results demonstrate the potential of strategies to eliminate pre-existing persisters to improve
334  the treatment of TB.

335

336  Conclusions

337

338 Numerous studies have revealed cell-to-cell variability in organisms from all domains of

339 life —unicellular to multicellular. Phenotypic variation confers fitness advantage to pathogens
340 such as MTB, which routinely experience varying and hostile environments within the host.
341 Through cell-to-cell variability, the population is able to prepare for a probable new
342 environment by harbouring a subpopulation that is pre-adapted to that environment.
343  Unfortunately, this evolutionary strategy, called bet-hedging, impedes the ability to effectively
344  treat TB due to the presence of drug tolerant persister cells. In this study, we developed a
345 method to identify drug-tolerant persisters in MSM culture. The characterization of such
346  persisters could facilitate the means to shorten TB treatment.

347 Using Per-Sort we isolated a translationally dormant subpopulation based on the
348 absence of mEos2 fluorescence after induction of transcriptional overexpression of the reporter
349  with ATc. In addition to INH and RIF tolerance, this “dim” persister subpopulation was
350 demonstrated to be small in size, have reduced oxygen metabolism and a longer lag phase
351 upon regrowth. Such properties are consistent with that of small morphotype resting cells
352  (SMRCs), formed during mild nutrient starvation [16]. Here we report these cells actually pre-
353  exist in low numbers in a isogenic MSM culture growing under optimal low stress conditions.
354  We believe these cells, and likely other phenotypically heterogeneous subpopulations, are
355  generated and maintained to withstand complex and unpredictable environmental stress.

356 Upon nutrient starvation, we discovered there is a significant increase in the proportion
357  of translationally dormant persister cells and a clear bimodal distribution of dim and lit cells (Fig
358 3a). These results are indicative of a shift in dynamics of stochastic phenotypic switching that
359 favors expansion of the subpopulation in a translationally dormant phenotype in nutrient
360 starved conditions. This begs the question of what is being stochastically altered in less than 1%
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361 of the population and influencing the translational state of this mycobacterial subpopulation.
362 Most often diversity is generated within a clonal population by stochastic processes that
363 introduce noise in gene expression at the single-cell level [47-49]. We have overcome the
364 challenge of characterizing persisters at single cell resolution by sorting them and not by killing
365 the susceptible cells with antibiotics. This technological advancement has overcome the
366 confounding issue that the antibiotic treatment itself might induce persister cell formation,
367 which we demonstrate with 0.1X MIC INH treatment (Fig 3). Further, our technology allows
368 comparative analysis of persister cells and actively growing drug susceptible cells from the
369 same culture. Because of these novel capabilities of Per-Sort, we were able to quantify
370 transcript abundance of 45 genes associated with persister formation and drug tolerance in 45
371  single cells from both dim and lit subpopulations. Expression analysis revealed that stochastic
372  activation of TA systems and dual-functionality of RelA/SpoT are the basis of translationally
373  dormant persister formation in MSM cultures. These results reinforce the hypothesis that there
374  are multiple pathways to become a persister cell and reveal the complex and combinatorial
375 schemes used by mycobacteria to generate heterogeneous subpopulations.

376 Among the dim cells, we found that high expression of toxin mazF was also associated
377  with high relA/spoT expression. We suspect that MazEF can be activated by the alarmone
378 response, elicited by RelA/SpoT synthesis of (p)ppGpp, in a manner similar to the well-studied
379  hipAB of E. coli persisters [50]. In contrast, the single-cell expression data suggest that VapC30
380 can act to induce persister formation in an alarmone-independent mechanism. This supports a
381 recent study demonstrating that a relA/spoT knockout mutant of MSM, with reduced alarmone
382  response, still formed persisters against INH and ciprofloxacin at levels similar to wildtype [51].
383 Indicating multiple mechanisms of persister formation exist in mycobacteria, some of which are
384 independent of RelA/SpoT, and might be controlled by VapC30 activation. While MSM has a
385  single VapBC-type TA system, MTB has 70 copies of VapBC, indicating the pathogen has evolved
386 to increase phenotypic diversity and bet-hedging for survival in the host environment. Much
387 work is still needed to understand how and when these mechanisms are activated, and
388 whether the resulting subpopulations have distinct or generalized drug tolerance.

