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ABSTRACT Due to the rise of drug-resistant forms of tuberculosis, there is an ur-
gent need for novel antibiotics to effectively combat these cases and shorten treat-
ment regimens. Recently, drug screens using whole-cell analyses have been shown
to be successful. However, current high-throughput screens focus mostly on stricto
sensu life/death screening that give little qualitative information. In doing so, prom-
ising compound scaffolds or nonoptimized compounds that fail to reach inhibitory
concentrations are missed. To accelerate early tuberculosis (TB) drug discovery, we
performed RNA sequencing on Mycobacterium tuberculosis and Mycobacterium mari-
num to map the stress responses that follow upon exposure to subinhibitory con-
centrations of antibiotics with known targets, ciprofloxacin, ethambutol, isoniazid,
streptomycin, and rifampin. The resulting data set comprises the first overview of
transcriptional stress responses of mycobacteria to different antibiotics. We show
that antibiotics can be distinguished based on their specific transcriptional stress fin-
gerprint. Notably, this fingerprint was more distinctive in M. marinum. We decided
to use this to our advantage and continue with this model organism. A selection of
diverse antibiotic stress genes was used to construct stress reporters. In total, three
functional reporters were constructed to respond to DNA damage, cell wall damage,
and ribosomal inhibition. Subsequently, these reporter strains were used to screen a
small anti-TB compound library to predict the mode of action. In doing so, we iden-
tified the putative modes of action for three novel compounds, which confirms the
utility of our approach.
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Tuberculosis (TB) is caused by the human pathogen Mycobacterium tuberculosis.
Annually, 10 million new TB cases are reported worldwide, according to the WHO

(1). In total, 1.7 million people died of the consequences of TB infection in 2016, placing
M. tuberculosis at the top of the list of deadliest bacterial pathogens known to
humankind. Patients diagnosed with drug-susceptible forms of TB can be cured with a
6-month treatment regimen that includes four different drugs, i.e., pyrazinamide,
isoniazid, ethambutol, and rifampin (1). Treatment is complicated when M. tuberculosis
is resistant to one or more first-line anti-TB agents. These cases are classified as
multidrug-resistant TB (MDR-TB) or extensively drug-resistant TB (XDR-TB). As a result,
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the length of treatment is increased dramatically to 24 to 48 months (2, 3). Moreover,
these forms of TB require second- and/or third-line anti-TB drugs, which are generally
more prone to cause side effects due to drug toxicity (4). This toxicity leads to an
increase in adverse events and a concomitant decrease in patient compliance. As a
result, patients undergo intermittent treatment, which likely contributes to the increase
in observed drug resistance. Overall, this leads to an increase in the heterogeneity of
mycobacterial populations within patients (5, 6).

The identification of new anti-TB drugs has proven to be a challenge. One of the
reasons for this is the intrinsic resistance of M. tuberculosis to drug treatment. Myco-
bacteria possess a lipid-rich and thick cell wall containing very hydrophobic long-
chained fatty acids known as mycolic acids (7). In addition, the presence of effective
efflux pumps and a chromosomally encoded beta-lactamase also significantly reduce
the intracellular half-lives of compounds, and thus, drug activity (8). Despite these
difficulties, high-throughput screening (HTS) using a whole-cell assay can be successful
in the identification of compounds that inhibit growth of or kill the bacterium (9).
Examples of these are diarylquinolines (bedaquiline) and the more recently discovered
benzothiazinones (10, 11). However, compared to other didermic bacteria, the overall
hit rate is low, and specific chemical moieties are overrepresented, indicative of a
scaffold exhaustion within current life/death screenings. Moreover, there is no direct
insight into the mode of action (MoA) in HTS approaches, which requires the tedious
process of finding resistant mutants in a target which might not always reflect the MoA
accurately. Although it is the ultimate goal to find a strong and potent inhibitor of
mycobacterial growth, in reality, compounds or even compound scaffolds are likely far
from their optimal forms. This is usually due to suboptimal potency and/or affinity that
require optimization by directed chemical modification. Because chemical scaffolds
rarely reach their MICs, promising lead compounds might be missed in classical HTS
approaches. Moreover, compounds that synergize with current treatment or com-
pounds that potentiate treatment to existing antibiotics, like the recently discovered
SMARt-420 compound that reverses ethionamide resistance, could be missed (12).

Whole-cell-based screens with a different readout than life/death have already
proven to be successful in the identification of ESX-1 inhibitors which block the
virulence of this bacterium (13). A different approach to increase the sensitivity of an
HTS, and to acquire more qualitative information from screens, is to analyze the
induction of stress responses upon treatment with currently used antibiotics. So-called
reporter strains with fluorescent or bioluminescent reporters will allow screening for
new compounds which have a similar target or mode of action. An example of such a
system is the iniBAC operon, which is highly induced when antibiotics targeting
mycobacterial cell envelope biogenesis are applied. An iniBAC reporter has been used
by our group and other groups as a tool to swiftly obtain information on the possible
MoA of new potential drugs (14–16). To identify more candidate stress reporters, we
decided to map the bacterial stress responses that follow upon treatment with cur-
rently used antibiotics, with a defined MoA and target. Although individual data sets
have previously been reported, a complete overview is missing (17). To bridge this gap
in knowledge, we performed RNA sequencing on both M. marinum and M. tuberculosis
treated with the following first- and second-line antibiotics: ciprofloxacin, which inhibits
DNA unwinding; ethambutol and isoniazid, both which target the mycobacterial cell
wall; streptomycin, which inhibits ribosomes; and rifampin, which inhibits RNA poly-
merase. We show that M. marinum has a far more defined stress fingerprint upon
exposure to these antibiotics than M. tuberculosis and argue that this distinctive power
of M. marinum allows more clear-cut assays for quick MoA determination. We subse-
quently constructed stress reporters based on these data and confirmed the upregu-
lation found in our RNA sequencing data.

