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Ribosomal maturation factor (RimP) is essential for survival
of nontuberculous mycobacteria Mycobacterium fortuitum
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Abstract

Mycobacterium fortuitum is an important human pathogenic NTM, which resists stress conditions inside macrophages by
exploitation of specific genes. TnphoA-based transposon mutagenesis was employed to identify membrane genes responsible
for survival of M. fortuitum under such stress conditions. A library of about 450 mutants was constructed after electropora-
tion of vector pRT291 into wild-type M. fortuitum. On the basis of blue color development and alkaline phosphatase assay,
20 mutants were shortlisted to screen for growth and survival under acidic stress at pH 6.5, 5.5, 4.5, and 3.5. Mutant MT727
showed reduced growth and survival under acidic stress. The acid susceptible mutant MT727 was subjected to other in vitro
stress conditions prevalent inside macrophages including oxidative, nutrient starvation and nitrosative stress. However,
the mutant showed no appreciable difference in growth behavior under oxidative, nutrient starvation and nitrosative stress
conditions in comparison to the wild type. Genomic and bioinformatics analysis of MT727 led to identification of putative
ribosomal maturation factor RimP of M. fortuitum to be affected by mutagenesis, showing closest homology to M. abscessus
RimP. In silico functional interaction of RimP protein using STRING database showed its interaction with proteins of ribo-
somal assembly and maturation. Results indicate role of rimP gene in survival of M. fortuitum under acidic stress conditions
which may be further explored for use as a potential drug target against M. fortuitum and other mycobacterial infections.
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Introduction or tuberculosis-like symptoms; whereas, nontuberculous

mycobacteria, as the name indicates do not cause tubercu-

Genus Mycobacterium belongs to family Mycobacteriaceae
which consists of more than 180 species. The huge number
of species of mycobacterium genus can be distinguished on
the basis of their pathogenesis into two types, ‘mycobac-
terium tuberculosis complex’ and ‘nontuberculous myco-
bacteria (NTM)’. The Mycobacterium tuberculosis complex
consists of M. tuberculosis, M. africanum, M. canettii, M.
bovis, M. microti, etc., responsible for causing tuberculosis
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losis, however, are responsible for a variety of infections
in immunocompromised as well as immunocompetent
individuals.

NTM have gained significant attention in recent years due
to their broad spectrum of virulence and ability to cause
infection in different parts of the human body in immuno-
compromised individuals (Hermansen et al. 2017; Maurya
et al. 2015). NTM can be categorized into rapid growers and
slow growers on the basis of their generation time. Because
of the difficulty in isolation and differentiation between
NTMs, clinical and microbiologic criteria are needed for
the diagnosis of NTM infections. Infections from NTM can
also mislead to treatment against M. tuberculosis, therefore
American Thoracic Society (ATS) and Infectious Disease
Society of America (IDSA) recommended the identifica-
tion of NTM along with M. tuberculosis in sputum sam-
ples. Currently recommended treatment regimens, patterns
of resistance towards drugs, and treatment outcomes differ
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according to the NTM species; compounding to lengthy and
complicated management of such infections with limited
therapeutic options.

Mycobacterium fortuitum is one of the most prevalent
rapidly growing NTMs worldwide responsible for causing
skin, soft tissue, lungs, bones and blood infections (Hoefs-
loot et al. 2013; Raveendran et al. 2015; Umrao et al. 2016).
M. fortuitum infections in lungs can mislead to treatment
against M. tuberculosis, which further complicates the con-
dition due to resistance of M. fortuitum to antituberculous
drugs. M. fortuitum infections have been reported in immu-
nocompetent individuals indicating increased virulence
of the pathogen (Macente et al. 2013; Chetchotisakd et al.
2000). M. fortuitum infections can be fatal in immunocom-
promised patients, while recovery of M. fortuitum infections
in immunocompetent individuals may also require long term
drug treatment regimen (Tsai et al. 2016). Co-infection of M.
fortuitum along with M. tuberculosis in ocular mycobacteri-
osis has been reported with no results from antituberculous
drug therapy indicating requirement of multidrug treatment
for M. fortuitum along with M. tuberculosis (Sharma et al.
2017).