389 In addition to posttranscriptional cleavage of rRNA and reducing translation in a
390 subpopulation of cells, activation of TA systems and the alarmone response has been shown to
391 decrease oxidative metabolism in persisters [34,52]. Similarly, we demonstrated lower ROS
392 levels in the dim cells compared to lit cells, indicating reduced oxygen consumption in the
393 translationally dormant persister cells. As such, both translation and oxidative metabolism are
394  processes that could be targeted to modulate this subpopulation. We confirmed by
395 demonstrating that addition of L-cysteine, which is known to activate cellular oxidative
396 metabolism, dramatically reduced the proportion of translationally dormant persisters in
397  actively growing MSM cultures. As such, when used with a drug, L-cysteine potentiates faster
398 drug killing by increasing the oxidative metabolism of the pre-existing persister cell population
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399 and thereby increasing their drug susceptibility. However, L-cysteine is a metabolite and cannot
400 be used for treatment in vivo. Therefore, other strategies that activate oxidative pathways
401  similar to L-cysteine (i.e. cis-2-decenoic acid [53] or superoxide-producing nanoparticles [54]) or
402  activate translation should be tested. Alternatively, our study also proposes inhibition of
403  VapC30 and RelA/SpoT synthase activity (such as (p)ppGpp analogs like relacin [55]) would
404  block persisters from forming a priori. This study highlights how mechanistic knowledge will
405 enable targeted strategies to eliminate detrimental persisters, thereby shortening the course of
406 treatment and preventing the emergence of resistance.

407

408  Materials and methods-

409

410 Bacterial growth and MSM-mEos2 strain development: M. smegmatis MC155 strains (MSM)
411  were obtained from ATCC and grown in 7H9 broth medium (Difco) with 0.2% glycerol, 0.05%
412  tween, and 10% ADC enrichment (BD biosciences). pSTKi-mEos2 plasmid were constructed from
413  pSTKi plasmid [56] , and pRSETa mEos2 plasmid [57]. Synthetic oligo with translation initiation
414  signal (mycoSD) was used to amplify mEos2 from pRSETa mEos2 plasmid, amplified fragment
415 was inserted into the pSTKi plasmid with restriction ligation at BamH1 and EcoR1 sites. pSTKi-
416 mEos2 transcript was electroporated into the electrocompetent MSM cultures, transformed
417  colonies were selected on 7H10 plates with 30 pg/ml kanamycin (KAN). MSM-mEos2 cells were
418 cultured in 7H9 media with 30 pg/ml KAN.

419

420 Development of per-SORT: per-SORT was developed in BD FACS Influx, 70 micron tip and sheath
421  fluid from BD bioscience was used in sorting and FACS analysis. Fluorescence beads (1, 3.5
422  micron green fluorescence, and Accudrop) from BD biosciences was used to calibrate the
423  instrument for laser alignment, compensation, and cell sorting. Propidium lodide (PI) stain
424  (SigmaAldridge, 5ul/1ml) was used to stain dead cell. Heat killed cells (incubated at 70° — 80° C
425 for 5 mins) was used to prepare dead cell control for Pl stain. MSM cells with pCHERRY3
426 plasmid [58] (MSM-mCherry) was used to optimize single cell mycobacterium sorting. MSM-
427 mEos2 (KAN resistant) cultures induced with 25ng/ml ATc and MSM-mCherry (Hygromycin
428  resistant) were mixed in equal proportions. Single cell sorting efficiency was determined by
429  plating sorted cells on 7H10 plates with KAN and HYG. Gates for sorting dim and lit cells of ATc
430 induced MSM-mEos2 strains were determined using uninduced MSM-mEos2 strains stained
431  with PI. FACS data was analyzed in FlowJo ver. 10 software.

432

433  Antimicrobial tolerance assay: Minimum inhibitory concentrations (MIC) of the MSM-mEQS2
434  strains were determined with disk diffusion assay [59] . Cultures (bulk, per-Sorted) were
435 incubated in 7H9 media containing desired MIC concentrations of INH and RIF. Drug treated
436  bacteria were washed with or diluted (1:100) in 7H9 media and plated (100 pl) or spotted (5 pl)
437  on 7H10 media with 30 pg/ml KAN at time points 0, 8, 12, 16, 20, and 24 hours after incubation.
438  Percentage survival was calculated with respect to 0 hours.