RESULTS
RNA sequencing reveals that M. tuberculosis and M. marinum overlap in SOS

response activation. To map the bacterial stress responses upon antibiotic treatment,

Boot et al. Antimicrobial Agents and Chemotherapy

July 2018 Volume 62 Issue 7 e00083-18 aac.asm.org 2

http://aac.asm.org


we decided to utilize RNA sequencing, a powerful and unbiased tool to map the
complete pool of mRNAs present at a certain time point. We chose to include M.
marinum, which is a well-established model for tuberculosis virulence research due to
its genetic similarity with M. tuberculosis (�85% nucleotide identity), its relative ease of
handling, and its relatively high growth rate compared with M. tuberculosis (18). We
used five different first-line antibiotics, ethambutol, isoniazid, pyrazinamide, rifampin,
streptomycin, and 1 second-line drug, the fluoroquinolone ciprofloxacin. Pyrazinamide
was excluded from the subsequent experiments, as activity was difficult to reproduce
in vitro. RNA was isolated at two different time points, i.e., at 4 h and 24 h after
exposure. As a control, the RNA of untreated cultures was isolated to serve as a
reference for differential gene expression. Before the isolation of RNA, we made sure
that the antibiotic concentrations that we used to treat the mycobacteria were not
bactericidal. We aimed at a concentration that caused a slight growth defect, as
determined by optical density (M. marinum, shown in Fig. S1). After RNA isolation, RNA
integrity numbers (RIN) were determined to be �9 for all samples. High reproducibility
between replicates was observed, as indicated in Fig. S2. Analysis comparing the
reproducibility between replicates was performed, and results are shown for M. tuber-
culosis (Fig. S2A) and for M. marinum (Fig. S2B). We also visualized the correlation for
untreated and ciprofloxacin-treated cells for M. tuberculosis (Fig. S3A) and M. marinum
(Fig. S3B). The highest overall correlation between untreated samples of M. tuberculosis
was 0.98. For ciprofloxacin, the correlation between samples was 0.97. In M. marinum,
these respective values are 0.95 and 0.96.

We decided to examine the reliability of our RNA sequencing data by comparing our
ciprofloxacin stress profile with previously published data on ciprofloxacin induction
and the SOS regulon members in M. tuberculosis (19, 20). In Fig. 1A, the expression
profiles of M. marinum and M. tuberculosis are compared with their respective untreated
controls 4 h after treatment. Only genes with an M. marinum orthologue were included
in the analysis. Generally, the concordance between the expression levels of M.
marinum and M. tuberculosis in response to ciprofloxacin and the concordance with
published members of the SOS response were high. In the study by Smollett et al., 23
genes were predicted to have binding sites for the major SOS response regulator LexA
in their promoter region (20). Although the presence of this binding site does not
predict upregulation or downregulation, we found differential expression in our RNA
sequencing for 21/22 of these genes in M. tuberculosis and for 17/18 of the predicted
orthologues in M. marinum. Moreover, we confirmed 13/16 of the upregulated genes
that were identified in the paper from O’Sullivan et al. for M. tuberculosis and upregu-
lation of 12/15 of the alleged orthologues for M. marinum (19). Minor differences can
be observed between M. marinum and M. tuberculosis at the 4-h time point. However,
the overlap between the two species further increased at the 24-h time point (Fig. 1B).
Based on these data, it is likely that it takes M. tuberculosis longer than M. marinum to
mount a stress response to ciprofloxacin. These different early time point responses
could be due to the difference in growth speeds between the two species. In conclu-
sion, we observe a strong correlation between previously identified SOS response
members and our RNA sequencing data set for both M. marinum and M. tuberculosis,
indicating that our analysis is reliable. Moreover, M. marinum shows a high resemblance
to M. tuberculosis in terms of SOS response activation upon antibiotic treatment,
supporting its use as a model system.

M. marinum mounts an antibiotic stress response specific for antibiotic sub-
classes. One of the open questions was whether mycobacteria mount a more general
stress response or if they activate specialized repair mechanisms to counteract a
specific type of damage (i.e., mistranslation or cell wall damage) caused by the
encountered antibiotic. The ciprofloxacin analysis indicated that known members of
the SOS response are induced, but it also showed notable differences between M.
marinum and M. tuberculosis. Possibly, these two strains respond differently to antibi-
otic stress. To visualize this, we looked at the overlap of the induced genes at 4 h and
24 h for both M. marinum and M. tuberculosis. Surprisingly, M. tuberculosis induced a
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large number of identical genes in response to antibiotics with very different cellular
targets, leading to a significant overlap in the observed transcriptional response (Fig.
2A). These genes include nonspecific, and more general, stress genes, like hspX, acr, and
hrp1. In contrast, M. marinum seems to mount a stress response that is highly specific
for the type of antibiotic used and thus for the type of damage, showing virtually no
overlap between the different antibiotics (Fig. 2B). This is also visible when the data are
sorted based on Gene Ontology (GO) groups. The results for 4 h after treatment and 24
h after treatment provide a very specific stress fingerprint (Fig. 3). For M. tuberculosis,
the Gene Ontology groups overlap more between antibiotics (Fig. S4). From these
combined data, we conclude that because of the specific transcriptional response to
antibiotics, M. marinum is a better organism to investigate the mode of action of new
antibiotics by stress reporters.

