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Living organisms have developed specific defence mechanisms to counteract hostile environmental
conditions. Alkylation stress response mechanisms also occur in Mycobacterium tuberculosis (MTB) the
pathogen responsible for tuberculosis. The effect of alkylating agents on the cellular growth of MTB was
investigated using methyl methanesulfonate (MMS) as methyl donor demonstrating that limited doses of
alkylating agents might affect MTB cell viability. A global investigation of Mycobacterium smegmatis
response to alkylating stress was then pursued by differential proteomics to identify the most affected
cellular pathways. Quantitative analysis of proteomic profiles demonstrated that most of the proteins
upregulated in the presence of alkylating agents are involved in biofilm formation and/or cell wall
biosynthesis. Tailored experiments confirmed that under stress conditions M. smegmatis elicits physical
defence mechanisms by increasing biofilm formation. Among the upregulated proteins, we identified the
GlmU bifunctional enzyme as a possible factor involved in biofilm production. Experiments with both
conditional deletion and overexpressing glmU mutants demonstrated that down regulation of GlmU
decreased M. smegmatis capabilities to produce biofilm whereas overexpression of the enzyme increased
biofilm formation. These results were supported by inhibition of GlmU acetyltransferase activity with
two different inhibitors, suggesting the involvement of this enzyme in the M. smegmatis defence
mechanisms.

© 2019 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Living species are continuously subjected to alkylating stress by
both endogenous and exogenous species that can covalently
modify metabolites and biological macromolecules. Particularly,
DNA can be alkylated by reactive species leading to the generation
of miscoding bases possibly providing lethal modifications in ge-
netic information [1].

Methylating agents, like methyl methane sulphonate (MMS),
consist in a large category of reactive chemical compounds that can
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attack nucleophilic sites on DNA bases causing covalent modifica-
tions [2e4]. DNA modification seriously impairs transcription and
replication or disorganizes the cell-cycle checkpoints driving
eukaryotic cells to apoptosis. Since these molecules are ubiquitous
and hence unavoidable, all living organisms have developed several
repair or defence mechanisms to overcome their effects and to
protect the DNA molecule. Many bacteria build up inducible
response pathways that enhance cellular resistance to defend
against unpredictable levels of environmental alkylating agents
[5e14].

Alkylation response mechanisms also occur in Mycobacterium
tuberculosis (MTB), a non sporogenous aerobic pathogenic bacte-
rium, responsible for tuberculosis disease (TB), still one of the most
important cause of death due to a unique pathogen. A dis-
tinguishing feature of MTB is the presence of a complex cell wall
d.

mailto:anduilio@unina.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resmic.2019.03.002&domain=pdf
www.sciencedirect.com/science/journal/09232508
http://www.elsevier.com/locate/resmic
https://doi.org/10.1016/j.resmic.2019.03.002
https://doi.org/10.1016/j.resmic.2019.03.002
https://doi.org/10.1016/j.resmic.2019.03.002


A. Di Somma et al. / Research in Microbiology 170 (2019) 171e181172
much thicker than in other bacteria, characterized by a high con-
centration of extremely long chain lipids. This cellular architecture,
which confers resistance to environmental factors and antibiotic
substances, is important in the pathogenicity of tuberculosis
infection because it can affect immune response and granuloma
formation [15,16]. Current therapeutic treatments of TB disease
require the use of multiple anti-mycobacterial drugs such as
rifampicin and isoniazid [17].

Recently we demonstrated that treatment of Escherichia coli
with small amounts of MMS caused a strong decrease in biofilm
formation due to the reduced expression of the enzyme NanA [18].
A global investigation of Mycobacterium smegmatis response to
alkylating agents was then pursued by differential proteomics to
evaluate the protein expression profiles under alkylating stress
conditions and to identify the most affected cellular pathways.

Surprisingly, contrary to E. coli, when we incubated
M. smegmatis with a sublethal amount of MMS a strong increase in
biofilm formation was detected. Quantitative analysis of proteomic
profiles demonstrated that most of the M. smegmatis proteins
upregulated following MMS treatment are involved in biofilm for-
mation and/or cell wall biosynthesis. Tailored experiments
confirmed that under stress conditions M. smegmatis elicits phys-
ical defence mechanisms by increasing biofilm formation. Among
the upregulated proteins, we focused our attention on the bifunc-
tional enzyme GlmUwhose expressionwas largely increased under
biofilm inducing conditions and that was reported to be involved in
biofilm production in E. coli, Staphylococcus epidermidis and
Staphylococcus aureus [19e21]. Experiments with both conditional
deletion and overexpressing glmU mutants suggested that down
regulation of GlmU decreased M. smegmatis capabilities to produce
biofilm whereas overexpression of the enzyme increased biofilm
formation. These data were further supported by inhibition of
GlmU acetyltransferase activity with two different inhibitors
resulting in a clear decrease of biofilm formation, thus confirming
the role of GlmU in the process of biofilm production in
M. smegmatis.