M. fortuitum infects macrophages like M. tuberculosis,
indicating similar pathogenesis among both pathogens.
Being an intracellular pathogen, M. fortuitum resides inside
the macrophages to evade the harmful effects of the immune
system by restricting nitrogen oxide radicals and phago-
some-lysosome fusion (da Silva et al. 2002). Bactericidal
activity of the macrophages is majorly contributed by the
acidic environment prevalent inside it, as excessive protons
can damage lipids, proteins, and nucleotides of the invad-
ing mycobacteria. In addition, acidic pH inside the mac-
rophage adversely affects the biochemical activities of the
residing mycobacteria (Vandal et al. 2009). In addition to
acidic stress, other stress conditions including oxidative
stress, nutrient starvation stress and nitrosative stress are
also prevalent inside macrophages. These stress conditions
impose various bactericidal effects as defense arsenal of the
host. To avoid drastic effect of stress conditions, the patho-
gen evolves various strategies including changing of their
metabolic behavior. The change in metabolic behavior is
dependent on the induction of expression of virulent genes.
The aim of the present study was to get an insight into the
mechanism responsible for the survival of M. fortuitum
inside macrophage stress conditions by identification of
genes involved.

Cell membrane proteins are an important part of bac-
teria, as it helps the bacteria to maintain its integrity, acts
as a guard for entry of molecules, interacts with outside
molecules and is involved in inducing signaling pathways.
Membrane proteins also help the bacteria in acquisition of
antibiotic resistance and combating unfavorable environment
inside the host (Koebnik et al. 2000). Owing to essential
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functions performed by the bacterial cell membrane, the
present study was undertaken for the identification of mem-
brane proteins of M. fortuitum that help in survival of the
bacteria under stress conditions.

Transposon mutagenesis used in the present study, is a
valuable and useful technique to identify genes of a par-
ticular phenotype. TnphoA-based transposon mutagenesis
provides a simple and efficient way to identify membrane/
secreted protein encoding genes due to the presence of
alkaline phosphatase (phoA) reporter gene. The fusion
of phoA reporter gene with the membrane genes leads to
hybrid protein expression on the surface of bacteria and
can be easily identified by growing the mutants in the
presence of selective media. Transposon mutagenesis has
been used previously for the identification of virulence
genes of Mycobacterium spp., Salmonella spp., and Vibrio
cholera (Barquist et al. 2013; Cameron et al. 2008; Wang
et al. 2011). Serine protease and Rv2136¢ genes have been
identified in M. tuberculosis by transposon mutagenesis, to
play a role in acidic stress (Vandal et al. 2009). Identifica-
tion of virulent genes in M. fortuitum has also been done
previously by transposon mutagenesis (Parti et al. 2008),
although no genes have yet been reported to be involved in
its survival under in vitro stress conditions prevalent inside
macrophages. Thus, outcome of the present study will help
in understanding the molecular mechanism involved in stress
survival of M. fortuitum inside macrophages and might help
in identifying new drug target(s) against the pathogen. Iden-
tification of new drug targets in M. fortuitum may also lead
to identification of corresponding homologs as novel drug
targets in other members of mycobacterium family and intra-
cellular pathogens residing inside the macrophages.

Materials and methods
Bacterial cultures, plasmids and antibiotics

Bacterial strains used in the present study were M. fortuitum
ATCC 6841 (received as kind gift from CDRI, Lucknow)
and Escherichia coli DH5a. M. fortuitum was grown under
shaking conditions at 37 °C in Luria—Bertani broth (HiMe-
dia) supplemented with 0.5% glycerol (Fisher Scientific)
and 0.2% Tween 80 (Bio Basic Inc) (LBGT), or MB7H9
broth supplemented with 0.5% glycerol and 0.2% Tween
80. Antibiotics used for the present study were purchased
from HiMedia, and dissolved as per the solubility of anti-
biotics. Kanamycin (30 ug/mL) and ampicillin (100 pg/
mL) were added to the culture medium as per the proto-
col requirement. Random mutagenesis of M. fortuitum was
done using plasmid pRT291-containing transposon (Tay-
lor et al. 1987). Solid medium used for the culture of M.
Sfortuitum was nutrient agar (HiMedia) supplemented with
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0.05% Tween 80 (NAT). E. coli DH5« strain used for clon-
ing was grown using Luria—Bertani broth and nutrient agar.
X-Gal (5-bromo-4-chloro-3-indolyl f-p-galactopyranoside)
(Thermo Fisher Scientific), X-P (5-bromo-4-chloro-3-indolyl
phosphate) (Thermo Fisher Scientific), IPTG (isopropyl-f-
D-1-thiogalactopyranoside) and glucose (Merck) were used
for cloning and screening of the mutants.