Constructing reporter strains based on the M. marinum antibiotic stress re-
sponses. Since M. marinum mounts a more rapid and specific stress response, we
decided to construct stress reporters based on the generated data set of M. marinum
in response to antibiotics. Genes were selected based on the induction levels for a
specific antibiotic, exclusively responding to that antibiotic, and also on the total RNA

FIG 1 RNA sequencing of M. tuberculosis and M. marinum reveals a clear induction of known SOS response genes after ciprofloxacin
treatment. Shown is a comparison of our ciprofloxacin stress profiles with previously published data on ciprofloxacin induction and the
SOS regulon members in M. tuberculosis (19, 20). (A) M. marinum and M. tuberculosis expression profiles (4 h after treatment) are compared
with their respective untreated controls. Red indicates upregulation, whereas green indicates downregulation. Color intensity indicates
relative higher upregulation and downregulation, respectively. (B) Same correlation as in panel A for the 24-h time point. Only genes that
have an orthologue in both species were selected based on the publications of Smollett et al. (20) and O’Sullivan et al. (19). The
concordance between the expression levels of M. marinum and M. tuberculosis in response to ciprofloxacin and the concordance with
published members of the SOS response were high.
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levels upon induction, to ensure that the promoter strength is strong enough to
produce ample levels of reporter proteins. For the response to the two antibiotics that
target cell envelope biogenesis, i.e., ethambutol (EMB) and isoniazid (INH), there was an
extensive overlap in response. Therefore, we decided to allow an overlap in induction
for these two antibiotics. Previous studies showed that the selected genes were not
expressed upon exposure to environmental stresses or host signals, like hypoxia,
starvation, or during macrophage infection (21–25). In total, we selected 10 genes and
cloned the promoter regions (Table S1) in front of a reporter gene encoding the green
fluorescent protein (GFP) variant mEos3.2 (26). The selected genes (Table S2) included
responders to rifampin (2 genes), ciprofloxacin (2 genes), streptomycin (3 genes), and
isoniazid (3 genes). Of these genes, only the following three produce proteins that have
been previously described in the literature: hflX, found to be upregulated by strepto-

FIG 2 There is overlap in up- and downregulated genes for both M. tuberculosis and M. marinum. Combined Venn diagrams
were made based on combined (4 and 24 h after treatment) transcriptional responses. (A) Number of genes for M. tuberculosis
that are upregulated (left) or downregulated (right). (B) Number of genes for M. marinum that are upregulated (left) or
downregulated (right). Colors indicate the antibiotic CIP (blue), EMB (brown), INH (red), RIF (green), and STR (yellow).
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mycin, is a GTPase gene that functions as a ribosome-binding protein in Escherichia coli
(27); eis, an acetyltransferase gene, was induced by streptomycin and was secreted
during macrophage infection (28); and the gene mmpR5, which encodes a regulator of
the efflux components MmpL5 and MmpS5, was previously found to be induced by
clofazimine and bedaquiline (29, 30). We included the previously published iniBAC
reporter for EMB/INH, which served as a positive control in the subsequent experimen-
tal procedures (15).

Flow cytometry confirms the functionality of INH-rep, STR-rep, and CIP-rep
stress reporters. In order to confirm that the stress reporters were functional, flow

FIG 3 M. marinum shows a specific stress fingerprint for each type of antibiotic. The stress fingerprint of M. marinum visualized per antibiotic for selected Gene
Ontology (GO) terms. The type of gene product that a gene encodes determines the GO term. The size of the dot reflects the P value (see key on the right).
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cytometry experiments were performed. In these assays, cultures were followed over
time, and fluorescence induction was measured after the addition of antibiotics. Of the
10 stress reporters, three reporters were found to have a reproducible upregulation
upon antibiotic exposure strong enough to be measured by flow cytometry (Fig. S5).
These constructs contained promoter regions from MMAR_1007 (250 bp from the 5=
end of the gene), MMAR_2946 (300 bp from the 5= end of the gene), and MMAR_4645
(1,000 bp from the 5= end of the gene). Here, we refer to the constructs containing
these promoters as INH-rep, STR-rep, and CIP-rep, respectively. (Details on the promoter
regions of these reporters can be found in Supplemental Data Set S1.) Although
marginally so, INH-rep responded to isoniazid treatment, as measured by flow cytom-
etry. When corrected for the untreated control, the INH-rep was upregulated 1.7-fold
(Fig. 4). Flow cytometry analysis of our STR-rep strain revealed that the reporter has
high background fluorescence. However, upon the addition of a sublethal concentra-
tion of streptomycin, there was a reproducible 3-fold induction 3 days after treatment
(Fig. 4). CIP-rep was the most highly induced reporter, with an upregulation of 34-fold
after 1 day of ciprofloxacin treatment. The reporter further induced to a maximum of
46-fold after 2 days (Fig. 4). The strain showed a low background signal and a clear
fluorescence induction after the addition of antibiotics. In conclusion, we managed to
construct functional stress reporters for ciprofloxacin-, isoniazid-, and streptomycin-
induced stresses in M. marinum experiments. However, because of the high dynamic
range and obvious potential of the CIP-rep, we decided to focus on this reporter.

Time-lapse imaging of our CIP-rep strain reveals two different induction phe-
notypes in response to ciprofloxacin. In addition to flow cytometry experiments, we
performed time-lapse microscopy on our CIP-rep strain to examine the induction
kinetics and address induction heterogeneity. Here, we followed fluorescence induction
over time before treatment (16 h), during treatment with 1� the MIC of ciprofloxacin
(30 h), and in recovery from treatment (24 h) (Movie S1). Stills of the induction
experiment can be found in Fig. S6. Our previously constructed iniBAC reporter was
taken along as a positive control and showed a clear fluorescence induction in the
system (Movie S2).