2. Materials and methods

2.1. M. smegmatis and MTB culture

M. smegmatiswild type cells were grown 3 days in 7H9medium,
supplemented with 10% ADC, containing 0.05% tween 80 at 37 �C.
Saturated M. smegmatis cultures were diluted to 0.05 OD in fresh
medium; cells were divided in aliquots and treated with MMS in a
0.01e0.07% w/v range for 24 h. Bacterial cultures were serially
diluted and incubated on 7H11 plate supplemented with 10% OADC
at 37 �C. Cell viability was determined by enumerating CFUs after
four days incubation. Growth profiles were obtained by monitoring
cells for 30 h with and without MMS treatment.

Saturated MTB cultures were diluted to 0.05 OD in 7H9 liquid
medium supplemented with 10% ADC [22] and grown for 15 days.
A600 was measured every 48 h for 8 days. At day 8; 0.03% or 0.015%
MMS or specific drug were added., Cell viability was evaluated at
day 11, 13 and 15 by enumerating CFUs. Experiments were per-
formed in triplicate. Cells detection was performed by Ziehl-
Neelsen acid-fast staining [22]. MIC measurements were per-
formed with the help of Resazurin Microtiter Assay (REMA) as
described earlier [23]. Briefly, wells of a 96 well microtitre plate
were filled with 50 ml of 7H9media and serial dilutions of antibiotic
were added. The last column was left untreated and used as a
control. M. smegmatis strains were grown in replicates in 7H9
medium to an A600 ~0.6; diluted 1000 times, and 50 ml of the diluted
culture was added to each well. After 40 h of incubation, 30 ml of
resazurin dye was added to all the well and incubated for 6 h under
shaking and imaged. MICs were determined as the values of the
first well showing no growth as indicated by resazurin dye staining.

2.2. Differential Gel Electrophoresis (DIGE)

Protein extracts from MMS treated M. smegmatis (MMS_SMEG)
and untreatedM. smegmatis (control_SMEG) cells were analyzed by
DIGE procedure [24,25]. Four independent gels were performed in
order to obtain statistically significant data. The protein extracts
were resuspended in buffer containing 0.03 M Tris-HCl pH 7.5, 7 M
urea, 2 M thiourea and 4% chaps. Equal amounts of protein lysates
from MMS treated and control cells were labeled in vitro using Cy3
and Cy5 cyanine minimal dyes respectively (GE Healthcare, Pis-
cataway, NJ). A third cyanine dye (Cy2) was used to label a mixture
of the two samples used as internal standard [26,27]. The first
dimension separation was performed using 18 cm IPG strips, 3-
10NL pH range. Labeled proteins were loaded on the strips and
electrofocused overnight (75 kV/h) at 20 �C. The focused proteins
were reduced in equilibration buffer containing 0.5% dithiothreitol
for 15 min and alkylated with 4.5% iodoacetamide for a further
15 min. SDS-PAGE was performed using 10% polyacrylamide gels
(20 � 24 cm) onto Ettan Dalt Twelve system (GE Healthcare, Pis-
cataway, NJ) overnight at 2 W for each gel. The fluorescent images
were acquired at excitation/emission values of 488/520, 532/580,
633/670 nm, at 100 mm resolution, using a Typhoon 9400 Variable
Mode Imager (GE Healthcare, Piscataway, NJ). Images were pro-
cessed by DeCyder v5.2 software (GE Healthcare) in Batch Pro-
cessing mode performing the detection and quantification of
protein spots in Differential In-Gel (DIA) module and spot matching
in Biological Variation Analysis (BVA) module, as previously
described [28]. According to DIGE procedure, the fluorescence in-
tensity was associated to each selected spot. In order to reduce
inter-gel variation, the spot biological fold change was expressed as
a mean value of the four biological samples. Finally, spot intensities
were compared betweenMMS treated and control gels and the spot
variation was evaluated by statistic t-test. We included protein
spots with fold change>1.20 and p < 0.05 in the image analysis. The
accepted spot matching was checked by manual inspection.