439

440 Single cell persister gene expression and analysis: Fluidigm Biomark system with 48x48 plates
441  were used for this analysis. Single dim and lit cells were per-Sorted into 96 well plates with
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442  VILO™ reaction mix (5x), SUPERase (Invitrogen™), and 10% NP40 in an pre-noted random
443  order to avoid sampling bias. Sorted plates were spun down and freeze-thawed 3 times on dry
444  ice to rupture cells. Assay for non-transcribed genomic DNA (Table S1) was used to determine
445  the rupture efficiency. Reverse transcription (RT) was performed on freeze thawed cells with
446  VILO cDNA preparation mixture, T4-Gene32 protein, and random hexamer primers. RNA spike-
447  in (ECC2_Spikeln RNA, 10 pM) was included in the RT master mix. cDNA of the genes of interest
448  (Table S1) was pre-amplified with TagMan® PreAmp master mix (Invitrogen'™) and equimolar
449  mixture of forward and reverse strand primers designed for the genes of interest (Table S2).
450 Primers were removed with Exonuclease | (InvitrogenTM). Primers sets used for
451  preamplification (Table S2) were primed into the 48x48 Biomark assay plates. Quantitative PCR
452  assay with Biomark prescribed protocol was run on diluted, pre-amplified Exo 1 treated cDNA
453  with Sso Fast EvaGreen Supermix (Bio-Rad laboratories). Quality control for determining,
454  sorting, cell lysis, and cDNA preparation was performed by comparing the CT values of genomic
455  DNA control and spike-in control in all the cells. Expression levels of genes was measured as 0CT
456 in individual cells with reference to genomic DNA control (expected to result from 1 copy of
457  genomic DNA), less than or equal expression (of genomic DNA control) was considered as zero
458  expression and assays with CT >45 were flagged as missing values. oCT values for each cells
459  were corrected by adding or subtracting the deviation from median oCT of spike-in control for a
460  particular cell. Hierarchical clustering was performed with Seaborn package of Python and
461  PVclust package of R.

462

463  Pathway analysis: Gene expression data sets of VapC overexpression (GSE29631), RelA/SpoT
464  knockout in nutrient starvation (growth in PBS, GSE69681), and nutrient starvation (growth in
465  PBS, GSE69983) was obtained from GEO database and analysed with Cyber-T tool [60] to
466 identify differentially expressed genes (DEG) in the respective conditions. DEG was mapped
467  onto the central carbon metabolism of MSM with the gene annotations obtained from KEGG
468  pathways. DEGs in GSE69983 which significantly deviated from GSE69681 were considered to
469  be the changes caused by RelA/SpoT induced alarmone response.

470

471

472

473
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698 Figure 1: Preexisting translationally dormant population of Mycobacterium culture are
699  persisters. (a) Fluorescence intensity of mEos2 protein in MSM-mEos2 strain induced with 25
700 ng/ul of ATc. Population structure was observed in FACS after 12 hours of induction at OD 1.0.
701  Populations are colored and annotated based on the FACS gates described in Fig S1b. The
702  polygons in the plot are the gates from which the fractions were sorted for analyses described
703  in this study. (b) mEOS2 transcript levels derived from AACt values obtained by gRT-PCR, values
704  were subtracted from genomic DNA signal and normalized to control gene (see materials and
705 methods for details). (c) Cultivability of live cells subpopulations (lit and dim) compared to dead
706  cells. Cultivability was measured as ratio of number of cell forming units (CFU) and number of
707  cells sorted. (d) Dim and lit cells (1,000 per) were collected from gates marked in Fig 1a. Sorted
708 subpopulations were regrown in 7H9 media until ODgyo reached 0.6 and then induced with 25
709  ng/ul of ATc. Induced cultures were observed in FACS (dotted line) and dim and lit percentages
710  were determined from gates described in Fig 1a. (e) FACS sorted dim and lit cells were treated
711  with 20x MIC INH and 10x MIC RIF for 8 hours before they were washed and plated onto 7H10
712  plates to determine percentage survival (difference in CFUs compared to 0 hour incubation).
713