Construction of transposon mutant library

Transposon mutant library of M. fortuitum was constructed
by electroporation of TnphoA-containing plasmid pRT291
into wild-type M. fortuitum. The procedure for electropora-
tion was adopted as described previously (Garbe et al. 1994;
Sood et al. 2016). Briefly, 100 mL culture of M. fortuitum
was grown in LBGT till optical density of the cells reached
0.6 at 600 nm. The cells were incubated on ice for 30 min,
and then centrifuged at 5500xg for 10 min at 4 °C. The
pellet was washed with 5% glycerol twice by centrifugation
at 5000xg for 10 min at 4 °C. The pellet was finally sus-
pended in 1 mL 5% glycerol. 400 uL of the cell suspension
was placed in 0.2 cm electroporation cuvette (Bio-Rad) and
25 ng of plasmid DNA was added to these cells followed
by incubation on ice for 5 min. Electric shock to the cells
was given using gene pulser (Bio-Rad) using conditions
2500 V voltage, 25 puF capacitance and 1000 Q resistance
for 2 s. The electric shock to cells was given two times with
an interval of 5 min between two electric shocks. The cells
were then incubated on ice for 5 min and inoculated into
2 mL of LBGT, followed by incubation at 37 °C for 6 h.
The cultures were spread on plate containing kanamycin,
X-P, and 5% glucose.

Screening of transposon mutant library

Identification of mutants positive for insertion of transposon
in membrane spanning gene was done on the basis of blue
color of the mutants on plates containing kanamycin, X-P
and 5% glucose. After primary screening, the blue mutants
were further analyzed for alkaline phosphatase activity as
described previously by Kaufman and Taylor (1994), with
modifications. The mutants along with wild-type M. fortui-
tum were grown in MB7H9 medium till the optical density
of the cells reached to 0.6 at 600 nm. 500 pL of each cul-
ture was taken and centrifuged at 15,000xg for 10 min. The
supernatant was removed and the cells were lysed with 0.1%
SDS and 2 mg/mL lysozyme. The lysed cells were vortexed
properly, followed by addition of 100 uL of 1 M Tris buffer
and 1 mL of 2 mM p-nitrophenyl phosphate. Incubation
at 37 °C was done till yellow color appears (10-20 min).
After appearance of yellow color, the reaction was stopped
by adding 100 pL of 10 N NaOH. Optical density of the
sample was measured at 420 nm, and alkaline phosphatase

units were calculated as (1000 x optical density at 420 nm)/
(minutes of incubation X optical density at 600 nm (initial
culture) X 0.5 mL).

Survival studies under in vitro acidic stress
conditions

Wild-type M. fortuitum and the shortlisted mutants were
subjected to acidic stress conditions according to the method
described by Geiman et al. with modifications (Geiman et al.
2006). Wild-type organism and the mutant strains were
grown in MB7H9 medium till logarithmic growth phase and
centrifuged at 5500xg for 10 min. Individual pellet were
then washed twice with phosphate buffered saline (PBS) and
resuspended into 5 mL MB7H9 medium. Each culture sus-
pension was then used to inoculate 100 mL MB7H9 medium
with different pH 6.5, 5.5, 4.5 and 3.5 and incubated at 37 °C
with shaking. Samples were collected from each flask after
2,4, 6,12, 24 and 36 h and CFU of the collected samples
was determined by serial dilution followed by plating on
NAT plates.

Survival studies under in vitro oxidative stress
and nutrient starvation stress

The ability of acid-susceptible mutant MT727, to survive
under in vitro oxidative stress and nutrient starvation was
determined by exposing the mutant and wild-type M. for-
tuitum to conditions as described previously (Kawaji et al.
2010; Geiman et al. 2006) with minor modifications. The
mutant and wild-type M. fortuitum were grown in MB7H9
medium till mid-logarithmic phase. Centrifugation of cul-
tures was done at 5000xg for 10 min, followed by washing
twice with PBS. After washing, the pellet were resuspended
in MB7H9 medium and, inoculated in 100 mL. MB7H9
medium containing 10 mM H,O, for oxidative stress and
in PBS for nutrient starvation stress. The cultures were then
incubated at 37 °C at 200 rpm and CFU was determined
after 2, 4, 6, 12, 24 and 36 h.