2.3. Proteomic analysis

Protein extract (500 mg) from four biological replicates of
MMS_SMEG and from four biological replicates of control_SMEG
were used to perform a preparative gel. Gel was stained using
fluorescent dye Sypro Ruby (Molecular Probes Inc., Eugene, OR)
[29]. Selected spots were excised, hydrolyzed and processed by LC-
MS/MS as described earlier [30]. The MS/MS spectra raw data were
processed by in-house Mascot software (version 2.4) [31]. The
Mascot research parameters were the following: M. smegmatis
protein database; trypsin as proteolytic enzyme; up to 1 missed
cleavage; 200 ppm mass tolerance for precursor ions; 0.8 Da mass
tolerance for fragment ions, S-carbamidomethylcysteine as fixed
modification, pyro-Glu formation (from N-term Gln) and Met
oxidation as variable modifications. Peptides, displaying an indi-
vidual MASCOT score >38 were considered significant for identi-
fication [32,33].

2.4. Clustering analysis

The ‘STRING: functional protein association networks’ 7.0 soft-
ware (http://string-db.org/) was used to analyse identified protein
dataset. The STRING database allowed us to define the physical
(direct) and functional (indirect) protein interactions. Identified
proteins were assembled into significant canonical pathways or
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networks according to their associated score, defined as the nega-
tive logarithm of the p-value [34].

2.5. Generation of MsDglmU gene replacement mutant

M. tuberculosis glmU gene was digested with NdeI-HindIII from
pQE2-glmUMtb construct and sub-cloned into the corresponding
sites on pST-KirT vector [35,36] M. smegmatis mc2155 (Ms) strain
was electroporated with pST-glmUtet-off construct to generate a
merodiploid strain Ms::glmU. Approximately 1 kb upstream and
downstream flanking sequences of glmUMsm were amplified fol-
lowed by the generation of AES, which was subsequently cloned
into phAE159 to generate temperature sensitive phagemid [35,37].
MsDglmU conditional mutant was generated from Ms::glmU using
specialized transduction [37]. Genomic DNA was isolated from the
wild type (Ms) and the potential mutant (MsDglmU) and the
recombination at the native locus was confirmed by PCR.

2.6. Generation of MspNitglmU overexpressing mutant

M. tuberculosis glmU from pQE2-glmUMtb construct was released
with NdeI-HindIII and subcloned into the corresponding sites to
modified pNit1 construct [38] containing apramycin resistance
gene. M. smegmatis was electroporated with pNit-Apra-glmU
construct to generate Ms::pNit-glmU strain. In the presence of iso-
valeronitrile (IVN) the strain overexpresses GlmU.

2.7. Growth and scanning electron microscopy (SEM)analysis

For monitoring growth on plates, cultures of M. smegmatis (Ms),
M. smegmatis merodiploid (Ms::glmU) and MsDglmU (DglmU) were
grown in the absence of ATc till A600 of 0.8 and streaked on 7H11
agar plates with or without ATc. To evaluate the growth pattern,
A600 ~0.8 cultures of Ms and DglmU grown in the absence of ATc
were seeded at A600 ~0.02 and growth was monitored every 3 h for
30 h. For SEM analysis, cultures were grown for 9 or 12 h in the
presence or absence of ATc and the samples were processed for
SEM as described earlier [37].

2.8. Static biofilm assay

M. smegmatis (WT) and MsDglmU (DglmU) conditional mutant
strains were grown overnight in the absence of ATc. The cultures
were seeded in triplicate for each experiment (Crystal Violet assay
and CFU analysis) at A600~ 0.05 in Sauton's medium (200 ml) in a
sterile 96 well plates. ATc was added to WT samples at 24 h and in
control DglmU sample ATc was not added. In other DglmU samples
ATc was added at different time points after starting the culture (24,
48, 72 and 96 h). All the samples were analyzed for biofilm for-
mation and viability after 120 h (5 days) by both crystal violet and
CFU analysis respectively.

M. smegmatis cultures were freshly streaked on 7H11 agar plates
and grown for 24 h at 37 �C. 2e3 colonies were inoculated in 7H9
medium þ ADC for 16 h at 37 �C. Saturated M. smegmatis cultures
were seeded in triplicate at A600 of 0.05 OD in Sauton's medium
(200 ml) in a sterile 96 well plates. Cultures were incubated at 30 �C
for 4 days and then treated with 0.03% or 0.05% (w/v) MMS in the
absence and in the presence of either 20 mM iodoacetamide (IAA) or
20 mM N-acetylglucosamine-1-phosphate (GlcNAc1P) for 24 h. All
the samples were analyzed for biofilm formation and the IAA
treated sample was also monitored for cell growth.

