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ABSTRACT

The physiological role of mono-ADP-ribosyl transferase (Arr) of Mycobacterium smegmatis, which inactivates
rifampicin, remains unclear. An earlier study reported increased expression of arr during oxidative stress and
DNA damage. This suggested a role for Arr in the oxidative status of the cell and its associated effect on DNA
damage. Since reactive oxygen species (ROS) influence oxidative status, we investigated whether Arr affected
ROS levels in M. smegmatis. Significantly elevated levels of superoxide and hydroxyl radical were found in the
mid-log phase (MLP) cultures of the arr knockout strain (arr-KO) as compared those in the wild-type strain (WT).
Complementation of arr-KO with expression from genomically integrated arr under its native promoter restored
the levels of ROS equivalent to that in WT. Due to the inherently high ROS levels in the actively growing arr-KO,
rifampicin resisters with rpoB mutations could be selected at 0 hr of exposure itself against rifampicin, unlike in
the WT where the resisters emerged at 12 hr of rifampicin exposure. Microarray analysis of the actively growing
cultures of arr-KO revealed significantly high levels of expression of genes from succinate dehydrogenase I and
NADH dehydrogenase I operons, which would have contributed to the increased superoxide levels. In parallel,
expression of specific DNA repair genes was significantly decreased, favouring retention of the mutations
inflicted by the ROS. Expression of several metabolic pathway genes also was significantly altered. These ob-
servations revealed that Arr was required for maintaining a gene expression profile that would provide optimum
levels of ROS and DNA repair system in the actively growing M. smegmatis.

1. Introduction

antibiotics through such covalent modifications forms one of the sur-
vival strategies of bacteria in the presence of antibiotics. From bacteria

Bacteria of diverse genera are known to inactivate antibiotics
through covalent modifications (Davies, 1994; De Pascale and Wright,
2010; Munita and Arias, 2016; Peterson and Kaur, 2018; Egorov et al.,
2018). The commonly found covalent modifications are
mono-ADP-ribosylation, nucleotidylation, thiol transfer, acylation,
phosphorylation, and glycosylation (Egorov et al., 2018). Inactivation of

to humans, mono-ADP-ribosylation activity, which is encoded by
mono-ADP-ribosyltransferase, is involved in multiple physiological
processes (Aravind et al., 2015; Liischer et al., 2018; Cohen and Chang,
2018). These include DNA damage repair, replication, transcription, cell
division, signal transduction, responses to stress and infection, patho-
genicity, and aging (Palazzo et al., 2017).

Abbreviations: ROS, Reactive Oxygen Species; arr-KO, arr knockout; WT, wild type; CFU, Colony Forming Unit; LB, Luria-Bertani; MLP, Mid-log phase; AES, Allelic
Exchange Substrates; OD, Optical Density; HPF, 3’-(p-Hydroxyphenyl) Fluorescein; DTPA, Diethylene Triamine Pentaacetic Acid; PBS, Phosphate Buffered Saline;
GFP, Green Fluorescence Protein; EPR, Electron Paramagnetic Resonance; DMPO, 5,5-Dimethyl-1-Pyrroline N-Oxide; MBC, Minimum Bactericidal Concentration;
RRDR, Rifampicin Resistance Determining Region; VC, Vector Control; MSMEG, Mycobacterium smegmatis; ABC transporter, ATP-Binding Cassette Transporter;
DAVID database, Database for Annotation, Visualization and Integrated Discovery; cAMP, Cyclic Adenosine Mono Phosphate; ETC, Electron Transport Complex.
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Mycobacterium smegmatis arr gene-encoded product, mono-ADP-
ribosyl transferase, inactivates rifampicin through covalent modifica-
tion (Quan et al., 1999). This gene, which is absent in the pathogenic
Mycobacterium tuberculosis, is the major contributor to the tolerance of
M. smegmatis to rifampicin. The presence of arr orthologues, in other
non-pathogenic and pathogenic bacteria, also confer equally efficient
rifampicin-resistance/tolerance (Tanaka et al., 1996; Anderson et al.,
1997). An earlier study showed that the catalytic activities of
M. smegmatis Arr were required to regulate a group of DNA damage
responsive genes (Stallings et al., 2011). It also showed that the
M. smegmatis arr transcription was responsive to DNA damage and
oxidative stress and that the non-catalytic part of M. smegmatis Arr could
bring about the suppression of a set of ribosomal proteins and rRNA as
well (Stallings et al., 2011).

Since reactive oxygen species (ROS) cause DNA damage (Cooke
et al., 2003; Sakai et al., 2006; Cadet and Wagner, 2014) and Arr was
reported to be involved in DNA damage response (Stallings et al., 2011),
we suspected a link between Arr and ROS levels. Therefore, in the pre-
sent study, we compared the levels of hydroxyl radical and superoxide
between the MLP cultures of the arr knockout strain (arr-KO) and the
wild-type strain (WT). Since high levels of ROS get generated against

(In 2) X (t2-t1)
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2.3. Construction of arr-KO complemented with genome-integrated Msm
arr

Genome integration vector, pMV306 (Stover et al., 1991; Table S1),
was used for the integration of Msm-arr into arr-KO genome for the
complementation of arr-KO with single copy of arr under its own pro-
moter (Table S2 for the primers used). The vector control (pMV306)
complemented arr-KO also was prepared similarly. The details of these
vector constructions were given under Supplementary Materials and
Methods.

2.4. Growth characterisation of the M. smegmatis arr-KO and WT

Cultures of the M. smegmatis WT and arr-KO were started with 1%
inoculum in rifampicin-free Middlebrook 7H9 broth that was examined
for their ODggp nm once every 3 hrs using UV-1800 UV-VIS Spectro-
photometer (Shimadzu). From the log phase of the respective growth
curves of M. smegmatis WT and arr-KO, the mass doubling time was
calculated. Two points from the log phase were selected and the
doubling time was calculated as follows (Widdel, 2007):

(In OD2- In OD1)
Or

0.693 X (to-t1)

2.303 X (log1o OD2- log1o OD+)

some antibiotics in bacteria of diverse genera (Kohanski et al., 2007;
Piccaro et al., 2014; Sebastian et al., 2017; Hoeksema et al., 2018;
Swaminath et al., 2020), we examined the response of the two strains to
rifampicin upon prolonged exposure.

2. Materials and Methods
2.1. Bacterial strains and culture conditions

M. smegmatis (Snapper et al., 1990) wild-type (WT) and arr knockout
strains (arr-KO) (Table S1) were cultured in Middlebrook 7H9 broth
(Difco) supplemented with 0.2% glycerol and 0.05% Tween 80 at 37°C,
170 rpm, to mid-log phase (MLP) (ODgog nm ~0.6). The colony-forming
units (CFUs) were determined on Middlebrook 7H10 agar plates.
Staphylococcus aureus ATCC 25923 (Table S1), which was cultured in
Luria-Bertani (LB) broth, was used to determine rifampicin concentra-
tion in the culture medium using rifampicin bioassay. Escherichia coli
JC10289, GM159, and JM109 (Table S1), cultured in LB broth, were
used for the propagation of the plasmids used for the generation of
arr-KO and its complemented strains.