Survival studies under in vitro nitrosative stress

The acid susceptible mutant MT727 was further studied for
its ability to survive under in vitro nitrosative stress condi-
tions, using protocol as described previously (Kawaji et al.
2010) with minor modifications. The mutant and wild-type
M. fortuitum were grown in MB7H9 medium till mid-
logarithmic phase. Centrifugation of cultures was done at
5000xg for 10 min, followed by washing twice with PBS.
After washing, the pellet were resuspended in MB7H9
medium and, inoculated into 100 mL MB7H9 (pH 7.0) con-
taining 1 mM sodium nitrite for nitrosative stress, 100 mL
acidic MB7HO (pH 5.0) containing 1 mM sodium nitrite for
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acidonitrosative stress and 100 mL MB7H9 medium with
autoclaved water as control. The cultures were then incu-
bated at 37 °C at 200 rpm and CFU was determined at 2, 4,
6, 12,24 and 36 h.

Genomic analysis

Genomic DNA (gDNA) of the acid-susceptible mutant
MT727 was isolated using protocol as described previously
by Parti et al. (2008) for M. fortuitum. The presence of trans-
poson in the genomic DNA was confirmed by amplification
with transposon-specific primers RS6 (5" ACATTGCCG
CCGATACCG 3') and RS7 (5' TGGATGGCTTTCTTTCTT
GCCG 3'). After confirmation of the transposon in gDNA
of the mutant, restriction digestion of the gDNA was done
using EcoRV, which has no restriction site in the transposon.
The digestion of gDNA with EcoRV-generated blunt ends
in the digested nucleic acid. For cloning of the transposon-
affected gene of M. fortuitum in pUC19 vector, pUC19 vec-
tor was digested with Smal enzyme which also generates
blunt ends. The digested gDNA and pUC19 vector were
ligated and transformed into E. coli DH5a. Transformed E.
coli cells bearing M. fortuitum gene with transposon inser-
tion, were selected on LB agar plates containing ampicillin
(pUC19 marker), kanamycin (TnphoA marker), X-gal and
IPTG. The white transformants of E. coli were selected and
used further for plasmid isolation. After confirmation of
plasmid for the presence of transposon containing segment
of DNA, the mutated gene was sequenced from both ends
using universal primers M13 fwd (5' TGTAAAACGACG
GCCAGT 3'), and M13 rev (5 CAGGAAACAGCTATGAC
3") inwards; and transposon-specific outward primers K36
(5" ATCGCTAAGAGAATCACGCAG 3'), and RS6 (5" ACA
TTGCCGCCGATACCG 3') by Sanger sequencing (Xcelris
genomics, Ahmedabad). Strategy used for identification of
the mutated gene is described in Supplementary material
Fig. 1.

Bioinformatics analysis
Gene identification by homology study

The sequence obtained was analyzed through nucleotide
BLAST (BLASTn) and nucleotide translation protein
BLAST (BLASTX) (https://blast.ncbi.nlm.nih.gov) of NCBI.
ExPASy translate online server (https://web.expasy.org/trans
late) was used to translate the ORF (open reading frame) of
the mutated gene, which was further subjected to multiple
sequence alignment using T-Coffee (http://tcoffee.crg.cat)
tool and visualized using Jalview software (http://www.jalvi
ew.org).
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Protein—protein interaction studies

The identified gene was further characterized by in silico
interaction study to identify potential interacting genes
which may be functionally associated. This analysis would
help in understanding the effect of mutation in one gene
on the functions of interacting genes, which may indirectly
influence the acid susceptible phenotype of the mutant.
The in silico interaction studies were performed using
Search Tool for the Retrieval of Interacting Genes/Pro-
teins (STRING) version 10.5 (https://string-db.org). As M.
fortuitum database was not available in STRING, in silico
study was performed using RimP protein of Mycobacterium
abscessus which showed closest homology to the identified
gene. The interaction parameter was set to medium confi-
dence level of 0.5 in the STRING database.

Statistical analysis

The data shown comprised mean of readings taken from
three independent experiments with standard deviation in
error bars. CFU was determined in duplicate at each time
point.

Results

Short listing of blue mutants showing high alkaline
phosphatase activity

TnphoA-based random mutagenesis of M. fortuitum resulted
in construction of a library of about 450 mutants. Among
these 450 mutants, 42 mutants were found to have inser-
tion in genes coding for membrane proteins on the basis of
blue color production in the presence of X-P and 5% glu-
cose. Secondary screening by alkaline phosphatase assay of
these 42 blue mutants resulted in short listing of 20 mutants
having high alkaline phosphatase activity (Supplementary
material Table 1). These 20 shortlisted mutants were used
for acidic stress-related studies.