Quantification of the fluorescence induction for single CIP-rep cells was performed
for both ciprofloxacin-tolerant cells and drug-susceptible cells. A cell was classified as
ciprofloxacin tolerant if it either resumed growth during the recovery period or
produced at least one daughter cell that resumed growth. Both tolerant and suscep-
tible cells showed an average increase in fluorescence intensity over the course of
treatment (see thick blue and orange lines for averages in Fig. 5A). However, we
observed that cells with a strong induction pattern (as early as 20 h into the treatment
window; Fig. 5B; P � 0.05 by rank sum) are susceptible, whereas cells with a moderate
induction were either susceptible or tolerant. We also observed that tolerant cells

FIG 4 Three separate reporters for DNA damage caused by ciprofloxacin, inhibition of protein translation
by streptomycin, and cell wall damage by isoniazid are functional. Cultures of CIP-rep (MMAR_4645
promoter construct, black), STR-rep (MMAR_2946 promoter construct, orange), and INH-rep (MMAR_1007
promoter construct, red) cultures were monitored for fluorescence induction over time compared to their
untreated counterparts. The fold inductions were calculated relative to the corresponding untreated
parent reporter strain culture (MFI treated divided by MFI untreated). Experiments were performed in
triplicate. Standard deviations are indicated with the error bars.
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continue to induce reporter expression well into the recovery period (Fig. 5A). In
conclusion, the reporter for ciprofloxacin shows a high induction phenotype during
batch culture, as well as during single-cell time-lapse experiments. These single-cell
data suggest that drug-tolerant and drug-susceptible cells exhibit distinct induction
dynamics.

CIP-rep is a functional stress reporter in RAW macrophages. The next step in the
characterization of the stress reporters was to monitor induction in vitro in a cell
infection assay. For this analysis, RAW macrophages were used to test the most
promising reporter strains. From a preliminary infection experiment, we concluded that
CIP-rep seemed to be induced in RAW macrophages 2 days postinfection and post-
treatment with ciprofloxacin (Fig. S7A). However, both the INH-rep and STR-rep report-
ers did not show a distinguishable induction in a comparison of treated and untreated
samples compared to our iniBAC control (Fig. S7B to D). Therefore, we decided to
continue with the CIP-rep strain to quantify the response of the stress marker during
cell infection to ciprofloxacin on days 1, 2, and 3 posttreatment. Thus, we infected RAW
macrophages with the CIP-rep strain and added 0.5� the MIC and 1� the MIC of
ciprofloxacin directly after infection. The iniBAC reporter was taken along as a positive
control, and 1� the MIC of EMB was added as an inducing agent (15). After infection,
the RAW macrophages were stained with a fluorescent dye that can enter permeabil-
ized cells to distinguish viable and nonviable cells. As a control, we stained uninfected
macrophages with the viability marker (Fig. 6A). The gating strategies for RAW cell
infection with the CIP-rep strain can be found in Fig. S8A. We quantified the fluores-
cence induction of the CIP-rep strain during infection by calculating the geometric
mean fluorescence intensity (gMFI) of viable mEos-positive RAW cells. These are the
cells that fall into the lower-right quadrant (Q3) of our flow cytometry plots. We
corrected the gMFI for the fraction of cells that were found in Q3 as a proportion of the
whole population, calculated by the MFI of cells in Q3/MFI of total cells. These numbers
were calculated for untreated (Fig. 6B) versus ciprofloxacin-treated samples (Fig. 6C).
Figure 6C shows that upon ciprofloxacin treatment, the cell population becomes more
mEos3.2 positive than the untreated sample. In Fig. 6D, the gMFIs for Q3 are depicted
in a graph for a triplicate of samples per time point and condition. There is a clear
induction visible starting from day 2 onwards for both 0.5� the MIC (light-gray bar) and
1� the MIC (dark-gray bar) of ciprofloxacin in ciprofloxacin-treated infected RAW
macrophages. This induction increased further on day 3. Moreover, our iniBAC reporter

FIG 5 Time-lapse microscopy on the CIP-rep strain reveals two different induction phenotypes. A
pretreatment phase (16 h) was followed by a treatment phase with 1� the MIC ciprofloxacin (30 h) and
subsequent recovery (24 h). (A) Average fluorescence intensities of single cells are plotted. The gray
shaded area indicates the treatment phase. A separation between drug-tolerant (blue lines) and
drug-susceptible (orange lines) populations was made. A cell was classified as ciprofloxacin tolerant if it
either resumed growth during the recovery period or produced at least one daughter cell that resumed
growth. The thick blue and orange lines indicate population averages. (B) Violin plots showing the
fluorescent fold intensity changes of tolerant cells compared with susceptible cells 20 h into drug
treatment. Each dot indicates one cell. The crosses indicate the mean and standard deviation. a.u.,
arbitrary unit.
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also showed a steady increase in fluorescence during RAW macrophage infection after
treatment with EMB (Fig. S8B). This is in line with our previously published results for
the iniBAC reporter when we performed similar induction studies in THP-1 macrophage
and carp leukocyte cell (CLC) infection models (15). In conclusion, our ciprofloxacin
reporter shows a clear induction after treatment during cell infection studies.

Screening a compound library with 196 antimycobacterial compounds. To
provide proof of concept that the developed stress reporters can be used to accelerate
drug discovery by identifying the MoA hit compounds, we tested a library of antimy-
cobacterial compounds against two of our reporter strains. This library was a selection
of compounds that showed activity against Mycobacterium bovis BCG and that were
identified in two separate high-throughput screens from a library of over 2 million
compounds (9, 31). Since the library was only tested against M. bovis BCG, we first
tested the 196 compounds against M. marinum at three concentrations, 10 �M, 1 �M,
and 0.1 �M. The cells were allowed to grow for 5 days before resazurin reduction was
used to assess M. marinum cell viability, measured on day 6. At a concentration of 10
�M, 44% (87/196) of the compounds reached their MIC90 (Supplemental Data Set S2).
As a reference, we performed the same experiment with M. tuberculosis H37Rv. We
found that 38% (75/196) of the compounds reached the MIC90 after 7 days of incuba-
tion in our setup. Although the number of active compounds is significantly lower than