Crystal violet assays were performed as follows: bacterial cells
were removed and the biofilm containing wells were washed twice
with sterile water. Wells were then dried at RT and 200 ml 0.1%
crystal violet was added and incubated at RT for 20e30min The dye
was removed, wells were washed with sterile water and 200 ml of
destaining solution (80% ethanol-20% acetic acid) was added at
room temperature and incubated for 20e30 min. The absorbance
was measured at 590 nm.

3. Results

3.1. MMS effect on M. smegmatis cells

Preliminary experiments were carried out on M. smegmatis to
evaluate the lowest amount of MMS clearly affecting cells growth.
M. smegmatis cells were grown with and without different con-
centrations of MMS (0.01e0.07% w/v) and the bacterial culture
viability was determined by measuring CFUs. Fig. 1A shows a
decrease in cell viability with increasing doses of MMS in com-
parisonwith untreated cells. A concentration of 0.03% MMS led to a
decrease of about 50% cell viability. The growth profiles of
M. smegmatis with and without 0.03% MMS were then evaluated
(Fig. 1B) confirming a slight effect of the alkylating agent on bac-
terial growth, and this concentration was used for further studies.

3.2. MMS on M. tuberculosis clinical strains

The effect of methylation stress on MTB was investigated to
explorewhether limited doses of alkylating agents might also affect
MTB cell viability using MMS as methyl donor. Alkylation experi-
ments were performed on two reference (H37Rv and H37Ra) and 4
different tubercular strains of M. tuberculosis three of which had
developed drug resistance (strain 100/12 resistant to isoniazid,
strain 223/12 resistant to streptomycin and strain 1726/11 resistant
to both isoniazid and rifampicin) and on 4 different species of
mycobacterium (Mycobacterium gordonae, Mycobacterium szulgai,
Mycobacterium xenopi and Mycobacterium chelone). The Minimum
Inhibitory Concentrations (MIC) of MMS for both reference strains
were calculated by REMA assay [23] and were 0.1% and 0.05% for
H37Rv and H37Ra respectively. Alkylation experiments were car-
ried out in triplicate and cell viability was evaluated by numbering
CFUs after 4 days incubation. When the bacteria cultures were
exposed to MMS treatment (0.03% or 0.015% w/v), seven out of
eight mycobacteria samples appeared sensitive to MMS showing
decreased cell viability in these conditions. Fig. 1C shows the
number of viable colonies of strain 100/12 resistant to isoniazid
(0,2 mg/mL), following treatment with MMS in comparison with
untreated cells or cells treated with isoniazid. The viability of strain
100/12 was affected by both MMS concentrations whereas the
isoniazid treatment was clearly ineffective.

These results were confirmed by microscopy of mycobacterial
cells. Fig. 2 shows the optical microscopy images of strain 100/12 in
all conditions tested. In the presence of both MMS concentrations
(Panels C and D), a remarkable disappearance of the typical myco-
bacterial cells clusters was clearly detected with respect to control
samples (Panel A) while isoniazid treated cells did not show signif-
icant differences compared with the control cells (Panels A and B).

3.3. Comparative proteomic analysis

Since alkylating stress affected mycobacterial viability, a
comprehensive investigation of M. smegmatis response to alkylat-
ing stress at the molecular level was then pursued by comparative
proteomics. Four biological replicates of M. smegmatiswere treated
with 0.03% MMS. Untreated cells were used as negative control.
Following 3 h incubation, cellular extracts from MMS treated and
untreated M. smegmatis cell cultures were labelled with fluores-
cence dyes and fractionated by 2D electrophoresis according to the
DIGE technology [39], using a 3e10 pH gradient (Fig. 3A).