Mutant MT727 was unable to survive under acidic
stress conditions

The shortlisted 20 mutants were subjected to acidic stress
conditions to study their growth and survival. Of the 20
mutants screened, one mutant namely MT727, showed least
survival under acidic stress conditions. It was observed that
as the pH of the medium decreased, ability of the mutant
bacilli to sustain its growth in the medium decreased. The
mutant MT727 showed growth characteristics comparable
to the wild type at pH 6.5 and pH 5.5. However, at pH 4.5
there was 3.8 log decrease after 36 h of acidic stress when
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compared to the wild type, and at low pH of 3.5 the mutant
showed 2.7 log decrease just after 2 h of exposure to acidic
stress and failed to survive beyond 4 h, as no CFU could be
recorded after 4 h of exposure (Fig. 1).

Mutant MT727 showed no change in growth
behavior under oxidative, nutrient starvation
and nitrosative stress conditions

Since the mutant MT727 showed defect in survival under
acidic stress conditions, growth behavior and survival of
the mutant was further studied under other macrophage-
related stress conditions of oxidative, nutrient starvation
and nitrosative stress. Under oxidative and nutrient star-
vation stress conditions, survival and growth behavior
of MT727 was similar to that of wild-type M. fortuitum

(WTMF), without any considerable difference during the
observation period (Fig. 2). Growth behavior of MT727
was also found to be similar to that of WTMF when sub-
jected to nitrosative (NaNo,) and acidonitrosative (acidic
NaNo,) stress conditions. Under nitrosative stress, WTMF
showed 3.35 log increase in CFU after 36 h of stress,
which was similar to CFU increase under normal growth
conditions (control). However, under acidonitrosative
stress WTMF showed no increase in CFU throughout the
experiment, indicating bacteriostatic effect of acidonitro-
sative stress on growth of M. fortuitum. When compared
with the wild type, the mutant MT727 showed similar
growth behavior as that of WTMF without any appreci-
able difference under nitrosative as well as acidonitrosa-
tive stress conditions (Fig. 3).
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. . 1 o- -
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Fig.2 Growth and survival of M. fortuitum wild type and mutant
MT727 under oxidative and nutrient starvation stress conditions. The
figure shows growth behavior of WTMF and MT727 under oxidative
stress and nutrient starvation stress. The mutant and the wild-type M.

fortuitum show similar growth curves with no considerable differ-
ence. The data represented is the mean of three independent experi-
ments with + standard deviation
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Fig.3 Growth and survival

of M. fortuitum wild type
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and acidonitrosative stress
conditions. The figure shows
growth behavior of WTMF and
MT727 under normal growth
conditions (control, pH 7.0),
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Homology study revealed rimP gene to be
inactivated by mutagenesis

Presence of a transposon-specific 300-bp fragment (Sup-
plementary material Fig. 2) confirmed the insertion of
transposon in the mutant MT727. Sequencing of the DNA
fragment mutated by insertion lead to identification of a
312 bp OREF translating to 103 amino acids (Supplemen-
tary material Fig. 3). The nucleotide sequence obtained was
submitted to GenBank as ‘Putative ribosomal maturation
factor RimP of Mycobacterium fortuitum’ with accession
number MH052677. Homology study of the gene sequence
obtained using BLASTx showed 61% homology with ribo-
somal maturation factor rimP of M. abscessus subspecies
abscessus, 32% identity with Mycobacterium marinum and
36% identity with M. tuberculosis. Multiple sequence align-
ment of translated product obtained by ExPASy translate
tool showed 60.8% identity with RimP protein sequence
of M. abscessus subspecies abscessus, 33.6% identity with
M. marinum and 27.9% identity with M. tuberculosis (Sup-
plementary material Fig. 4). As the percentage identity of
the gene was most significant with M. abscessus subspecies
abscessus, hence, the sequence obtained was identified as a
putative homologue of M. abscessus subspecies abscessus
RimP in M. fortuitum and designated as MfRimP.