20


https://doi.org/10.1101/463232
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/463232; this version posted November 5, 2018. The copyright holder for this preprint (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 available
under aCC-BY-ND 4.0 International license.

a b.
—~.__F35] 100
5{35 = Dim
. == Lit
> % 80 [0 ROS induced
g 25-—-1p g = ROS quenched
i —~ 60
£ 20 &
- =
= 15 2 40
S wi
@ 10 S
% O 20
=
0 0
Dim Lit 10° 10' 10? 10° 10*
542/593 (CellROX-orange)
€ B Dim
08 Lit (low fluorescence)
u:,“z p Lit (high fluorescence)
8 0.6
)
> ~10 hours
2 04
g o
3
o
bl
w 0.2

0 200 400 600 800 1000
Time of appearance (900 + minutes)

714
715  Figure 2: Increased lag phase, slow growth and metabolic dormancy of persisters aid in

716  tolerance to antibiotics. (a) Scatter intensity of dim and lit cells obtained from gates described in
717  Figla, red lines on y axis represents mean scatter intensity of fluorescent beads of size 1um and
718  3.5um. (b) CellRox-orange intensity, indicative of cellular ROS levels and oxidative state, was
719 measured after incubating ATc induced MSM-mEos2 strain in CellRox-orange (5 uM/ml) for 2
720  hours. MSM-mEos2 cells incubated in 100 uM TBHP and 2000 uM NAC (3 hours) was used as
721  positive control (ROS induced, orange) and negative controls (ROS quenched, grey), respectively.
722  Note: Histogram of ROS-quenched cells is shifted in its entirety to zero CellROX-orange
723  fluorescence, appearing as a line along the y-axis, and hence is not clearly visible in the plot. (c)
724  lLag phase of Per-Sorted dim, high and low fluorescing lit cells (100 cells, gates described in Fig
725 1a) was determined by measuring time of appearance (TOA) of colonies on 7H10 plates
726  supplemented with 0.5% glycerol and OADC, incubated at 37°C. Arrow indicates difference in
727  average TOA of dim and lit (high and low fluorescing) population.
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731  Figure 3: Nutrient starvation induces anticipated stochastic switching of persisters. MSM-mEos2
732 cultures were grown in 7H9 (0.5% glycerol), 7H9 (0.5% glycerol) + 0.1x MIC INH, and nutrient
733  starvation (PBS, 0% glycerol) conditions. Cultures were induced with ATc (25ng/ul) and dim cell
734  proportions were determined with Per-Sort (a) and other half on same cultures was incubated
735  in 10xMIC INH (40 pg/ml) and 10x MIC RIF (35 pg/ml) (RIF) for 12 hours , washed and plated to
736  determine tolerance similar to Fig 1e. Dashed red line indicates dim cell proportions and
737  tolerance of cultures grown in 7H9 at optimal growth conditions. (c¢) Density of mEos2
738  fluorescence intensity with respect to mode of the population in live cells of cultures grown in
739  varying conditions mentioned in Fig 3a,b. Number of live single cell observed per 10000 cells
740 observed in Per-Sort assay is mentioned in the parenthesis (d) Bet-hedging model with
741  probabilistic conversions between dim and lit cells observed in the MSM cultures under normal
742  and nutrient starved conditions.
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745  Figure 4: Overexpressed toxin genes and active alarmone response drive stochastic formation of
746  pre-existing persisters. (a) kPCA plot of dim and lit subpopulation performed with persister gene
747  expression and TA ratio of single-cells sorted with Per-Sort method. Shaded regions in the kPCA
748  plot represent area spanned by single cells of respective subpopulation. Histogram to the right
749  is drawn by binning the population by their principle component 1 values and shaded region is
750 drawn by connecting modes at every bin. (b) Persister gene expression based sub clusters in
751  Per-Sorted dim and Lit subpopulation. Boxes indicate cell clusters with AU/BP value > 90%.
752  Clusters were deemed significant if cell number in cluster > 4 cells (10% of subpopulation used
753  in assay). (c) rRNA expression levels in Dim and Lit subpopulation determined by qRTPCR from
754 100,000 Per-Sorted dim and lit cells. The metabolic gene phospho-glucoisomerase (PGl)
755  transcript was used as reference.
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758  Figure 5. L-cysteine potentiates persister killing. Cultures were incubated in 7H9(Kan®),
759  PBS(Kan®) (Nutrient starvation- NS), and 7H9(Kan®*) with 4mM L-cysteine (Cys). (a) Effects of
760 VapC30 over expression and RelA/SpoT mediated alarmone response on central carbon
761  metabolism determined by pathway analysis (see methods), Repressing (red edges with bars)
762  influences were derived from transcriptome analysis of GSE29631, GSE69681, and GSE69983
763  GEO gene expression datasets. Values in parentheses indicate magnitude of effect (log2 fold
764  change). See Methods for details (b-c) Dim cell proportions and drug tolerance to INH and RIF of
765  cultures grown in nutrient starved condition (NS) and in presence of L-cysteine (Cys). Assay was
766  performed with method described in Fig 3a-b and values were normalized to cultures grown in
767  7H9. (d) Potentiator activity of L-cysteine was determined by adding L-cysteine along with 10x
768  MIC RIF (30 pg/ml) to nutrient starved cultures (NS, NS+Cys). Cultures were diluted in 7H9
769  media (1:100) and spotted onto 7H10 plates at varying time points to determine the MDK95