FIG 6 CIP-rep is functional in RAW macrophages. Fluorescence intensities of the CIP-rep were analyzed
in a RAW macrophage cell infection model over 3 days of infection. All cells were stained with a viability
marker (on y axis in a.u.). (A) Uninfected RAW macrophages were used as a control and show no mEos3.2
positivity; only 50 events were found in Q3 (x axis). (B) Untreated RAW cells, 3 days after infection with
the CIP-rep strain (Q3, 6,590 events). (C) A clear shift in mEos3.2 positivity can be seen when RAW
macrophages are treated with ciprofloxacin, 3 days after infection and treatment (Q3, 10,314 events). (D)
Quantification of all days of the RAW cell infection with the CIP-rep strain. Over time, a clear fluorescence
induction as a result of ciprofloxacin treatment can be seen. On day 3, both 0.5� the MIC (0.5 �g/ml) and
1� the MIC (1 �g/ml) of ciprofloxacin show a clear mEos 3.2 signal. Error bars represent the standard
deviation (SD). Each bar represents three independent samples.
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that with the original analysis against M. bovis BCG, the results obtained for M. marinum
and M. tuberculosis are comparable, again confirming the suitability of M. marinum as
a model for M. tuberculosis. Next, we tested the complete set of compounds on our
reporter strains, including the compounds that did not show antimicrobial activity at 10
�M in our first assay. In the initial screening, using a fluorescence plate reader, we
found one compound that induced CIP-rep and six compounds that induced iniBAC.
Upon retesting the compounds that induced the iniBAC reporter, we found the
following two reproducible hits: GSK3011724A induced iniBAC at 1 �M and 2 �M, and
GW623128X induced iniBAC at 5 �M and 10 �M (Fig. 7A). Interestingly, when we
compared stress induction below the MIC, we noticed that compound GW623128X did
induce the iniBAC reporter but did not affect the growth of M. marinum at these
concentrations. Apparently, this compound is already inducing the iniBAC stress system
at levels of compound that are significantly below the MIC value. Compound
GSK3011724A behaved more as expected, as it induced the iniBAC reporter at lower
concentrations (1.25 and 2.5 �M) and showed growth inhibition at a concentration of
5 �M (Fig. 7B).

Compound GSK1519001B induced the CIP-rep close the limit of detection of our
96-well reporter assay using a plate reader. Therefore, we decided to retest this
compound in a small culture and measure the induction with flow cytometry. We
confirmed that the compound induced the stress reporter about 6-fold on day 3 at 10
�M (Fig. 8). We subsequently tested three different concentrations (0.1 �M, 1 �M, and
10 �M) and observed a dose-dependent induction of CIP-rep over time, to a maximum
induction of 2-fold at 1 �M and 6-fold at 10 �M. In summary, we found two compounds
that induce the iniBAC reporter and might therefore target mycobacterial cell wall, as well
as one compound that potentially inhibits mycobacterial growth by targeting DNA repli-
cation, similar to ciprofloxacin. We showed that our developed stress reporter assay has the
potential to identify antimycobacterial compounds with their corresponding MoA.

DISCUSSION

In this study, the first comprehensive transcriptional data set is presented for both
M. marinum and M. tuberculosis in response to clinically relevant antibiotics. We found

FIG 7 Two compounds show induction of the iniBAC reporter. In total, six compounds were selected for
additional induction experiments in a concentration range from 0.1 to 10 �M. The names of the
compounds can be found in the key. (A) The fold induction of the iniBAC reporter for the 6 tested
compounds. Fold induction was calculated by dividing the mean fluorescence intensity (MFI) of the
treated sample by the MFI of untreated controls (B) The bacterial viability for the range of concentrations
that were used. The viability was determined by a resazurin viability assay. The percentages indicate the
fraction of fluorescence compared to growth controls.
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that, in general, M. tuberculosis mounts a less specific stress response than M. marinum.
We found that M. marinum displays a clear stress fingerprint in response to treatment,
compared to M. tuberculosis. This fingerprint is unique for each type of damage caused
by the antibiotic that was used.

In this study, we found a major transcriptional overlap in the responses of M.
marinum and M. tuberculosis to ciprofloxacin (Fig. 2), although some genes that were
already upregulated at 4 h for M. marinum showed a delayed induction in M. tubercu-
losis. These temporal differences could be explained by the differences in division times
for the two species, i.e., the slow-growing M. marinum has a relatively short generation
time of 4 to 6 h, compared to a generation time of approximately 20 to 24 h for M.
tuberculosis. This growth difference perhaps also explains the more general stress
response that is observed in M. tuberculosis, as opposed to a more specific stress
fingerprint in M. marinum.

Remarkably, we do not observe any specific genes to be upregulated for the EMB
samples in M. marinum. Only three genes (the iniBAC genes) are significantly upregu-
lated, but these are also found for INH. For M. tuberculosis, we do see differential
expression of EMB-specific genes (23 genes upregulated). The orthologous genes
(20/23) of these in M. marinum do not show this upregulation. The lack of EMB-induced
genes in M. marinum may be explained by the fact that EMB causes an early onset of
the bacteriostatic effect that rapidly halts transcription and possibly degrades mRNA
pools. However, another explanation might be that the concentration of EMB that we
used was too low. As a result, the stress levels might have been insufficient to cause
significant transcriptional changes, even though the iniBAC system was induced.