2.2. Generation of M. smegmatis arr knockout mutant (Msm arr-KO)

The knockout mutant (arr-KO) of M. smegmatis arr (MSMEG_1221)
was generated using allelic exchange substrates (AES), as described
(van Kessel and Hatfull, 2007), with slight modifications. Standard DNA
manipulations were carried out as described (Sambrook and Russell,
2001). The details of the construction of the knockout mutant were
given under Supplementary Materials and Methods.

The OD1 and OD2 correspond to the ODgog nm Values for the corre-
sponding time points, t1 and t2, respectively and In is natural logarithm.

2.5. Hydroxyl radical and superoxide quantitation using flow cytometry

The levels of hydroxyl radical and superoxide were quantitated in the
biological triplicate MLP cultures of WT, arr-KO, arr-KO/pMV306-Msm-
arr, and arr-KO/pMV306-VC. The samples of each strain were distrib-
uted into two tubes labeled, autofluorescence and stained. For hydroxyl
radical detection, the cells were stained in the dark at 25°C, with 5 yM
(final concentration) (Mukherjee et al., 2009) of 3’-(p-hydroxyphenyl)
fluorescein (HPF, Cayman chemicals) (Setsukinai et al., 2003). After
incubation at 37°C for 30 min under shaking condition at 170 rpm, the
cells were centrifuged and resuspended in Middlebrook 7H9 medium.

For superoxide detection, diethylenetriaminepentaacetic acid
(DTPA; 100 uM) was used for preventing redox-active metals mediated
reduction of superoxide (Fisher et al., 2004; Yeware et al., 2017). The
samples were vortexed to mix with the reagent. A final concentration of
0.5 pM of CellROX Green (Invitrogen), which is a superoxide detecting
dye (Choi et al., 2017; McBee et al., 2017), was added to the tube labeled
as stained and incubated at 37°C for 120 min under shaking condition at
170 rpm (McBee et al., 2017). The cells were then pelleted down and
resuspended in 500 pl of 1x PBS.

The flow cytometry data were collected for 10,000 gated cells using
Becton Dickinson FACSVerse flow cytometer with a 488 nm solid-state
laser and a 527/32 nm emission filter (GFP) at a low flow rate. While
unstained cells were used as the autofluorescence control for hydroxyl
radical measurement, the cells with only 10 pM DTPA were used as the
autofluorescence control for superoxide analysis. Flow cytometry data
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were analysed using FACSuite software. The HPF/CellROX Green me-
dian fluorescence of the stained samples was normalised with their
respective autofluorescence control. The average normalised HPF/
CellROX Green median fluorescence from the three biological replicates
was used for plotting the graph. Statistical significance was calculated
using a two-tailed paired t-test.

2.6. Hydroxyl radical quantitation using EPR spectrometry

The cells from MLP cultures of WT and arr-KO were harvested, snap-
frozen in liquid nitrogen, and lysed by mashing with ice-cold Teflon
pestle. The lysate in the powdered form was resuspended in 100 mM
sodium acetate (200 pl; pH 5.2) and centrifuged at 12000 x g for 5 min at
25°C. The supernatant was mixed with 0.1 M final concentration of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) (Piccaro et al., 2014). Exactly 2
min after DMPO addition, the DMPO-OH adducts were measured. An
aqueous flat cell (ES- LC12) was used to load the samples. The EPR
analyses were performed in JEOL JES-X3 ESR spectrometer (FA 200),
under the parameters: X-band, frequency- 9428.401 (MHz), Power-
4.00000 (mW), Field center-337.275(mT), and Sweep time- 2.0 (min).
EPR signals were obtained at g ~ 2. The Wizard of Baseline and Peaks in
Origin® software were used for data processing.

2.7. Determination of Minimum Bactericidal Concentration (MBC) of
rifampicin and moxifloxacin for M. smegmatis arr-KO

M. smegmatis arr-KO MLP cultures were exposed to two-fold
increasing concentrations of rifampicin (1.5625 pg ml™! to 100 pg
ml ™) and moxifloxacin (0.125 pg ml ! to 8 ug ml™1), for a period of 12
hrs, at 170 rpm at 37°C, as described (Swaminath et al., 2020). Subse-
quently, the cells were mildly sonication using a microprobe at 16%
amplitude, 3 pulses of one-second duration each with one-second in-
terval (Vibra Cell, Sonics and Materials Inc., USA), to remove clumps, if
any. The samples, before and after the antibiotic exposure, were serially
diluted and plated. While plating, care was taken to avoid any antibiotic
carryover by washing the cells once with Middlebrook 7H9 broth. The
MBC was defined as the lowest concentration of the antibiotic that
caused 2-log1 units of reduction in the CFU ml™? during the incubation
period (Mor et al., 1995).

2.8. Bioassay for rifampicin

The concentration of rifampicin in the liquid cultures was deter-
mined using the bioassay with S. aureus ATCC 25923 (Table S1), as
described (Dickinson et al., 1974), with minor modifications (Sebastian
et al., 2017). The details of the bioassay were given under Supplemen-
tary Materials and Methods.

2.9. Rifampicin susceptibility of M. smegmatis WT and M. smegmatis arr-
KO

The M. smegmatis WT and arr-KO MLP cultures in biological tripli-
cates were exposed to the respective MBC of rifampicin for 96 hrs. At
specific time points, aliquotes of the respective culture were withdrawn,
plated on antibiotic-free and rifampicin-containing Middlebrook 7H10
agar, and incubated for 2-3 days at 37°C, to determine the susceptibility
and resister generation. The details of the method of rifampicin sus-
ceptibility were given under Supplementary Materials and Methods.

2.10. Rifampicin resister generation frequency determination

The resister generation frequency of the rifampicin-surviving popu-
lation of the respective strain was taken as the average of the resister
generation frequencies corresponding to all the respective time points of
the antibiotic-surviving phase. This time point was from 24 hr to 48 hr
for the WT and from 24 hr to 42 hr for the arr-KO. The number of
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resisters at a specific time point was divided by the total number of cells
at that time point.

2.11. Determination of mutations in the rifampicin resisters

The colonies of WT and the arr-KO, isolated from the respective ~3x
MBC rifampicin plates, were cultured till MLP in Middlebrook 7H9 broth
containing the respective 3x MBC rifampicin. Genomic DNA was
extracted, using phenol-chloroform method, as described (Swaminath
et al., 2020), with minor changes in the cell lysis procedure. The details
of the genomic DNA extraction and determination of RRDR mutations by
Sanger sequencing were described under Supplementary Materials and
Methods.

2.12. Microarray Analysis

Microarray analyses were performed, using total RNA prepared from
the MLP cultures of WT and arr-KO, as described (Pradhan et al., 2021).
The details of the microarray analysis were given under Supplementary
Materials and Methods.

3. Results
3.1. Experimental rationale and strategy

To study the physiological role of Arr, we generated M. smegmatis arr
knockout mutant strain (arr-KO), the arr-KO containing genome-
integrated single copy arr (under its own promoter), and the vector
control (VC)-complemented arr-KO strains. We determined the growth
characteristics and mass doubling time of WT and arr-KO. Since Arr was
found involved in DNA damage response (Stallings et al., 2011) and ROS
cause DNA damage (Keyer et al., 1995; Sakai et al., 2006; Cadet and
Wagner, 2013; Cadet and Wagner, 2014), we determined the levels of
two ROS, superoxide and hydroxyl radical, in the four actively growing
strains. We chose to analyse the levels of superoxide and hydroxyl
radical since the first ROS produced is superoxide, which gets dis-
mutated to HyO5 (McCord and Fridovich, 1969; Gonzalez-Flecha and
Demple, 1995), which in the presence of Fe (II) in Fenton reaction
(Fenton, 1894), generates the DNA-damaging non-specific mutagenic
ROS, hydroxyl radical (Cadet and Wagner, 2014). The levels of the two
ROS in WT, arr-KO, and arr / VC complemented strains were measured
using flow cytometry of the cells stained with superoxide- and hydroxyl
radical -detecting dyes, and using electron paramagnetic resonance
(EPR) spectrometry.