770  (Red line). Cultures grown in 7H9 at optimal growth conditions (OG) were used as reference.
771
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Supplementary figurel: (a) Efficiency in bacterial single cell sorting demonstrated by sorting
equal-mixture of M. smegmatis with mCherry—Hng and mEos2-Kan" strains. Sorted cells plated
on 7H10+HYG (right panel) and 7H10+KAN (left panel) plates. Plating shows 95% efficiency in
single cell sorting. (b) Gating strategies used in identification of dim cells. Gating between PI
stained live and dead mEos2 strains (left panel), and Pl stained non-fluorescing uninduced and
ATc (25ng/ul) induced mEos2 strains (right panel).
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786  Supplementary figure2: Tolerance of PER-sorted dim and lit cells of M. tuberculosis-mEos2
787  strain to 10x MIC INH measured after 3 days similar to figle.
788
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793  Supplementary figure3: (a) Comparison of scatter intensities of PER-sorted dim and lit cells in
794 M. smegmatis. (b) Growth curve of PER-sorted 1000 M. smegmatis-mEos2 dim and lit cells
795  measured as optical density at 600 nm.
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800 Supplementary figure4: Time of appearance of colonies in cultures grown in optimal growth

801 media (7H9 with 0.2% glycerol), 7H9 + 0.1x MIC INH, and nutrient starved media (7H9 with
802  0.005% glycerol).
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806 Supplementary figure5: (a,b) Hierarchical clustering of single cell persister gene expression for
807 dim (a) and lit (b) subpopulation. (c,d) Hierarchical clustering with PV clust based on relA/spoT
808 expression and TA ratio of vapC30:vapB30 and mazF:E of per-Sorted dim (c) and lit (d) Clusters
809  were assigned for nodes with AU/BP value > 90% and > 4 cells (10% of sub-population used in
810  assay). Clusters were named based on their highly expressed gene or pathway.
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MSM gene ID Gene name Gene function