Fig. 1. A: M. smegmatis wild type cells were treated with 0.01% (w/v), 0.03% (w/v), 0.05% (w/v), 0.07% (w/v) MMS and cell viability was evaluated by enumerating CFUs after four
days incubation in comparison with untreated cells. Experiments were run in triplicate and the error bars on the graphs stand for the standard deviation from the mean of the 3
experiments. One way ANOVA statistical test using Graph pad prism software was performed. B: Growth profiles of M. smegmatis cells in the absence (circle) and in the presence
(square) of 0.03% MMS. Experiments were run in duplicate and the standard deviation is reported as error bars. C: Number of viable colonies observed in the M. tuberculosis clinical
strain 100/12 resistant to isoniazid in the presence of 0,2 mg/mL isoniazid (square), 0.03% MMS (up triangle) and 0.015% MMS (down triangle). Circles refer to control cells. Cell
viability was evaluated by enumerating CFUs on samples withdrawn from bacterial cultures at 11, 13 and 15 days after four days incubation. The error bars on the graph are
represented as the standard deviation from the mean of 3 experiments.
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Comparative and quantitative analyses were performed and the
up- or downregulated proteins with a statistically significant fold-
change were defined. The MMS treated sample was then run on a
preparative gel in the same conditions and stained with Sypro Ruby
(Fig. 3B). Stained spots matching the corresponding DIGE analytical
gels were selected for identification by mass spectrometry and the
mass spectral data were processed by an in-house version of the
Mascot software. A total of 71 differentially expressed proteins
were identified and the results are summarized in Supplemental
Table 1. For each protein, the fold change, spot number, protein



Fig. 2. Optical microscopy images of the M. tuberculosis clinical strain 100/12 resistant to isoniazid observed following incubation with isoniazid (B) or in the presence of 0.015%
MMS (C) or 0.03% MMS (D). Control cells images are reported in Panel A for comparison. Scale bars 50 mm, enlargement 100-fold.
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description, gene official symbol, Swiss-Prot. Code, Mascot Score
and number of identified peptides are reported.

3.4. Biological networks and functional annotation analysis

The STRING functional protein interaction networks (http://
string-db.org/) and DAVID Bioinformatics Resources (https://
david.ncifcrf.gov/) were used to evaluate the network distribu-
tions of the 71 identified differentially expressed proteins.

Among the up-regulated proteins, the STRING analysis revealed
a large network comprising most of the identified proteins (43 out
of 71; number of edges 74, clustering coefficient 2.71 and enrich-
ment p-value 4.38e-07). Data are reported in Supplementary Fig. 1.
Stronger associations are represented by thicker lines. Within this
network, a subcluster including 6 proteins, Chaperone protein
DnaK (DnaK), DNA gyrase subunit B (GyrB), Peptidyl-prolylcis-trans
isomerase (PpiA), 60 kDa chaperonin 1 (GroEL1), Alanine-tRNA
ligase (AlaS) and Inosine-50-monophosphate dehydrogenase
(GuaB), was detected. All these proteins were reported to be
involved in biofilm formation to varying degrees [40,41].

When the DAVID database [42] was used to examine the iden-
tified upregulated proteins, 11 proteins were found involved in
metabolic pathways gathering within the Glycan Biosynthesis and
Metabolism area. Among these, the enzyme GlmU was reported to
be involved in biofilm production of several pathogenic and
nonpathogenic bacteria [19,21,43], whereas LeuD and VanX are
involved at different levels in cell wall biosynthesis to produce
peptidoglycan chain precursors [22,44] These results suggest that
MMS treatment of M. smegmatis gave rise to an increase in the
expression of proteins contributing to defence mechanisms
involving cell wall architecture and biofilm formation.

3.5. Effect of methylation stress on biofilm formation in
M. smegmatis

The overexpression of proteins involved in biofilm formation as
a result of methylation stress prompted us to perform specific
assays to evaluate the amount of biofilm formed by M. smegmatis
with and without MMS.

Static growth conditions were preliminarily optimized in order
to accurately measure biofilm formation. M. smegmatis was inoc-
ulated in wells and incubated at 30 �C for 4 days in 7H9 medium.
Cells were then treated with either 0.03% or 0.05% MMS and
quantification of attached cells was determined after 24 h by crystal
violet staining and subsequent measurement of absorbance at
590 nm. Experiments were performed in triplicate and the aver-
aged data are reported in Fig. 4. Methylation stress induced byMMS
treatment increased biofilm production compared to untreated
cells in a dose-dependent manner. Cell viability was evaluated by
CFUs measurements at both MMS concentrations according to
Fig. 1A. This finding was in agreement with proteomic results
suggesting that M. smegmatis response to damaging events led to
increasing biofilm production mechanisms. It should be underlined
that in the same conditions, MMS treatment strongly decreased
biofilm formation in E. coli [18].
3.6. GlmU is essential for biofilm formation in M. smegmatis

Differential proteomics results suggested that MMS treatment of
M. smegmatis increased the expression of proteins involved in
biofilm formation. Among these, the expression of GlmU was
upregulated by almost 50 fold under biofilm inducing conditions.
Moreover, GlmU was reported to play a role in biofilm formation in
E. coli, S. epidermidis and S. aureus being involved in the synthesis of
an essential precursor required for biofilm production [19e21,43].
On this ground, we pursued a detailed investigation to assess the
putative role of GlmU in biofilm formation in M. smegmatis, if any.