For identifying the molecular basis for the difference between arr-KO
and WT, RNA from the MLP cultures of the two strains were analysed
using microarray. The expression levels were specifically compared for
the genes for aerobic respiration, antioxidation, and DNA repair, besides
for the genes of many pathways. Based on these data, we predicted the
probable reason for the higher levels of ROS in arr-KO and the possible
physiological role of Arr in the actively growing M. smegmatis. Since
most often ROS generation had been reported upon antibioitc exposure
(Kohanski et al., 2007; Piccaro et al., 2014; Sebastian et al., 2017;
Hoeksema et al., 2018; Swaminath et al., 2020), we compared the
response of arr-KO and WT to rifampicin. For this purpose, the MBC of
rifampicin for the two strains was determined. Their response to the
respective 2x MBC of rifampicin during prolonged exposure was ana-
lysed using CFU readout on rifampicin-free and 3x MBC
rifampicin-containing plates, and scoring for rifampicin resister
generation.

3.2. Construction and growth characterisation of arr-KO
The arr-KO strain, wherein the arr gene (MSMEG_1221) was replaced

with hyg’, was generated by the allelic exchange method, as described
(van Kessel and Hatfull, 2007), with minor modifications. The
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recombination event was confirmed by PCR using genomic DNA, and
two specific primer sets, as described under Supplementary Methods
(Fig. 1A, B). The genetic stability of the arr-KO mutant was determined
by culturing in the absence of hygromycin for 12 generations in Mid-
dlebrook 7H9 medium followed by culturing in the presence of
hygromycin for another 12 generations. The mass doubling time and
growth rate of arr-KO and WT were comparable (Fig. 1C-F). Thus, arr
gene deletion did not affect the overall growth characteristics of the
arr-KO and WT, indicating no apparent physiological stress on arr-KO.
Subsequently, we generated arr-KO complemented with arr (under its
own promoter; arr-KO/pMV306-Msm-arr) or with vector control (VC;
arr-KO/pMV306-VC) through genome integration (Fig. S1). The native
promoter of arr was used for the optimal expression of Arr protein levels
that would be comparable to those in WT.

3.3. Superoxide levels were significantly elevated in arr-KO

The levels of superoxide in arr-KO, the arr/VC complemented strains
of arr-KO, and WT were determined using CellROX Green (CRG), which
detects the ROS (Choi et al., 2017; McBee et al., 2017). CellROX Green
stained MLP cells of the samples showed significantly high levels of CRG
fluorescence in arr-KO, as compared to WT (Fig. 2A; Fig S2A). The
complementation with arr restored the levels of CRG fluorescence in
arr-KO/pMV306-Msm-arr, but not in arr-KO/pMV306-VC, to the levels
in WT. These observations confirmed that significantly high levels of
superoxide were generated in the absence of arr and the complemen-
tation of expression with a single copy of arr (as in the WT) restored the
levels to normalcy as in WT. The significantly elevated levels of super-
oxide would potentially generate high levels of hydroxyl radical in
arr-KO. Thus, Arr seemed to be primarily required to maintain levels of
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superoxide from which the other two ROS (H202 and hydroxyl radical)
could get generated.

3.4. Significantly high levels of hydroxyl radical in arr-KO

The hydroxyl radical levels were determined using flow cytometry of
the intact live cells stained with the hydroxyl radical detecting dye, HPF
(Setsukinai et al., 2003). The HPF fluorescence of the MLP cells of arr-KO
was significantly higher than that of WT MLP cells (Fig. 2B; Fig. S2B).
The HPF fluorescence was significantly restored to levels comparable to
that in the WT upon complementation with arr (arr-KO/pMV306-Ms-
m-arr), but not with the pMV306-VC vector control (Fig. 2B; Fig. S2B).
As expected, the HPF fluorescence levels of arr-KO/pMV306-VC (vector
control) MLP cells were comparable to those of arr-KO MLP cells
(Fig. 2B; Fig. S2B). Thus, due to the high levels of superoxide in arr-KO,
significantly high levels of hydroxyl radical were also formed, favouring
mutagenesis of the genome.

However, HPF can detect not only hydroxyl radical but peroxynitrite
also (Setsukinai et al., 2003). Peroxynitrite is formed from superoxide
and nitric oxide (Koppenol et al., 1992). Since M. smegmatis possesses a
potential nitric oxide synthase gene (MSMEG_4178), it is possible that
the M. smegmatis cells might contain peroxynitrite, which in turn could
oxidise HPF and elicit fluorescence. Therefore, we wanted to verify the
exclusive presence of hydroxyl radical in arr-KO and WT cells using
electron paramagnetic resonance (EPR) spectrometry, as performed for
hydroxyl radical quantitation in the rifampicin exposed Mtb cells (Pic-
caro et al., 2014). The EPR analysis of arr-KO and WT MLP cells showed
the characteristic strong signal specific to 5,5-dimethyl-1-pyrroline
N-oxide (DMPO)-OH adduct indicating elevated levels of hydroxyl
radical (Fig. 2C; Fig. S3). The EPR data confirmed the generation of
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Fig. 1. Generation of M. smegmatis arr-KO and comparison of growth characteristics of WT and arr-KO. (A) Diagrammatic representation of the homologous
recombination of allelic exchange substrate used for the generation of arr-KO. (B) Confirmation of the recombination event by PCR using primers upstream (blue
primers in Fig. 1A) and downstream (red primers in Fig. 1A) of the recombination locus. (C) Growth curves and (D) mass doubling time (calculated from growth
curves) of WT and arr-KO from the respective biological triplicates. (E) Comparison of the mass doubling time of the strains. (F) Growth rate of WT and arr-KO from
the respective biological triplicates in Fig. 1C. The unit of growth rate is hr ~!. The statistical significance was calculated using two-tailed unpaired t-test. ns, indicates

no significance.
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Fig. 2. Detection of superoxide and hydroxyl radical in the MLP cells of M. smegmatis WT and arr-KO using flow cytometry and EPR. (A, B) Flow cytometry profiles of
MLP cells of M. smegmatis WT, arr-KO, arr-KO/pMV306-Msm-arr, and arr-KO/pMV306-VC, stained with CellROX Green for superoxide detection and HPF for hy-
droxyl radical, respectively. (A) The average CellROX Green median fluorescence normalised with its respective autofluorescence for the MLP cells of the strains (n =
3). (B) The average HPF median fluorescence normalised with its respective autofluorescence for the MLP cells of the strains (n = 3). (C) Quantitative levels of
DMPO-OH adduct in the MLP cell lysates of the M. smegmatis arr-KO and WT (n = 3 biological replicates in each case). One asterisk (*) indicates P < 0.05. The

statistical significance was calculated using two-tailed paired t-test.

significantly elevated levels of hydroxyl radical in the absence of Arr.
Nevertheless, formation of peroxynitrite could be ruled out as the
Middlebrook 7H9 medium does not contain acidified nitrite, which is
one of the substrates of nitric oxide synthase to produce nitric oxide
(Koppenol et al., 1992). Further, HPF does not either undergo autoox-
idation to give fluorescence (Setsukinai et al., 2003).