MSMEG_2817 ABC efflux pump 1 ABC efflux pump 1

MSMEG_56595 ABC transporterl ABC transporterl

MSMEG_5660 ABC transporter2 ABC transporter2

MSMEG_3945 ABC transporter3 ABC transporter3

MSEMG_2740 lexA Alarmone response

MSMEG_2965 relA/spoT Alarmone response

MSMEG_2391 ppkl Alarmone response

ECC2_spikein Assay control Control

RNA

PBR372 region of | Genomic DNA control Control

pstKi mEOS2

MSMEG_1633 dnak2 DNA replication

MSMEG_3151 inhA Drug target

MSMEG_2723 RecA Drug target

MSMEG_4427 Efflux pump 1 Efflux pump 1

MSMEG_3944 devR cl Metabolic control

MSMEG_6384 katG Metabolic control

MSMEG_5244 devR c2 Metabolic control

MSMEG_1605 phoY1 Persister phenotype associated gene
MSMEG_5776 phoY2 Persister phenotype associated gene
MSMEG_1915 rshA Persister phenotype associated gene
MSMEG_4265 lamA/mmpS3 Persister phenotype associated gene
MSMEG_0913 umaA Persister phenotype associated gene
MSMEG_5773 desAl Persister phenotype associated gene
MSMEG_0916 desR Persister phenotype associated gene
MSMEG_5248 desA2 Persister phenotype associated gene
MSMEG_0424 hsp Persister phenotype associated gene
MSMEG_4466 UsSpA Persister phenotype associated gene
MSMEG_5141 nark2 Persister phenotype associated gene
MSMEG_1803 rsbw Persister phenotype associated gene
MSMEG_6225 Proton antiporter efflux pump Proton antiporter efflux pump
MSMEG_2389 mdpl Regulator

MSMEG_0709 dnak Regulator

MSMEG_2752 SigB Sigma factor

MSMEG_1914 rpoEl Sigma factor

MSMEG_2758 mysA Sigma factor
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MSMEG_0713 hspR
MSMEG_1277 un-annotated
MSMEG_1283 vapB30 (Antitoxin)
MSMEG_3180 antitoxin
MSMEG_4175 arsR (Antitoxin) 1
MSMEG_4447 mazE (Antitoxin)
MSMEG_6762 arsR (Antitoxin) 2

Sigma factor

TA operon (Antitoxin)

TA operon (Antitoxin)

TA operon (Antitoxin)
TA operon (Antitoxin)

TA operon (Antitoxin)

TA operon (Antitoxin)

MSMEG_1278 Un-annotated TA operon (Toxin)
MSMEG_1284 vapC30 (Toxin) TA operon (Toxin)
MSMEG_3181 toxin TA operon (Toxin)
MSMEG_4176 arsR (Toxin) 1 TA operon (Toxin)
MSMEG_4448 mazF (Toxin) TA operon (Toxin)
MSMEG_6760 arsR (Toxin) 2 TA operon (Toxin)
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Supplementary table2 : Primers used in the study
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MSM gene ID FP RP