In our study, we describe three newly identified functional stress reporters that
respond to DNA damage caused by ciprofloxacin, inhibition of protein translation by
streptomycin, and cell wall damage by isoniazid. The promoters are those of genes
MMAR_4645, MMAR_2946, and MMAR_1007, respectively. The most promising reporter
is CIP-rep, based on the MMAR_4645 promoter. The MMAR_4645 gene is annotated as
a conserved cytosolic protein. Its homologue in M. tuberculosis, Rv0887c, is regulated by
the gene product of Rv3249c. The gene is not predicted to be regulated by the SOS
regulon and seems to be a novel and unidentified player in the stress response to
ciprofloxacin. Structural and homology predictions (Phyre 2) show that the gene likely
encodes a glyoxalase (32). It would be interesting to see if MMAR_4645 directly
responds to DNA damage or to the downstream consequences of ciprofloxacin treat-
ment (e.g., radical formation). The CIP-rep is an excellent tool to study this and also to
probe the genetic network revolving around this gene. The H37Rv homologue of

FIG 8 Compound GSK1519001B induces the ciprofloxacin reporter in a dose-dependent manner. Cultures
were treated with 0.1 �M, 1 �M, or 10 �M compound GSK1519001B and compared to an untreated culture
of the CIP-rep strain to compare fluorescence intensities (fluorescence intensity of mEos3.2). (A) A flow
cytometry histogram of 30,000 gated cells per condition comparing untreated (black) to a culture treated with
1 �M or 10 �M compound. There is a concentration-dependent shift of the peak. (B) Fold induction over time
of the three different concentrations. Fold induction was calculated by dividing the mean fluorescence
intensity (MFI) of the treated sample by the MFI of untreated controls. Error bars indicate standard deviations.
The experiments were performed in triplicate. d1, day 1; d2, day 2; d3, day 3.

Mycobacterial Indicator Strains Predict Mode of Action Antimicrobial Agents and Chemotherapy

July 2018 Volume 62 Issue 7 e00083-18 aac.asm.org 11

http://aac.asm.org


MMAR_1007, Rv0678, encodes the transcriptional regulator MmpR5. MmpR5 regulates
the efflux complex Mmps5-MmpL5 (33). Mutations in the mmpR5 promoter have been
associated with increased clofazimine and bedaquiline resistance in mycobacteria (29,
30, 34). However, a role in isoniazid resistance has not been reported previously.
MMAR_2946 encodes a short protein of unknown function that is not conserved in M.
tuberculosis but can be found in Mycobacterium kansasii, Mycobacterium abscessus,
Nocardia spp., and Streptomyces spp. (NCBI Protein BLAST). Phyre2 predictions do not
reveal clear indications as to the function of the MMAR_2946 protein (32). In M.
marinum, the MMAR_2946 gene is highly and specifically expressed upon the addition
of streptomycin, making it a promising tool to study ribosomal inhibition in M.
marinum.

We found that the reporters work well in bacterial culture, but in our microtiter plate
assays, only CIP-rep and iniBAC could be used as functional reporters to predict the
MoA of new antimycobacterial compounds. Upon screening a small compound anti-TB
drug library of 196 compounds, we identified two compound hits with our iniBAC
reporter, GSK3011724A and GW623128X. Both compounds have been described pre-
viously. GSK3011724A targets KasA, an enzyme required for the synthesis of long-chain
fatty acids (35), whereas GW623128X is a compound that was shown to be effective in
both cultured M. tuberculosis and in macrophage infection. The GW623128X compound
is structurally related to compounds that inhibit MmpL3 (36–38). It would make sense
that we find MmpL3 inhibitors with our iniBAC reporter, as it has previously been
demonstrated by Degiacomi et al. that a knockdown model of mmpL3 showed in-
creased iniBAC transcripts (39). In addition to these two compounds, upon retesting, we
found one alleged compound hit for our CIP-rep strain with flow cytometry. The
compound, GSK1519001B, induces the reporter in a dose-dependent manner. There-
fore, we predict that this compound will (indirectly) induce DNA damage in mycobac-
teria.

Only a subset of selected stress reporters was functional (3 out of 10). One expla-
nation for this relatively low success rate is that we did not include both activating and
repressing regulatory elements in our cloning strategy. Therefore, it is possible that
there is no transcription of the fluorescent reporter due to repression or a lack of
transcriptional activation. Finally, we also produced reporters that were designed to
respond to rifampin and streptomycin, antibiotics that inhibit transcriptional inhibition
and ribosomal inhibition, respectively. Therefore, the production of a stress reporter for
these antibiotics is probably highly precarious, as gene transcription and translation are
required for reporter synthesis.

In summary, we present a large RNA sequencing data set that includes the re-
sponses to sublethal amounts of the currently used anti-TB drugs. With this, we hope
to provide the TB community insights into the bacterial stress responses that follow on
treatment, as well as tools to aid MoA identification to speed up TB drug discovery.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culturing conditions. Constructed plasmids were propagated in E.

coli HST08 (Clontech). E. coli cultures were inoculated in standard LB and incubated at 37°C with the
addition of hygromycin (50 �g/ml). M. marinum wild-type MUSA, as described by Abdallah et al. (40), was
used for all the M. marinum experiments and grown at 30°C. M. tuberculosis mc26020 was used for RNA
isolation, and this strain was routinely grown at 37°C (41) M. tuberculosis H37Rv was used in the resazurin
plate assay. Mycobacterial cultures were grown in Middlebrook 7H9 supplemented with Middlebrook
albumin-dextrose-catalase (ADC) and 0.05% Tween 80. Both mycobacterial cultures and plates were
grown at 30°C. The MICs used for RNA isolation experiments and flow cytometry experiments were 1
�g/ml for ciprofloxacin, 1 �g/ml for ethambutol, 10 �g/ml for isoniazid, 2 �g/ml for streptomycin, and
1 �g/ml for rifampin for M. marinum (all purchased from Sigma). For M. tuberculosis, these values were
0.5 �g/ml for ciprofloxacin, 1 �g/ml for ethambutol, 0.05 �g/ml for isoniazid, 0.5 �g/ml for streptomycin,
0.25 �g/ml for rifampin, and 50 �g/ml for pyrazinamide. RAW264.7 mouse macrophages were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (Gibco) and GlutaMAX
(Gibco). RAW cells were grown in 37°C with 5% CO2.