3.5. arr-KO is more susceptible than WT to rifampicin

The absence of Arr, which inactivates rifampicin by covalent modi-
fication (Quan et al., 1999), would result in increased sensitivity to
rifampicin. We had earlier found 42 pg ml~! to be the 1x MBC rifampicin
for 108 cells ml™! of WT (Swaminath et al., 2017). But the 1x MBC of
rifampicin for 108 cells m1™! of arr-KO was 2.08 pg ml~!, which was
~20-times lower, indicating its higher rifampicin susceptibility
(Fig. S4A, B). However, the 1x MBC for moxifloxacin, which does not get
mono-ADP-ribosylated by Arr, was 0.125 pg ml~! for arr-KO. It was
comparable to 1x MBC moxifloxacin of 0.133 pug ml~* of WT (Fig. S4C,
D) (Swaminath et al., 2020). These observations confirmed the speci-
ficity of higher rifampicin susceptibility of arr-KO and that the target
specificity of Arr was confined to rifampicin and not to other antibiotics.

3.6. Response of arr-KO and WT to rifampicin upon prolonged exposure

3.6.1. The killing, survival, and regrowth of arr-KO and WT

The MLP cultures (102 cells ml~!; n = 3 biological replicates in each
case) of arr-KO and WT were exposed to the respective 2x MBC of
rifampicin for 96 hrs to determine the response of the two strains to
rifampicin, like our earlier analysis for M. tuberculosis and M. smegmatis
cultures to rifampicin and moxiflixacin, respectively (Sebastian et al.,
2017; Swaminath et al., 2020). Aliquots of the cultures were plated at
specific intervals on rifampicin-free plates and respective 3x MBC
rifampicin-containing plates. The CFU on the rifampicin-free plates
showed steady decrease by 3-4 logi¢ units, followed by more or less no
appreciable change, and then a steady increase (Fig. 3A, green line with
open green circles, and Fig. 3B, green line with filled green circles,
respectively). These indicated a killing phase, survival in the continued
presence of rifampicin, and regrowth of the cells from the
antibiotic-surviving population. This triphasic response was comparable
to those of the M. smegmatis and M. tuberculosis cultures against moxi-
floxacin and rifampicin, respectively (Swaminath et al., 2020; Sebastian

etal., 2017). The overall comparability of the triphasic nature of CFU of
arr-KO and WT against rifampicin indicated that the absence of arr
might not have altered the response to high MBC of rifampicin. The
rifampicin concentration in the arr-KO cultures showed only a marginal
decrease till 60 hrs, followed by a sudden dip (Fig. 3A, purple line with
open purple triangles). Nevertheless, ~1.5 pg ml~} (0.75x MBGC) of
rifampicin was still present in the arr-KO cultures at 96 hr of exposure,
despite the sudden decrease at 60 hrs (Fig. 3A, purple line with open
purple triangles). On the contrary, the WT cultures showed only a
marginal decrease in the rifampicin concentration throughout the
period of exposure (Fig. 3B, purple line with filled purple triangles).

3.6.2. Rifampicin resisters of arr-KO could be selected at O hr of exposure

From the 0 hr of exposure itself, rifampicin resister colonies emerged
from the arr-KO cultures (Fig. 3A, orange line with open orange
squares). The resister CFU remained without apparent change for the
first 9 hrs and then gradually increased till 36 hr. On the contrary, the
rifampicin-resisters of WT emerged only from the 12 hr of exposure,
followed by a steady increase till 42 hr (Fig. 3B, orange line with filled
orange squares). A best fit trend-line of the early steady CFU values of
the resisters of arr-KO and WT showed that the first rifampicin resister
clones emerged at 0 hr and 6 hr, respectively (the dotted blue lines in
Fig. S5A and Fig. S5B, respectively). Based on the best fit trend-line,
while there were 3 resisters of arr-KO at O hr, there was only one
resister of WT at 6 hr of exposure. On the rifampicin plate, an average
(from n = 2) of 20 resister colonies of arr-KO could be detected at O hr of
rifampicin exposure, registering a rifampicin resister generation fre-
quency of 1.391 x 107”. On the contrary, there was no resister colony of
WT at 0 hr (Fig. S6A, B; Table S3), although plating of the whole cultures
of WT, without dilution, would have shown colonies at the natural fre-
quency of 10~8 (Swaminath, 2017). Nevertheless, the earlier emergence
of larger number of rifampicin resisters from arr-KO cultures at 0 hr
seemed to have been promoted by the significantly higher levels of ROS
formed due to the absence of arr. Even at 6 hr of exposure, where the
first resister colony of WT was formed, arr-KO cultures still showed a
higher resister generation frequency of 1.630 x 107% as compared to
2.601 x 1077 of WT cultures (Fig. S6C). However, at 12 hr of rifampicin
exposure, where the resister colonies of WT were observed for the first
time, the resister generation frequencies of arr-KO and WT cultures
showed comparable values of 1.564 x 107> and 1.477 x 10~°, respec-
tively (Fig. S6A, B). Thus, over a period of 12 hr of exposure to
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Resister Mutation  Nucleotide Amino Amino acid Type of Resister Mutation Nucleotide ~ Amino Amino acid Type of
Name?® (codon) position acid position in mutation Name? (codon) position acid position in mutation
change Msm (in Mtb)® change Msm (in Mtb)®
KO-R1-01  CGT-TGT 1330 R-C 444 (447) Chr RIS(2281 CRE=AE 2 H-Y 442 (445) cT
KO-R2-01  CGT-TGT 1330 RC 444 (447) cT R2-12-1 CAC-TAC 1324 HY 442 (445) cT
KOR3-0-1 CGT-TGT 1330 R-C 444 (aa7) cT R2122 | cacTAC 1324 FY 442 (445) eT
KO-R3-02 CAC-CGC 1325 H-R 442 (445) AG R2-24-1 CAC-CGC 1325 H-R 442 (445) AG
KO-R3-0-3 CAC-CGC 1325 H-R 442 (445) AG R2-24-2 CAC-CGC 1325 H-R 442 (445) AG
KO-R1-301  CAC-CGC 1325 HR 442 (445) AG R2-24-3  CAC-CGC 1325 HR 442 (445) AG
KO-R1-36-1 CAC-CGC 1325 H-R 442 (445) AG B2 CACEED &2 R AR EA9) e
KO-R1-39-1  CAC-CGC 1325 H-R 442 (445) AG R1-30-2 CAC-TAC 1324 H-Y 442 (445) c-T
KO-R2-36-1 CAC-CGC 1325 H-R 442 (445) AG R2:39°1 CACTTAC 1324 H-Y 442 (445) cT
KO-R2-391  CAC-CGC 1325 HR 442 (445) AG R2-39-2 CAC-TAC 1324 h-Y 442 (445) e
KO-R336-1 CACCGC 1325 HR 442 (445) AG [BEY GRIE e Y RS ol
R3-48-3 CAC-TAC 1324 H-Y 442 (445) cT
KO-R3-362 TCG-TTG 1313 SL 438 (441) cT

aResisters were named in the order of the culture amongst the triplicates, the hour from which they were isolated and the colony number.
bAmino acid position in M. tubrculosis is given in parenthesis. Note: For reporting the amino acid position change in M. tuberculosis
references E. coli numbering is used and 441, 445, 447 amino acid position of M. tuberculosis corresponds to 522, 526, 528 of E. coli,

respectively.