MSMEG_1277 GGCGGATGACCTGTCGCTGA GGCGACCCTGCGCTTGTG
MSMEG_1278 CCATGCGCTGGTCGACGGTA TCCTCCGCGCGATCGACATC
MSMEG_1283 GAGGCGGTGGTGATGGCACT GAGGCGGTGGTGATGGCACT
MSMEG_1284 GCGGTGGCTGACGATCCTGT GAGTTCGCGACCACCTGGCT
MSMEG_3180 TCGCGGTGCTCATGGACGAC CGGGCACGTGCACTGCATTC
MSMEG_3181 CCGGACGCGGTCTACGTGTT AAGCTCACCCGCACGATCCC
MSMEG_ 4175 TGCCCTGGTCGACGGTGAAC GACCTCGCGCAGCACCTTGA
MSMEG_4176 GGCACGGTGCTTCGCTTCAC CGGTCGAAGAAGGCGTGGGT
MSMEG_4447 ACCGAGTACGCCGACATCGC GGCGGCGACCAACTCAGACT
MSMEG_4448 AATCGAGCCAACGCCAGCCA CGACACGGTGCGTCAAGCTG
MSMEG_6760 CCCGGACGGCGAGAAGTACG AGCGAACCCGTCGAGGAACG
MSMEG_6762 CACGAGGCGCGACATCATGC AGCAGGCCGGCTTTCTCCAG
MSMEG_2694 CACTTTCGCGCGTGCTCACC GCCATGGACACCTGCGGGAT
MSMEG_4671 GATCGCCCGCAAGAGCGAGA GACGCCTGCGTACCCTCCAG
MSMEG_4466 CGGTTCCGCCACATCACCCT GGTGAGCGCGTAGACGGTGT
MSMEG_1803 GTGGATCCCGGTCCCGATGC CAGGCCCGGACCCATCTGTG
MSMEG_1633 AGTGGGCCCGCATGGAGAAC CCGAGGCCCAGCATGTCGAA
MSMEG_6384 CCGGTGAGCGTGACCTGGAG TGCGGATCCGGATTGCCGTT
MSMEG_2389 CACAGAAGCTCCCGGCCGAT CACAGAAGCTCCCGGCCGAT
MSMEG_3151 TCGACGGTGTGGTGCACTCG GCGCGTCGAAGAACGGGTTG
MSMEG_2723 CAGGCGCTGCGCAAGATGAC CTCGGGCGAGCCGAACATCA
MSMEG_2740 GACACCGGCGAGTTCACGGA TCGAGGATGGTGCGCTGACG
MSMEG_2965 GTGCTCGCCGACGAGAAGGT GTGCTTCGGGTCGCCCATCT
MSMEG_1915 GCCTGCGGCATTACGGCATC TCGTGGTGCGGCTGATCTGG
MSMEG_4265 GCCGACGTGGCGCTCTATGA GCCGACGTGGCGCTCTATGA
MSMEG_5659 TGGCGTCTCGGCCTGATGTG TACGTGCGGGCGGATTCGTT
MSMEG_0913 GGAAGTCCGCCTGCAGGGTT GGGTAGCGCTCGGCCTTGAA
MSMEG_5660 GTCGACCATCCGCCGGTTCA CAGCAGGATCGCGGTGACCA
MSMEG_0709 GCGACCTCCGGTGACAACCA GATGCCCGAGCTGCCCTTGA
MSMEG_0424 AATCCGACGGCCGCACCTAC CCGGCGACCCGTACCTTCAG
MSMEG_0713 ACCTGCTGCGAGAGGTGCAG AGCGCGTCGACCTGATTGGT
MSMEG_3932 CATGCGCTCGGTGACACTGC TCTCCACCGCGACACGCTTC
MSMEG_5141 GGTCGGATCGTTGGGACGCA CAGGATCGACGCGACCGTCA
MSMEG_3945 ATCCACGGCGAGTCGAAGGC CGTCGAGAGGCTGCGTCGAA
MSMEG_0880 GGTCGGCAACGAGGGTGTCA CTCGGCGTCGGTCACGAAGT
MSMEG_1583 CATCGCCGATCGCGTCAAGC AGCCGCTCCTGCAGCTTCTC
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MSMEG_2391 GCTGTTGGAGCGCGCGAAAT AGCGCACCGACAGACCCATC
MSMEG_3944 CGACCCGAAGTCGCGGTTCT GTGGCCTCGTCGGACGTGAA
MSMEG_5244 TCACCCAGCAGGAGCGTGTG CGCGCCGCGATCTGTTTGTT
MSMEG_1605 CCGATCTGACGCTGGCCGAA GTGCATGGACCCGACGACCA
MSMEG_5776 CACGCGGGATCCGGAGAAGG CCACTCGCGGTCCATCAGCA
MSMEG_2752 TCGACATGCCGGTCGGAACC GGCGGACATGGCCTCGGAAT
MSMEG_1914 GTCCAACGCCGAGCACTCCT GCTTGCAACGCGGCCTTGAT
MSMEG_2758 AGGGCGAGAAGCTGCCAGTG GCAGGTTCGCCTCCAGCAGA
MSMEG_2817 TGGGAGCCGCTGGCTTCTAC CCGACGACGGTACCGAGGAA
MSMEG_4427 GCGGTTTGGCTTCCGCAGTC GCGGCGCTGACCTTCAACAC
MSMEG_6225 GGGTGCCGTGGTGTCGATGA CCAGGCCCGTGACCATCAGG
MSMEG_5773 GGCCTCGACATCGCGCCGAA GCGGAGCACCGGCATCACGA
MSMEG_0916 CCGTCGGCGGTGTCCAGCTC ATGCCGCACAGCGCGTACCA
MSMEG_5248 GCGGGCCTCGACGTGATCGG CTCGGCGACGTTGGCGACCT
Assay control TCCAGATTACTTCCATTTCCGC GCTGGATGCCGACGCCCGTAT
(Spike in)

Genomic DNA TGGCTGCTGCCAGTGGCGAT GCCCGACCGCTGCGCCTTAT
control (NT

region)
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