RNA preparation for Illumina sequencing. RNA isolation was performed with a NucleoSpin RNA kit
(Macherey-Nagel). In total, 25 optical density (OD) units were spun down and used for isolation per
sample. RNA was isolated from a biological triplicate of cultures. There was one deviation to the first step
of the protocol with regard to lysis of the mycobacterial cell wall. Cells were disrupted by 0.1-mm
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zirconium beads in 500 �l buffer RA1 and 5 �l �-mercaptoethanol for 1 min. Subsequent steps were
performed according to the protocol provided by the manufacturer. After RNA isolation, RNA concen-
trations were measured. RNA integrity numbers (RIN) were determined with a Bioanalyzer 2100 Expert
machine (Agilent). The RIN value was measured for one sample per triplicate. All RIN values were �9. As
rRNA comprises the vast majority of the extracted RNA population, depletion of these molecules through
RiboMinus-based rRNA depletion was used in efforts to increase the coverage of mRNA and to reduce
rRNA reads. For this mRNA enrichment, the Invitrogen RiboMinus prokaryotic kit was used according to
the manufacturer’s instructions. Briefly, 2 �g of total RNA samples was hybridized with prokaryotic rRNA
sequence-specific 5=-biotin-labeled oligonucleotide probes to selectively deplete large rRNA molecules
from the total RNA. Then, these rRNA-hybridized biotinylated probes were removed from the sample
with streptavidin-coated magnetic beads. The resulting RNA sample was concentrated using the
RiboMinus concentrate module, according to the manufacturer’s protocol. The final RiboMinus RNA
sample was subjected to thermal mRNA fragmentation using the Elute, Prime, Fragment mix from the
Illumina TruSeq RNA sample preparation kit version 2 (low-throughput protocol). The fragmented mRNA
samples were subjected to cDNA synthesis using the Illumina TruSeq RNA sample preparation kit
(low-throughput protocol), according to the manufacturer’s protocol. Briefly, cDNA was synthesized from
enriched and fragmented RNA using SuperScript III reverse transcriptase (Invitrogen) and SRA RT primer
(Illumina). The cDNA was further converted into double-stranded DNA (dsDNA) using the reagents
supplied in the kit, and the resulting dsDNA was used for library preparation. To this end, cDNA
fragments were end-repaired and phosphorylated, followed by adenylation of 3= ends and adapter
ligation. Twelve cycles of PCR amplification were then performed, and the library was finally purified with
AMPure beads (Beckman Coulter), as per the manufacturer’s instructions. A small aliquot (1 �l) was
analyzed on the Invitrogen Qubit fluorometer and Agilent Bioanalyzer. The barcoded cDNA libraries were
pooled in equal concentrations in one pool before sequencing on the Illumina HiSeq 2000 platform using
the TruSeq SR cluster generation kit version 3 and TruSeq SBS kit version 3. Data were processed with
the Illumina Pipeline software version 1.82.

Analysis of RNA sequencing data. Sequencing read quality was assessed using the FastQC tool.
Trimming of Illumina adapter sequences and low-quality reads was done using Trimmomatic (version
0.33), and reads were assessed again for quality (42). Quality-trimmed read sequences were mapped to
M. tuberculosis H37Rv and M. marinum MUSA reference genomes using BWA (18, 43, 44). Gene expression
estimates were made as raw read counts using the Python script ‘HTSeq-count’ (model type – union).
Count data were converted to counts per million (cpm), and genes were filtered if they failed to achieve
a value of 1 cpm in at least 30% of the libraries per condition. Normalization of raw read counts and
differential expression analysis were performed using DeSeq2 (45). Genes with a fold change of �2 and
false-discovery rate (FDR) of �0.05 were considered to be differentially expressed. M. tuberculosis and M.
marinum Gene Ontology terms were downloaded from the UniProt Gene Ontology annotation database
(https://www.ebi.ac.uk/GOA). Gene Ontology enrichment analysis was performed on differentially ex-
pressed genes using the GOstats R package (46). Comparisons of differentially expressed genes under
different conditions and visualization were carried out using an online tool (http://bioinformatics.psb
.ugent.be/webtools/Venn/).

Construction of reporter plasmids. The primers that were used to amplify the promoter regions
from M. marinum MUSA genomic DNA (gDNA) can be found in Table S1. For all 10 created stress reporters,
the promoter region was amplified with primers that contained a 15-bp overlap with the target vector.
The iProof 2� master mix (Bio-Rad) was used for PCR. The PCR products were loaded on a gel and
purified. The target vector, pSMT3-iniB4-mEos3.2 (15), was digested with XbaI and BamHI, loaded on a
gel, excised, and gel purified. The In-Fusion kit (Clontech) was used according to the manufacturer’s
protocol to ligate the obtained promoter regions into the target vector. Plasmids were transformed by
heat shock to E. coli, and plasmids were isolated and digested to control for the correct insert. All
obtained stress reporter sequences were confirmed by sequencing of the appropriate region (Macrogen).