Fig. 3. Rifampicin-susceptibility profile of the M. smegmatis MLP cells of arr-KO and WT upon prolonged exposure to rifampicin and the emergence of rifampicin
resisters. (A) Rifampicin susceptibility profile of arr-KO exposed to ~2x MBC (4 ug ml™Y) of rifampicin for 96 hrs and plated on rifampicin-free plates (green line with
open green circle, ), the CFU ml~* on ~3x MBC (6 pg ml ') rifampicin plates (orange line with open orange square, [ ]) and the concentration of rifampicin during
the course of the experiment (right y-axis; purple line with open purple triangle, /) (n = 3). (B) Rifampicin-susceptibility profile of WT exposed to ~2x MBC (75 pg
ml 1) of rifampicin for 96 hrs and plated on rifampicin-free plate (green line with filled green circle, ®), the CFU ml~! on ~3x MBC (125 pg ml~?) rifampicin plates
(orange line with filled orange square, M), and the rifampicin concentration during the experiment (right y-axis; purple line with filled purple triangle, 4) (n = 3).
List mutations at the RRDR of rpoB of rifampicin resisters of (C) arr-KO and (D) WT.

rifampicin, the rifampicin resister generation frequencies of arr-KO and
WT became comparable.

3.6.3. Regrowth of the rifampicin surviving populations of arr-KO and WT

The CFU of arr-KO and WT on the respective 3x MBC rifampicin
plates showed regrowth from the antibiotic-surviving population
(Fig. 3A, B, orange line with open and filled orange squares, respec-
tively). The two strains regrew despite the continued presence of ~1.5x
MBC rifampicin in the cultures, indicating that the regrowing population
would have gained rpoB mutations. The CFU scores, from the plates with
and without rifampicin, overlapped consistently from the 39 hr and 48
hr of exposure of arr-KO and WT cultures, respectively (n = 3 biological
replicates in each case). The overlapping showed that the regrowing
cells would all have originated from rifampicin-resistant clones, divided
using unusual cell division mechanisms and grown, as reported by us
recently (Jakkala et al., 2020). Despite both the cultures behaving in a
similar manner, the mass doubling time of arr-KO from 39 hr onwards
was 4.10 hrs and that of WT from 48 hr onwards was 5.25 hrs (Fig. S5C).
These differences would have contributed to the final higher cell density

of ~10° cells ml~* of arr-KO as compared to the ~107 cells ml ! of WT at
96 hr (Fig. 3A, B, orange line with open and filled orange squares,
respectively).

3.6.4. Rifampicin resistance mutations in the RRDR of arr-KO and WT
Rifampicin resisters would normally contain mutations in the
Rifampicin Resistance Determining Region (RRDR) of rpoB. Therefore,
the RRDR of rpoB was sequenced for 12 arr-KO resisters obtained from
0 hr (rifampicin unexposed), and from 30 hr, 36 hr, and 39 hr (all from
the rifampicin surviving phase). The nucleotide changes were C—T or
A—G (Fig. 3C), which were indicative of oxidative stress induced
changes (Cadet and Wagner, 2014; Kruetzer and Essigmann, 1998).
Similar mutations were detected in the RRDR of 12 rifampicin resisters
of WT isolated from the 12 hr (killing phase), 24 hr, 30 hr, 39 hr, and 48
hr (all from the rifampicin surviving phase) (Fig. 3D). The RRDR of
M. tuberculosis is homologous to the RRDR of M. smegmatis at the amino
acid level (Fig. S7). Identical nucleotide changes at identical positions
had been found in the RRDR of the rifampicin resisters of M. tuberculosis
from clinical isolates (Telenti et al., 1993; Brandis and Hughes, 2013;



S. Swaminath et al.
Zaw et al, 2018) and from those that regrew from the
rifampicin-surviving population in in vitro cultures (Sebastian et al.,
2017). The rifampicin-resister generation frequencies of the
rifampicin-surviving populations (between the time points indicated as
red arrows in Fig. S5A, B and as CFU marked as bold numbers in rows in
Table S3) of arr-KO and WT (from Fig. 3A, B, respectively) were calcu-
lated to be 0.394 + 0.171 and 0.578 + 0.2581, respectively. The natural
rifampicin resister generation frequency of WT MLP cultures was found
to be 1078 by us and another author (Swaminath, 2017; Nyinoh, 2018,
respectively). Thus, although the resister generation frequencies of the
rifampicin surviving populations of arr-KO and WT were different by
~1.5-fold, they were ~8-logjo-fold higher than the natural resister
generation frquency of their respective MLP cultures. Such high resister
generation frequency would be due to exposure to high MBC rifampicin,
as reported by us recently (Paul et al., 2022).

3.7. Gene expression profile of arr-KO MLP cells

Since elevated levels of superoxide was observed in the M. smegmatis
arr-KO actively growing (MLP) cells, leading to high levels of hydroxyl
radical and consequential mutagenesis, we performed microarray on the
MLP cells of M. smegmatis arr-KO and WT, to understand the differential
expression of genes between the two strains, caused by the absence of
Arr.

3.7.1. High levels of expression of Succinate dehydrogenase I & NADH
dehydrogenases

Microarray analysis of the MLP cells of arr-KO in comparison to that

A  Electron transport
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of WT showed significantly high levels (~1-2-fold) of expression of the
aerobic respiration gene NADH-quinone oxidoreductase subunits
CDEGM (nuoCDEGM, MSMEG_2051, MSMEG_2057, 2059, 2060, 2061),
which are the NADH interacting subunits of NADH dehydrogenase
complex I (Moparthi and Hagerhall, 2011) (Fig. 4A; Supplementary
Dataset S1). Other electron transport chain (ETC) genes, including
succinate dehydrogenases 1D (sdhl1D), 1B (sdhiB), and A (sdhA)
belonging to the operon of succinate dehydrogenase I (sdhl), also
showed ~2-4-fold higher expression (Fig. 4A; Supplementary Dataset
S1). In fact, the high levels of Sdh and Nuo have been reported to
contribute to superoxide generation by its own autooxidation in E. coli
(Messner and Imlay, 2002) and mycobacteria (Cook et al., 2014). Sur-
prisingly, the expression levels of the four NADH oxidase genes (nox)
(MSMEG_1645, MSMEG_2889, MSMEG_2969, MSMEG_6603), which
are the other potential superoxide generators in M. smegmatis (Fisher
et al., 2004; Yeware et al., 2017; Nair et al., 2019), showed but statis-
tically insignificant marginally decreased expression in arr-KO
(Figure 4B; Supplementary Dataset S1). Therefore, the expression of
these genes did not seem to have been affected by the absence of arr and
are expressed at normal levels in the actively growing M. smegmatis
(Yeware et al., 2017).