Interaction of RimP with ribosomal assembly factors

Functional interaction of RimP protein with a confidence
score of more than 0.5 on STRING was observed with
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translation termination and antitermination protein (NusA),
30S ribosomal protein s12 (RpsL), translation initiation
factor IF-2 (InfB), probable 5'-methylthioadenosine phos-
phorylase (Pnp), probable ribosomal binding factor (RbfA)
and five other hypothetical proteins (Supplementary material
Fig. 5). Reported function(s) of the interacting proteins was
deduced from Mycobrowser database (https://mycobrowse
r.epfl.ch) (Supplementary material Table 2). All these genes
are involved in ribosomal assembly and translation, thus
functional interdependency of these genes is not uncommon.

Discussion

Nontuberculous mycobacteria have broad range of virulence,
and are responsible for a wide variety of infections. Identifi-
cation and diagnosis of NTM is a difficult and complicated
process. Variation in the treatment regimen among NTM
further raises the importance of this group of mycobacteria.
M. fortuitum is an important member of this group causing
a range of infections including skin and soft tissue infec-
tions, bone infections and pulmonary infections (Umrao
et al. 2016). Disseminated infections due to M. fortuitum
have also been reported in immunocompromised (Unni et al.
2005) as well as immunocompetent patients (Chetchotisakd
et al. 2000), requiring long-term drug therapy for treatment.
Emergence of antibiotic resistance and complicated drug
treatment regimen for immunocompromised patients warrant
development of standard drug therapy against M. fortuitum
infections. Hence, deeper understanding of pathogenesis and
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survival mechanism of the bacteria, and subsequent iden-
tification of novel drug targets would aid in the effective
treatment of complications due to M. fortuitum infections.

M. fortuitum, like other pathogenic mycobacteria resides
inside macrophage and resists its obliterating effects (Parti
et al. 2008). Activation of macrophages by IFN-y and bacte-
rial lipopolysaccharides induces the vacuolar proton ATPase
inside phagolysosome, which results in greater efflux of
protons inside the vacuole, thus leading to prevalence of
acidic conditions (Ehrt and Schnappinger 2009). The pH of
intracellular phagolysosome compartment ranges from 6.5 to
4.5 depending upon the activation stage of the macrophage,
however, pH inside macrophage phagolysosome has been
demonstrated to be as low as 3.5 (Vandal et al. 2009). Thus,
the present study was undertaken with acidic stress condi-
tions ranging from pH 6.5 to 3.5 mimicking pH conditions
inside macrophages to identify mutant defective in survival
under low pH conditions.

Cell membrane proteins are involved in a variety of cel-
lular processes and are essential for survival of bacteria.
Membrane proteins help in interaction, transport, signaling
and resistance of pathogens to various adverse conditions
(Koebnik et al. 2000), functioning as critical virulence fac-
tors, and thus, act as potential drug targets. The role of cell
membrane proteins as drug target has also been reviewed
by Schwegmann and Brombacher (2008) that can be further
explored in discovering new and effective treatment strate-
gies against intracellular pathogens.

TnphoA-based transposon mutagenesis is an effective
tool for the identification of membrane genes, as it contains
alkaline phosphatase reporter for identification of transposon
insertion in genes encoding for membrane proteins (Taylor
et al. 1987). TnphoA is a derivative of Tn5 that contains
alkaline phosphatase (phoA) gene lacking signal sequence.
Genes encoding for membrane protein contain a signal
sequence for protein exportation to the cell surface. Thus,
the active insertion of TnphoA in membrane protein encod-
ing gene leads to formation and exportation of the hybrid
protein to the cell surface, which can be easily visualized by
blue color formation on selection plates.

A library of about 450 mutants was constructed by trans-
poson mutagenesis, of which 42 mutants were selected on
the basis of their blue color in presence of X-P and 5% glu-
cose on NAT plates. Blue color of colonies after electropo-
ration of the TnphoA-containing plasmid pRT291 into wild
type indicates expression of alkaline phosphatase reporter
gene (phoA) fused with a membrane protein encoding gene
of the host genome. Further, alkaline phosphatase assay of
the 42 blue mutants resulted in shortlisting of 20 mutants,
which were then screened for their ability to survive under
in vitro acidic stress conditions.