Flow cytometry analysis. Fluorescence induction of the reporter strains in culture was assessed on
a BD Accuri C6 flow cytometer from BD Biosciences. For these experiments, the M. marinum reporter
strains were grown at 30°C in 7H9 to logarithmic-growth phase and diluted to an OD of 0.2. Antibiotics
were added where indicated at 1� the MIC, as previously indicated. At the indicated time intervals or
time points, 1 ml of culture was spun down, washed, and resuspended in phosphate-buffered saline
(PBS) plus 0.05% Tween 80. Flow cytometry analysis was performed with a 488-nm laser and 530/30-nm
filter for mEos3.2. Per sample, 30,000 gated events were analyzed per time point, and data were analyzed
and visualized using the BD CFlow software and GraphPad Prism 6. Fold inductions were calculated
routinely by dividing the mean fluorescence intensity (MFI) of the treated samples by the MFI of the
untreated controls.

Time-lapse microscopy on reporter strains. The M. marinum stress reporter strains were cultured
and loaded into custom microfluidic devices, thus enabling a constant flow of fresh medium and control
of antibiotic treatment, as described previously (47–49). Time-lapse images were acquired every 40 min
for a duration of 70 h using a widefield DeltaVision PersonalDV system (Applied Precision) with a
hardware-based autofocus. During imaging, the cells were grown 16 h in the absence of antibiotics and
then treated with antibiotics for 30 h in the presence of 1 �g/ml ciprofloxacin for the CIP-rep or 10 �g/ml
isoniazid for iniB reporter strain, respectively. Following treatment, antibiotic-free medium was flowed
through the devices for 24 h to allow cells to recover. Images were annotated using FIJI, ObjectJ, and
custom MATLAB softwares. Violin plots were produced using the distributionPlot function by Jonas Dorn.

RAW cell infection assay. For RAW cell infection, 1 � 105 cells per well were seeded in 12-wells
(Corning) and grown for 24 h to a confluence of 80% at 37°C. The M. marinum iniBAC and CIP-rep
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(MMAR_4645) reporter strains were grown at 30°C to an optical density at 600 nm (OD600) of 0.8 to 1 and
washed in DMEM plus 10% fetal bovine serum (FBS) prior to infection. Bacterial cells were subsequently
added at a multiplicity of infection of 2. RAW cells were incubated at 33°C. After 3 h, extracellular
mycobacteria were removed by washing 3 times with PBS. Amikacin (Sigma) was added to a concen-
tration of 200 �g/ml for 3 h to kill any remaining extracellular mycobacterial cells. Cell were then washed
thrice with PBS, and the indicated antibiotics were added at their appropriate concentration and
incubated at 33°C. This point was considered time point 0 h, and cells were subsequently harvested at
0, 24, 48, and 72 hours postinfection (hpi). Infected RAW cells were harvested by the addition of Accutase
(Stemcell Technologies). Cells were then washed with PBS and resuspended in PBS with 0.5% bovine
serum albumin. Subsequently, samples were stained with eFluor 780 viability dye (eBioscience) for 30
min on ice. After the staining procedure, cells were washed thrice with PBS and fixated for 24 h with 2%
paraformaldehyde (PFA). After 24 h, the PFA was removed, and cells were washed three times with PBS
and resuspended in PBS before flow cytometry analysis. A heat-killed RAW cell sample was taken along
as a positive control for the viability dye, and uninfected RAW cells were used to gate in RAW cell
populations. Samples were acquired on a CyAn advanced digital processing (ADP) flow cytometer
(Beckman Coulter) equipped with a 488 nm laser and 530/40 nm, 545 nm data loss prevention (DLP) filter
for mEos3.2 detection and a 640 nm laser and 750 nm DLP filter for eFluor 780 nm fixable viability dye
detection. To determine the level of fluorescence in response to antibiotic treatment, the mEos3.2
geometric mean fluorescence intensity (gMFI) of live mEos-positive cells (in quadrant 3 [Q3]) was
multiplied by the proportion of the Q3 cell population ([cells in Q3]/[total cells]). The infection experi-
ment was performed in triplicate.

Microtiter plate reporter assays and resazurin microtiter plate assay. The reporter strains of M.
marinum (Table S2) and WT M. tuberculosis H37Rv were grown in Middlebrook 7H9 medium (Difco)
supplemented with 10% ADS (0.5% albumin, 0.2% glucose, 0.085% NaCl), 0.2% glycerol, and 0.05%
Tween 80 to mid-logarithmic phase and harvested by centrifugation. The cells were washed with 120 mM
NaCl and 0.02% tyloxapol and filtered (pore size, 5 �m) to remove cell aggregates. The OD600 was
adjusted to 0.002, and 100 �l of the cell suspension was added to wells of a 96-well plate containing 100
�l of medium with screening compound at 2-fold the final screening concentration. The lids of the plates
were sealed with tape, and the plates were incubated under static conditions for 5 days at 30°C for M.
marinum and 7 days at 37°C for M. tuberculosis. The fluorescence of the stress reporters was determined
using a plate reader (BioTek; 485 nm excitation, 528 nm emission, bottom-reading mode). Control wells
contained cells and dimethyl sulfoxide (DMSO) as a negative control or EMB and INH at 1� the MIC as
a positive control. The positive controls consistently showed a �2-fold increased fluorescence compared
to wells containing only DMSO. A tested compound was characterized as a hit when the fluorescence at
the tested concentration was higher than the average fluorescence of all test wells by 3-fold the standard
deviation of the positive-control wells. Afterward, the bacterial viability was determined using the
resazurin microtiter assay (REMA). To each well, 25 �l of development solution (200 �M resazurin, 10%
Tween 80) was added, and the plates were incubated overnight at 30°C for M. marinum or 37°C for M.
tuberculosis. The fluorescence was determined using a plate reader (BioTek; 560 nm excitation, 590 nm
emission, bottom-reading mode). Percent viability was defined as (test well fluorescence units [FU]/mean
FU of triplicate drug-free wells) � 100. The lowest drug concentration inhibiting viability by �90% was
considered the MIC.

Accession number(s). The RNA sequencing data can be found under the GEO accession number
GSE107884.
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