3.7.2. No significant change in the expression of menaquinone biosynthetic
genes and genes of crotonase family

Menaquinone/menquinol is the natural conduit between electron-
donating and accepting reactions (Cook et al., 2014). Amongst the
expression of menaquinone biosynthetic genes (Fig. S8), menD and menB
showed significant reduction by ~1.5-fold and ~2-fold in expression,

D DNA repair
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arr KO-II

dinB1
dinB2
mutT2
mutT4

Oxidative stress

F arr (MSMEG

1221)

arr KO-

arr_ KO-l

MLP-I
MLP-II
arr_KO-I
arr_KO-I

MSMEG_1221

P

3 -2

Scale

Fig. 4. Heat Map of M. smegmatis MLP cells of WT and arr-KO. Heat map of arr-KO with respect to WT for: (A) electron transport chain genes, (B) NADH oxidase
genes, (C) menaquinone biosynthesis pathway genes, (D) DNA repair genes, (E) oxidative stress response genes, (F) arr (MSMEG_1221), at p < 0.05, and (G) the 3
colour-scale for heat map showing gradients for each fold-change calculated at log base 2.



S. Swaminath et al.

respectively (Fig. 4C; Supplementary Dataset S1). This decrease in
expression of menD and menB might not have reduced the synthesis of
menaquinone, as inhibition of the menaquinone synthesis pathway is
lethal to mycobacterial cells (Dhiman et al., 2009). This explanation is
supported by the growth kinetics of the arr-KO in comparison to WT,
which showed comparable growth rate and hence no lethality (see
Fig. 1C-F). Thus, in arr-KO, while the expression levels of genes of Sdh1
operon, which normally transfer electrons to menaquinone, were high,
there was no corresponding increase in the expression levels of mena-
quinone biosynthetic genes. Therefore, the elevated levels of electrons,
generated by the higher expression of sdh1B, sdh1D, sdhA genes, would
have got transferred to molecular oxygen, instead of menaquinone,
generating significantly high levels of superoxide.

The proteins of the crotonase (or enoyl-CoA hydratase) superfamily
catalyse a wide range of metabolic reactions and have a conserved
trimeric/ quaternary structure, with a core consisting of (beta/beta/
alpha), superhelix (Mills et al., 2022). The proteins of this family are
usually involved in catalysing dehalogenase, hydratase, and isomerase
reactions (Holden et al., 2001). The genes of M. smegmatis, besides the
menaquinone biosynthetic pathway gene menB, belonging to the
Crotonase-fold super family, was identified based on their homology
with Mycobacterium tuberculosis H3;R, as well as genes annotated as
enoyl CoA hydratase in Mycobrowser (https://mycobrowser.epfl.ch/).
In the microarray dataset of arr-KO, other than MSMEG_0335, the
expression of none of the genes of Crotonase family showed any sig-
nificant change in comparison to those of WT, indicating that these
genes had no contribution to the ROS status of arr-KO (Supplementary
Dataset S2). Also, the mean change in the expression of MSMEG_0335 of
arr-KO, which was the only gene that showed statistically significant
change (p 0.0055), was marginal (~logy of 0.67) in comparison to that
of WT. The functional pathway of this gene has not yet been defined and
it lacks functional homology with M. tuberculosis H37Ry.

3.7.3. Low expression levels of DNA repair genes

The expression levels of DNA repair genes were found decreased in
the actively growing MLP cells of arr-KO (Fig. 4D; Supplementary
Dataset S1). Particularly, the levels of expression of mutT2 and mutT4
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genes were significantly low (Fig. 4D; Supplementary Dataset S1). This
decrease would support the presence of mutations as early as in the 0 hr
of exposure as mutT4 has been found to confer tolerance to oxidative
stress by preventing misincorporation of 8-oxo-guanine (Dupuy et al.,
2020). Thus, the decreased expression of the DNA repair genes facili-
tated retention of the mutations inflicted by the high levels of hydroxyl
radical formed in the absence of arr. Among the antioxidant genes,
thioredoxin reductase (trx, MSMEG_3138), which gets transcriptionally
induced upon exposure to oxidative stress (Ritz et al., 2000), and the Fur
family transcriptional regulator, furA (MSMEG_3460) (Milano et al.,
2001), showed significantly increased expression, as would be expected
under oxidative stress (Fig. 4E; Supplementary Dataset S1). As an indi-
cation of DNA damage in the arr-KO cells, there is also a slight but
statistically significant increase in the expression of uvrD (MSMEG_1941;
Supplementary Dataset S1), which is known to get induced upon DNA
damage in E. coli and M. tuberculosis (Siegel, 1983; Chadda et al., 2022,
respectively).

3.8. Absence of Arr affects the expression of the genes of several pathways

In addition to the changes in the levels of expression of the genes
involved in aerobic respiration, antioxidation, and DNA repair, the
absence of Arr caused a global change in the levels of expression of genes
participating in several functional categories and pathways (Baloni
et al., 2014) and multiple metabolic pathways (Fig. 5A; Supplementary
Dataset S3, S4). The different pathways affected (with p value < 0.05),
as analysed using DAVID database, showed an increased expression of
the genes in the ABC transporter and glycerol metabolism pathways,
among several other pathways (Fig. 5B; Supplementary Dataset S4).
Using DAVID database, we also observed significant levels of decreased
expression in the fatty acid degradation and fatty acid metabolism
pathways (Fig. 5B; Supplementary Dataset S4). The increased expression
of glycerol metabolism genes and decreased expression of fatty acid
degradation pathways hinted a metabolic profile indicative of conser-
vation of lipids in arr-KO.

Although there was an increase in the expression of ABC trans-
porters, the expression of rifampicin efflux pumps orthologous to those

Downregulated Pathway (= ) Upregulated Pathway
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Cell wall and cell processes 874 9(11) 0(0)
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. . -log,,(P-value)
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Fig. 5. Functional categories and pathways of M. smegmatis arr-KO with significant differential regulation with respect to WT. (A) Summary of the genes of different
functional categories showing increased and decreased expression at >2-fold, with significance at p < 0.05. The number in the bracket shows the percentage of genes
with increased/decreased expression at >2-fold out of the total increased/decreased expression genes with p < 0.05, under specific functional categories. Upward red
arrow shows increased expression and green downward arrow indicates decreased expression. # All the genes were not present on the array. (B) Pathways
significantly upregulated and downregulated in M. smegmatis arr-KO with respect to WT as analysed by DAVID pathway analysis.
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of M. tuberculosis H37Ry (Li et al., 2015; Narang et al., 2019) were not
increased (Supplementary Dataset S5). It probably indicated that the
rifampicin resistance in the arr-KO cells were not mediated phenotypi-
cally by rifampicin efflux pumps but solely by genetic mutations
inflicted by the significantly high levels of hydroxyl radical. The analysis
of different pathways, based on the differentially regulated levels of
expression of genes in multiple metabolic pathways in the absence of
Arr, confirmed that mono ADP ribosylation plays decisive role in the
regulation of various metabolic pathways in the actively growing
M. smegmatis.

4. Discussion

The present study has documented several cellular and molecular
changes contributed by the absence of arr in the actively growing and
rifampicin-exposed M. smegmatis cultures. To the best of our knowledge,
this is the first time it is shown that the absence of Arr could bring about
such conspicuous cellular and molecular changes to the actively growing
M. smegmatis. It was interesting to note comparable growth parameters
despite the absence of arr affecting the expression of a multitude of
genes in diverse pathways. Through the analysis of the gene expression
changes brought about by the absence of Arr, and as hinted by those
changes, we attempted to decipher the natural physiological role of Arr
in M. smegmatis.