Biofilm production in M. smegmatis was evaluated in the
absence of GlmU. glmU is an essential gene and hence a mutant can
only be generated in the presence of an inducible copy. We utilized
previously developed integrative construct pST-KirT-glmU [35,36]
herein the expression of glmU is under the regulation of tetracy-
cline inducible promoter [45]. The promoter is functional in the
absence of anhydotetracylin (ATc) and addition of ATc shuts off the
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Fig. 3. Differential in Gel Electrophoresis (DIGE) of protein extracts from MMS treated
and untreated M. smegmatis cells. A: Superimposed images of the individual fluores-
cent scans of analytical gel. Equal amounts of protein lysates from four biological
replicates were labeled in vitro using Cy3 (red fluorescence, MMS treated) and Cy5
(green fluorescence, MMS untreated) dyes. A third cyanine dye (yellow fluorescence,
Cy2) was used to label a mixture of the two samples used as internal standard. B:
Semi-preparative 2D-Gel Electrophoresis of protein extracts from M. smegmatis cells
treated with MMS. Protein extracts from four biological replicates of MMS treated and
four biological replicates of control MMS untreated M. smegmatis cells were run a
preparative gel stained with Sypro Ruby. Individual spots were used for protein
identification.

Fig. 4. Biofilm formation in M. smegmatis under different conditions. M. smegmatis
cells were incubated in triplicate at 30 �C for 4 days and then treated with either 0.03%
or 0.05% (w/v) MMS for 24 h. Biofilm formation was evaluated by crystal violet assay in
comparison with control cells. The error bars on the graph stand for the standard
deviation from the mean of 3 experiments. One way ANOVA statistical test using Graph
pad prism software was performed.
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expression of the enzyme. In order to generate glmU mutant in
M. smegmatis, pST-KirT-glmU was electroporated to generate the
merodiploid (Fig. 5A). The glmU at native locus was replaced with
hygr marker and the recombination at the native locus was
confirmed by PCR (Fig. 5B). Two independent recombinants were
streaked alongwithM. smegmatis (Ms) andmerodiploid (Ms::glmU)
strains in the presence or absence of ATc (Fig. 5C). It is clear from the
data that the recombinants failed to grow in the presence of ATc.
Western blot analysis of wild type (Ms) and mutant (Ms::glmU) in
the absence and presence of ATc showed that the growth defect
observed was indeed due to the depletion of GlmU (Fig. 5D).
Growth pattern analysis performed in the absence or presence of
ATc was in agreement with the above data (Fig. 5E). SEM analysis,
performed to evaluate the impact of GlmU depletion on
morphology, showed presence of significant number of fused cells
with wrinkled surface (Fig. 5F).

Next we set out to evaluate the role of GlmU in biofilm pro-
duction using the MsDglmU mutant. M. smegmatis and MsDglmU
strains were grown at 30 �C in triplicate in multiwell plate. Both
biofilm formation and cell viability of theMsDglmUmutant used as
control were measured just before the addition of ATc and the
corresponding values are shown in Fig. 6A and B (MsDglmU-ATc,
second bar in the figures). The expression of GlmU was then
inhibited by adding 200 ng of ATc at different time points, 24, 48, 72
and 96 h, in different wells of MsDglmU. ATc was shown to have no
effect on wild type M. smegmatis culture (first bar in Fig. 6A and B).

As shown in Fig. 6A, when MsDglmU cultures were treated with
ATc after 24 or 48 h of growth, a decrease of about 82% or 68%
respectively in biofilm formation was observed (Fig. 6A, third and
fourth bars) suggesting that depletion of GlmU at the early phase of
growth might impair biofilm production underlining a possible
involvement of GlmU in this process. No significant differences in
biofilm formation were detected when GlmU depletion was
induced at late stage of cell growth (Fig. 6A, fifth and sixth bars),
indicating that depletion of GlmU was ineffective when maximum
biofilm production had already occurred.