Of the 20 mutants screened, mutant MT727 showed
reduced growth and survival under acidic stress conditions

as compared to the wild-type strain. Genomic analysis of the
mutant was done by cloning the transposon-containing frag-
ment into pUC19 followed by sequencing. Bioinformatics
analysis of the obtained nucleotide sequence using BLASTn
did not show significant homology with other mycobac-
teria, hence, BLASTx was used to analyze the sequence.
As protein sequence is more conserved in comparison to
nucleotide sequence on the basis of evolutionary relation-
ship, BLASTX translates nucleotide sequence into protein
to identify homologous proteins (Khandelwal et al. 2017).
Homology study carried out with the translated protein
sequence led to identification of putative ribosomal matura-
tion factor ‘RimP’ of M. fortuitum (MfRimP) as the mutated
gene, on the basis of closest homology to the RimP protein
of M. abscessus subspecies abscessus. The novel identified
ORF was submitted to GenBank (ID: MH052677).

In addition to acidic stress, pathogenic mycobacteria
encounter different stress conditions inside the macrophage.
As the mutant MT727 exhibited an acid-sensitive pheno-
type, with the mutant gene having a potential role during
macrophage infection, growth behavior of the mutant was
studied under other stress conditions prevalent inside mac-
rophage including oxidative, nutrient starvation and nitrosa-
tive stress.

Presence of reactive oxygen species (ROS) acts as one of
the major defense strategies inside macrophages by causing
oxidation of proteins and DNA of infectious organism (Shi
et al. 2008; Cumming et al. 2014). M. fortuitum has been
reported to survive in vitro oxidative stress (Nufiez et al.
2008) indicating presence of mechanism for combating such
stress condition. However, when exposed to in vitro oxida-
tive stress conditions, no appreciable difference in survival
and growth behavior of the mutant MT727 was observed
in comparison to WTMF, indicating that mutation in rimP
does not influence oxidative stress survival of M. fortuitum.
Similar results were reported by Weng (2016), where rimP
function was not associated with oxidative stress resistance.

The ability to inhibit active growth rate by suppressing
the transcription and translation of genes required for rapid
growth describes the ‘cleverness’ or ‘expertise’ of patho-
genic mycobacteria to survive under stress conditions. Under
nutrient stress, binding of guanosine pentaphosphate (p)
ppGpp with RNA polymerase results in scarcity of GTP
inside the cell leading to inhibition of transcription of genes
required for active growth (Gaca et al. 2015). Under nutri-
ent starvation, MT727 showed growth behavior similar to
WTMF pointing towards no association of rimP gene with
growth or survival under nutrient starvation stress. It might
be due to the regulation of nutrient starvation stress at tran-
scription level only, while inactivation of rimP gene might
lead to defective translation of proteins.

The presence of reactive nitrogen intermediates (RNI)
in activated macrophages is an important antimicrobial

pisllase ol ay .
e e O) Springer



127 Page80of10

3 Biotech (2019) 9:127

weapon of the host immune system. Nitric oxide and its
physiological intermediates play a major role in defending
the host from pathogen. However, pathogenic mycobacteria
have evolved survival strategies to overcome the bacteri-
cidal effect of RNI. When exposed to in vitro nitrosative and
acidonitrosative stress conditions, no appreciable difference
in growth and survival pattern of the mutant MT727 was
observed in comparison to the WTMF, indicating no direct
role of rimP gene in combating nitrosative stress. Although
a previous study by Weng (2016) indicated role of rimP gene
under nitrosative stress in non pathogenic mycobacteria M.
smegmatis; a different mechanism not involving rimP gene
might be operational in a pathogenic mycobacterial spe-
cies like M. fortuitum. Results obtained in our experiment
can further be correlated to previous reports where down
regulation of ribosomal proteins and translation factors was
observed under acidonitrosative stress in M. tuberculosis and
M. smegmatis (Cossu et al. 2013). This is first study demon-
strating bacteriostatic effect of in vitro acidonitrosative stress
on the growth of M. fortuitum, corresponding to previous
studies where Mycobacterium bovis showed constant growth
under nitrosative stress conditions (Gallant et al. 2016).

The gene rimP is involved in maturation of 30S ribosomal
subunit (Rene and Alix 2011). Ribosomal maturation factors
RimM and RimP are required during early and late stage of
ribosomal maturation, respectively (Bunner et al. 2010). The
work done by Bylund et al. (2001) showed reduced growth
of RimM deletion mutant under normal growth conditions,
which signifies the essentiality of ribosomal maturation fac-
tors for the growth of bacteria. RimP has been reported to
increase the affinity of 30S ribosomal protein s12 (RpsL)
with 16SRNA in M. smegmatis, which is a major step in 30S
ribosomal subunit biogenesis. Defect in 30S ribosomal subu-
nit can modulate the mRNA decoding efficiency of ribosome
and result in defective translation. Significance of RimP has
been known in other bacterial genera as well, as less num-
ber of polysomes were observed in rimP deletion mutant of
E. coli as compared to the wild type leading to translation
deficient phenotype (Nord et al. 2009).