4.1. The ROS levels related changes contributed by the absence of arr

The foremost among the changes brought about by the absence of Arr
was the inherently higher levels of two ROS, superoxide, and hydroxyl
radical, in the actively growing, rifampicin-unexposed arr-KO cultures.
Since H30- is formed by the dismutation of superoxide (McCord and
Fridovich, 1969; Gonzalez-Flecha and Demple, 1995), the significantly
higher levels of superoxide and hydroxyl radical implied the presence of
equivalently higher level of the intermediary ROS, Hy02 as well, as
shown recently by us in M. smegmatis (Paul et al., 2022). From the
actively growing arr-KO cultures, the selection of rifampicin resisters at
a frequency of 1.391 x 10~7, which is one-log;o higher than the natural
mutation frequency (10~) of M. smegmatis against rifampicin (Swami-
nath, 2017; Nyinoh, 2018), was consistent with the effect of high levels
of hydroxyl radical, a DNA-sequence-non-specific mutagen (Keyer et al.,
1995; Sakai et al., 2006; Cadet and Wagner, 2013; Cadet and Wagner,
2014). This frequency further increased from 12 hrs of exposure to reach
0.394 + 0.171 during the rifampicin surviving phase. This drastic in-
crease in the resister generation frequency was due to the high levels of
ROS, invoked by the exposure to 2x MBC rifampicin, which overrided
and thereby masked the inherently high ROS levels in arr-KO. In fact,
significantly very high levels of superoxide, Hy02, and hydroxyl radical
have been found to be present in M. smegmatis WT cultures exposed to
rifampicin for prolonged duration (Paul et al., 2022). With the slow and
steady increase in the ROS levels in the rifampicin exposed WT cultures,
the resister generation frequency of WT slowly increased from its natural
mutation frequency of 108 at 0 hr of exposure, to 2.601 x 1077 at 6 hrs
of exposure, which further increased and became comparable to that of
arr-KO at 12 hr of exposure (1.564 x 107° and 1.477 x 10_5, respec-
tively). Further on, due to the continued exposure to rifampicin, the
rifampicin-resister generation frequency increased dramatically to
0.578 + 0.2581, to become comparable to or even 1.5 times higher than
that of arr-KO (0.394 + 0.171). These changes clearly showed that the
rifampicin exposure increased ROS levels to all time high despite the
absence or presence of Arr.

4.2. The probable gene expression changes contributing to high ROS levels
Since superoxide is the ROS that triggers the sequential formation of

Hy0, and hydroxyl radical in rifampicin exposed M. smegmatis cells
(Paul et al., 2022), the significantly higher levels of superoxide in the
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actively growing arr-KO cultures indicated increased expression of su-
peroxide producing genes. In this regard, elevated levels of expression of
Sdh1 genes involved in electron transfer have been found to generate
superoxide in E. coli (Messner and Imlay, 2002). Succinate dehydroge-
nase (sdhl and sdh2) forms complex II of the respiratory chain and
couples citric acid cycle, linking an integral part of carbon metabolism
with oxidative phosphorylation (Cook et al., 2014). It couples the
oxidation of succinate to fumarate in the cytoplasm to the reduction of
quinone to quinol in the membrane. The reverse reaction can be cata-
lysed by fumarate reductase, which is generally found in anaerobic or
facultative anaerobes (Unden and Bongaerts, 1997). The fumarate
reductase under reduced form generates superoxide at high levels when
exposed to oxygen in E. coli (Imlay, 1995; Messner and Imlay, 2002). In
M. smegmatis, fumarate reductase is absent (Pecsi et al., 2014), thus
prompting Sdh1 to be the major source of superoxide. Further, Sdh1 can
strictly produce superoxide, which can be dismutated to HyO2 (Messner
and Imlay, 2002), which in turn can undergo Fenton reaction with Fe (II)
to generate hydroxyl radical inflicting mutations genome wide. In
addition, the NADH-quinone dehydrogenases (nuoCDEGM) also would
have contributed to superoxide generation.

There was a marginal reduction in the expression of two genes in the
menaquinone biosynthetic pathway, menB and menD. It could be argued
that low levels of the electron acceptor menaquinone would have caused
electron leak to molecular oxygen promoting superoxide formation.
However, the changes in the other five genes (menACEFG) in the
menaquinone biosynthetic pathway were not statistically significant to
bring about a shutdown of the pathway (see the Section c. Menaquinone
biosynthesis path in the Supplementary Dataset S1). Further, inhibition
of menaquinone biosynthetic pathway in mycobacteria was reported to
be lethal (Dhiman et al., 2009). On the contrary, arr-KO cells were not
suffering from any lethality as the growth characteristics of the arr-KO
and WT strains were comparable (see Fig. 1C-F). Therefore, the marginal
reduction in the expression of menB and menD would not have affected
menaquinone biosynthesis. This probably ruled out the possibility of
reduction in the levels of menaquinone that would have otherwise
caused electron leak to molecular oxygen.

4.3. The rifampicin-surviving arr-KO cells were not under hypoxia

About 2-3-fold induction of cydA and cydB in mycobacteria had been
reported under low oxygen tension (Kana et al., 2001). In this regard, it
could be speculated that the rifampicin surviving arr-KO cells might
have entered anaerobiosis due to the increased expression of cydA
(MSMEG_3233; see Section ETC genes arr-KO p < 0.05 in Supplementary
Dataset S1). However, the upregulation of cydAB during hypoxia re-
quires the activation of cAMP receptor protein (cprl, MSMEG_6189)
(Aung et al., 2014; Ko and Oh, 2020). On the contrary, the expression
cprl (MSMEG_6189) in the arr-KO MLP population was low (log2 -0.08)
in comparison to its expression in the WT (Supplementary Dataset S6).
Secondly, the extent of increase in the cydA expression was only mar-
ginal by logy 0.82 (~1.7-fold). Thirdly, the genes belonging to sdh2
(MSMEG_1669 - MSMEG_1672) showed statistically significant reduc-
tion in the expression, contrary to their requirement for survival under
hypoxic conditions (Pecsi et al., 2014). Fourthly, there was no possibility
of hypoxia setting in in the well aerated cultures with 170 rpm shaking.
Further, when the cells in the rifampicin surviving population gained
rpoB mutation, they regrew to establish a rifampicin-resistant popula-
tion, as reported by us (Jakkala et al., 2020). Thus, taken together, the
data suggested very low probability of adaptation of the arr-KO cultures
to hypoxia under the culture conditions used in the study.

4.4. Involvement of NADH oxidase genes in superoxide production
The four NADH oxidase genes (MSMEG_1645, MSMEG_2889,

MSMEG_2969; MSMEG_6603) produce significantly elevated levels of
superoxide and hence of hydroxyl radical in the actively growing
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M. smegmatis cells (Fisher et al., 2004; Yeware et al., 2017; Nair et al.,
2019). However, the expression of these four genes did not show any
significant change in the actively growing arr-KO (see Fig. 4B; Section b.
NADH oxidase arr-KO in the Supplementary Dataset S1). Thus, the
absence of arr did not seem to have caused any change in the expression
of the NADH oxidase genes. We did not examine the contribution of
NADH oxidase genes to superoxide generation although these genes
have been found to generate the ROS in mycobacteria (Nair et al., 2019).
Additionally, NADH oxidases have been found to be required for active
growth of M. smegmatis (Yeware et al., 2017). The absence of any change
in the growth rate or mass doubling time of arr-KO, as compared to those
of WT (see Fig. 1C-F), was consistent with the report (Yeware et al.,
2017) as wells as the absence of any significant change in the expression
of the NADH oxidase genes.