Then, we performed a similar experiment and determined cell
viability in M. smegmatis and the MsDglmU mutant either in the
absence (MsDglmU-ATc) or in the presence (MsDglmU þ ATc) of ATc.
Fig. 6B shows that following 24 h ATc treatment a large decrease in
cell viability of the MsDglmU mutant was observed whereas no
significant differences in cell density were observed between
MsDglmU-ATc andMsDglmU þ ATc cultures when ATc was added at



Fig. 5. A Schematic diagram representing the genomic location of glmU (MSMEG_5426) and homologous recombination between flanking sequence in the phagemid and the
genomic locus. B Agarose gel showing the PCR amplification of the Ms & putative DglmUmutant using specific primers. Primers F1 and R2 are beyond the flanks, R1 and F2 belongs
to resolvase sites in sacB/hygR cassette and F3 and R3 binds to the native glmU. Amplification with F1-R1 or F2-R2 primers results in 1.08 kb or 1.29 kb size products with DglmU
strain but none with the Ms. Whereas PCRs with F1-R3 or F3-R2 primers amplifies 1.6 kb or 1.26 kb band with the Ms and none with the DglmUmutant. C. Ms, Ms::glmU and DglmU
cultures grown to an A600 of 0.8 OD and streaked on 7H11 agar plates with or without ATc. D. Western blots showing endogenous GlmU and FLAG-GlmU at 6 h & 12 h post ATc
addition. For loading control PknB and GroEL1 were probed. E. Growth curve analysis of Ms and DglmU in presence or absence of ATc up to 30 h. F. SEM images of Ms and DglmU at
9 h and 12 h after the addition of ATc. Scale bars 2 mm.
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72 and 96 h (Fig. 6B, fifth and sixth bars). These data raised the
questionwhether the reduced biofilm formation had to be ascribed
to a decrease in the replication rate of MsDglmU when the
expression of GlmU was stopped as this enzyme is essential for
growth, or to a specific role exerted by GlmU itself.
In an attempt to solve the question, we tested whether the
overexpression of GlmU had an effect on biofilm formation. We
used a newly developed integrative construct where the expression
of glmU is under the control of isovaleronitrile (IVN) inducible
promoter (Ms.pNit-glmU) [38]. M. Smegmatis and Ms.pNit-glmU



Fig. 6. A: M. smegmatis and MsDglmU conditional deletion mutant strains were grown
in triplicate in multiwall plate. Formation of biofilm was measured by crystal violet
assay after five days of growth. Second bar in the figure shows biofilm formation of the
MsDglmU mutant used as control just before the addition of ATc. The expression of
GlmU was then inhibited by adding 200 ng of ATc at different time points, 24, 48, 72

A. Di Somma et al. / Research in Microbiology 170 (2019) 171e181178
strains were grown at 30 �C in triplicate in multiwall plate. Biofilm
formation of the Ms.pNit-glmU mutant used as control was
measured just before the addition of IVN and the corresponding
values are shown in Fig. 6C (Ms.pNit-glmU-IVN, second bar in the
figure).

The expression of GlmU was then induced at 48 h in the Ms-
pNit-glmU mutant by treatment with 5 mM IVN. At five days of
growth, crystal violet assay was performed to measure the forma-
tion of biofilm and the cell density was determined by measuring
the absorbance at 590 nm. As shown in Fig. 6C, following IVN
stimulation at 48 h Ms.pNit-glmU showed a 45% enhancement of
biofilm formation (Ms.pNit-glmU þ IVN, third bar in the figure),
indicating that increasing amount of GlmU impacted biofilm pro-
duction and suggesting a role of the enzyme in this process.

3.7. GlmU inhibition and biofilm formation in M. smegmatis

To further define whether or not GlmU had a role in biofilm
formation in M. smegmatis, we measured biofilm levels following
inhibition of the acetyltransferase domain of GlmU. Several authors
reported that inhibition of GlmU by thiol-specific reagents
[19,20,46,47] or its reaction product N-acetylglucosamine-1-
phosphate [21,48e51] resulted in decrease of biofilm production in
variousmicroorganismswith only a slight effect on bacterial growth.