Under stress conditions including acidic stress, transla-
tional variations occur in most pathogenic bacteria that are
required for survival of the organism. RimP deletion mutant
of M. smegmatis was unable to survive under nitrosative
stress suggesting the requirement of rimP under stress con-
dition for protein synthesis (Weng 2016). Significance of
ribosomal maturation factors under stress conditions has
also been established in E. coli where delay in ribosomal
assembly or defective ribosomal maturation leads to heat
sensitive (Rene and Alix 2011), and cold-sensitive pheno-
type of E. coli (Bryant and Sypherd 1974), respectively. As
rimP is involved in the maturation of 30S ribosomal subunit
(Rene and Alix 2011), mutation in rimP gene of M. for-
tuitum may lead to less polysomes formation under acidic
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stress conditions. Thus, reduction in translation of proteins
essential for survival under acidic stress might be the reason
of acid susceptible phenotype of MT727 due to rimP inac-
tivation. However, the mutant did not show any appreciable
deviation in its growth behavior under oxidative, nutrient
starvation and nitrosative stress conditions indicating lack
of essentiality of rimP gene for survival under these stress
conditions.

To have an insight into mechanism of functioning of
RimP, as well as to determine the probable effect of muta-
tion in RimP encoding gene on other genes, in silico analysis
was done using STRING database. STRING database is an
important online tool to understand cellular processes in the
form of functional interactions between proteins (Szklarc-
zyk et al. 2011). STRING uses experimentally validated
information and computational prediction approaches to
predict functional association between proteins in the form
of network. As M. fortuitum database was not available in
STRING, in silico study was performed using RimP protein
of M. abscessus showing closest homology (60.8%) to the
identified sequence.

Functional interaction of RimP protein using STRING
demonstrated its association with translation termination
and antitermination protein (NusA), 30S ribosomal protein
s12 (RpsL) translation initiation factor IF-2 (InfB), probable
5'-methylthioadenosine phosphorylase (Pnp) and probable
ribosomal binding factor (RbfA) which are involved in ribo-
somal assembly and subsequent translation process. Func-
tional association of RimP with RpsL has been established
previously in M. smegmatis where RimP helps in increasing
the affinity of RpsL with 16SRNA (Weng 2016; Chu et al.
2019). RbfA and InfB have been reported to be upregulated
under in vitro lysosomal stress conditions (Lin et al. 2016).
Interaction of RimP with RbfA and InfB proteins has been
observed using online STRING database in our study, fur-
ther emphasizing a prospective role of rimP gene in acidic
stress survival of M. fortuitum. It may be hypothesized that
rimP is required for survival of M. fortuitum under acidic
stress conditions of phagolysosome, confirmed by reduced
survival of the mutant MT727 having inactivation of rimP.

RimP protein also showed predicted interaction with
putative flavoprotein MAB_3133 and four hypothetical pro-
teins MAB_3138, MAB_3134, MAB_3132 and MAB_3137.
The functions of these proteins are unknown, however,
MAB_3132, MAB_3133 and MAB_3134 were found to be
present in a single operon. MAB_3138 was found to be asso-
ciated with nusA, both genes sharing a single operon (http://
www.lgcm.icb.ufmg.br/cmregnet).

The present study revealed probable role of rimP
gene under in vitro acidic stress survival of M. fortuitum.
Although the role of rimP has been reported for survival
under stress conditions in M. smegmatis, its requirement
under acidic stress conditions has not been reported in
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pathogenic mycobacteria, to the best of our knowledge.
Thus, the present study is a novel finding indicating prob-
able role of rimP gene under in vitro acidic pH, which can
be correlated to similar acidic stress conditions prevalent
inside macrophages, although no association of the gene
was observed with other stress conditions prevalent inside
macrophage. Complementation of the disrupted gene and/or
independent knock out studies in the same gene will provide
comprehensive information about the role of rimP under
acidic stress conditions. The gene can serve as a potential
candidate for drug designing, albeit, in vivo studies of the
mutant are required to confirm its role as virulent protein
for infection and in vivo pathogenesis. The present study
provides basis for the future development of therapeutic
approaches using RimP as a druggable target against M.
fortuitum in particular and other mycobacterial infections
in general.
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