4.5. The role of Arr in the maintenance of ROS levels in M. smegmatis

The observations in the present study suggested that Arr was
required to maintain the levels of expression of specific sets of genes,
which included the electron transfer genes that generate superoxide, and
thereby hydroxyl radical, in the actively growing M. smegmatis cultures.
The significant increase in the superoxide and thereby of hydroxyl
radical levels in arr-KO and their restoration to levels equivalent to those
in WT upon complementation of arr-KO with arr gave the direct evi-
dence for this finding. In view of these observations, it was tempting to
speculate that Arr might mono-ADP-ribosylate critical protein factor(s)
that might control the expression of electron transfer genes. This in turn
would help to maintain superoxide (thereby hydroxyl radical) levels
during active growth. The absence of arr would disrupt this system
thereby enhancing the superoxide/hydroxyl radical levels. This hy-
pothesis would fit well with the increased expression of Sdhl genes in
arr-KO. Besides this possibility, Arr might also directly mono-ADP
ribosylate specific components of ETC complexes, thereby activating
them for superoxide production. This possibility also gains strength in
the light of a report on the mono-ADP-ribosylation of the protein, GevH-
L, by a novel Sirtuin-like protein, SirTM, which resulted in the modu-
lation of oxidative stress response in Staphylococcus aureus and Strepto-
coccus pyogenes (Rack et al., 2015).

4.6. The global gene expression changes in the absence of Arr

The microarray data showed that besides the increased levels of
expression of superoxide producer genes in the actively growing
M. smegmatis arr-KO cells, the lack of mono-ADP ribosylation by Arr
seemed to have significantly affected the expression of several genes
involved in diverse metabolic pathways. Based on the global changes
found in the arr-KO, as reflected by the up/down regulation of many
metabolic pathways (see Supplementary Dataset S3,54), it was reason-
able to propose that Arr would be regulating the expression of many
genes probably through mono-ADP-ribosylating several gene regulatory
proteins that modulate the expression of the genes in these pathways.
For example, Arr seemed to have a wide influence on cellular meta-
bolism pathways such as the fatty acid degradation and metabolism
(downregulated) and glycerolipid metabolism and ABC transporters
(upregulated) (see Fig. 5B; Supplementary Dataset S4). Of course, the
modulation of activity of enzymes and other proteins through their
direct mon-ADP-ribosylation by Arr is another possibility that was not
taken up in the present study.

Mono-ADP ribosylation of diverse substrates by Arr or Arr-like pro-
teins in many organisms have been found to modulate the activity of
proteins participating in different physiological functions (Aravind
et al., 2015; Palazzo et al., 2017; Cohen and Chang, 2018; Liischer et al.,
2018). Studies to find out the substrates of Arr in M. smegmatis showed
that Arr mono-ADP-ribosylated 30 kDa and 80 kDa proteins of unknown
function (Serres and Ensign, 1996). The BIdKB (67 kDa), MalE (45 kDa),
and the periplasmic solute binding protein (40 kDa) in Streptomyces
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coelicolor A3(2) are ADP-ribosylated by the M. smegmatis arr orthologue.
An extracellular binding protein (~55 kDa), a sugar-binding protein
(~45 kDa), and a D-xylose binding periplasmic protein (~40 kDa) of
M. smegmatis share homology with the three S. coelicolor A3(2) proteins,
respectively (Letseka, 2010). These observations prompted the specu-
lation that these M. smegmatis orthologue proteins may be the substrates
of M. smegmatis Arr (Letseka, 2010). However, the functional signifi-
cance of these mono-ADP-ribosylation reactions and the functions of the
identified proteins remain to be investigated.

4.7. Differences in the rifampicin response between M. smegmatis arr-KO
and the naturally arr-lacking M. tuberculosis

Even though M. tuberculosis naturally lacks arr, a comparison of the
observations from multiple studies reveals conspicuous differences be-
tween the response of M. smegmatis arr-KO and M. tuberculosis to
rifampicin. The MBC value of rifampicin for 10% cells per ml of
M. smegmatis arr-KO was 2.08 yg ml~! while it was 0.1 pg ml~! for
M. tuberculosis cells (Sebastian et al., 2017). Thus, the 20-fold lower MBC
of rifampicin for M. tuberculosis, indicated a significantly higher sus-
ceptibility of M. tuberculosis to rifampicin, unlike arr-KO, despite the
absence of arr. The MsRbpA mediated rescue of rifampicin-mediated
transcription inhibition and the rifampicin tolerance contributed by
marRAB (multiple antibiotic regulators) operon in M. smegmatis might
have been responsible for the additional tolerance (Tanaka et al., 1996).
Secondly, the rifampicin-unexposed M. smegmatis arr-KO inherently
generated high levels of hydroxyl radical, wunlike the
rifampicin-unexposed M. tuberculosis (Sebastian et al., 2017). Thirdly,
rifampicin-resistant rpoB mutants emerged from the 0 hr of exposure of
arr-KO to rifampicin, unlike the emergence of rifampicin-resistant rpoB
mutants of M. tuberculosis from the 10 day of exposure to MBC of the
antibiotic (Sebastian et al., 2017). These striking differences between
M. smegmatis arr-KO and the naturally arr-lacking M. tuberculosis warrant
that their response to rifampicin cannot be compared. Therefore, the
proposal to use M. smegmatis arr deletion strain as a surrogate system to
test anti-tuberculosis drugs, such as rifampicin analogs alone or in
combination with other drugs (Agrawal et al.,, 2015), should be
considered with caution.

4.8. Broad significance of the present study

The three-dimensional structure of M. smegmatis Arr showed signif-
icant homology to eukaryotic mono-ADP-ribosyltransferases and bac-
terial toxins (Baysarowich et al., 2008). This structural homology
implied that the substrates of this enzyme are also quite likely to be
similar across the biological systems. Further, mono-ADP-ribosylation
has global influence on the metabolism of diverse types of cells (Ara-
vind et al., 2015; Palazzo et al., 2017; Liischer et al., 2018; Cohen and
Chang, 2018), including mycobacteria, as revealed by the microarray
analysis in the present study. Further, many species in the Mycobacte-
rium genus and of bacteria of diverse genera also possess Arr or Arr-like
proteins (Baysarowich et al., 2008). These observations give a broad
significance to the present study on the natural physiological role of Arr
in M. smegmatis as a representative experimental system.

5. Conclusion

M. smegmatis Arr is required for the appropriate expression of specific
sets of genes involved in diverse pathways which include genes involved
in superoxide production. The regulated expression and/or activity of
Arr would have an indirect role on the genesis of antibiotic resisters in
bacteria. These specific observations made in the present study are
presented in a model (Fig. 6).
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Fig 6. The model presents the specific observations on the increased ROS levels and decreased expression of DNA repair genes favouring generation of mutations.
When arr was deleted, it globally altered gene expression profile. Part of this changed expression involved significantly increased expression of electron transfer genes
(sdh1, nuo genes, and probably few others) and decreased the expression of selected DNA repair genes. This resulted in the increase of the levels of superoxide and
hydroxyl radical. The hydroxyl radical inflicted mutations genome wide that could be selected using rifampicin, as rifampicin resisters. The expression of several

genes in many other pathways were also either increased or decreased.
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