The amount of biofilm produced by M. smegmatis under
methylation stress conditions was measured in the presence of
different concentrations of iodoacetamide (IAA), a GlmU acetyl-
transferase domain inhibitor [19,46]. Fig. 7A shows that inhibition
of GlmU by 20 mM IAA decreased biofilm levels induced by MMS
treatment. The growth profiles of M. smegmatis in the presence of
20 mM IAA was also evaluated indicating only a slight effect of the
chemical agent on bacterial growth that in these conditions was
still able to grow (Fig. 7B).

A further GlmU inhibition experiments was then performed in
the presence of N-Acetylglucosamine-1-phosphate (GlcNAc-1P), a
competitive inhibitor of GlmU [48e50]. Biofilm formationwas then
measured following MMS treatment of M. smegmatis cells in the
presence of 20 mM GlcNAc-1P. Inhibition of GlmU enzymatic ac-
tivity resulted in a clear decrease of biofilm formation as shown in
Fig. 7C.

These data supported the results obtained with GlmU mutants,
confirming the involvement of this enzyme in the defence mech-
anisms elicited by M. smegmatis upon alkylation stress.

4. Discussion

Tuberculosis is caused by the mycobacterium M. tuberculosis, a
pathogen able to survive in the hostile conditions through sophis-
ticated defence mechanisms. In an attempt to clarify some aspects of
the M. tuberculosis defence mechanisms, we have investigated the
and 96 h, in different wells of MsDglmU. The error bars on the graphs stand for the
standard deviation from the mean of 3 experiments. One way ANOVA statistical test
using Graph pad prism software was performed, p < 0.0001. B: The experiment was
performed as described above, colonies were counted and log10 CFU/ml values were
calculated and plotted using graph pad prism software. Second bar in the figure shows
the cell viability of theMsDglmUmutant used as control just before the addition of ATc.
The error bars on the graphs stand for the standard deviation from the mean of 3
experiments. One way ANOVA statistical test using Graph pad prism software was
performed. C: M. Smegmatis and Ms.pNit-glmU overexpressing mutant strains were
grown in triplicate in multiwall plate. Biofilm formation of the Ms.pNit-glmU mutant
used as control was measured just before the addition of IVN (Ms.pNit-glmU-IVN,
second bar in the figure). After 48 h, 5 mM IVN was added in different wells of Ms-pNit-
glmU to induce the overexpression of GlmU. Formation of biofilm was measured by
crystal violet assay after five days of growth. The error bars on the graphs stand for the
standard deviation from the mean of 3 experiments. One way ANOVA statistical test
using Graph pad prism software was performed.



Fig. 7. Biofilm formation inM. smegmatis in the presence of acetyltransferase domain inhibitors.M. smegmatis cells were incubated in triplicate at 30 �C for 4 days in multiwall plate
and then treated with 0.03% MMS for 24 h to induce biofilm formation. A: Biofilm production following treatment ofM. smegmatis with 20 mM iodoacetamide (IAA) for 24 h. Biofilm
formation was evaluated by crystal violet assay in comparison with control cells. B: Growth profiles of M. smegmatis cells in the presence of 0.03% MMS (square), or 0.03% MMS and
20 mM IAA (triangle) in comparison with untreated cells (circle). C: Biofilm production in M. smegmatis in the presence of 20 mM N-acetyl glucosamine-1-phosphate for 24 h. The
error bars on the graphs A, B and C stand for the standard deviation from the mean of 3 experiments. One way ANOVA statistical test using Graph pad prism software was
performed.
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effect of methylation stress caused by sub-lethal concentration of
MMS in clinal strains ofM. tuberculosis and other tubercular species.
Most of mycobacteria appeared sensitive to MMS incubation
showing a clear decrease in cell viability, including the strains that
had developed isoniazid resistant capabilities.

Recently we demonstrated that treatment of E. coli with small
amounts of MMS caused a strong decrease in biofilm formation
[18]. A global investigation of mycobacteria response to alkylating
agents at the molecular level was then performed using
M. smegmatis, a non pathogenic mycobacteria strain. Surprisingly,
contrary to E. coli, when treated with a sublethal amount of MMS,
M. smegmatis showed a clear increase in biofilm formation.
Comparative proteomics allowed us to establish that MMS treat-
ment induces upregulation of several proteins involved in cell wall
biosynthesis and biofilm formation. Among these, molecular
chaperones DnaK and GroEL1 have recently been associated to
biofilm formation and stress resistance mechanisms. Chemical in-
hibition of DnaK was reported to reduce biofilm production in E.
coli [40] and decreased biofilm formation and adhesion properties
in S. aureuswere observed in the presence of a DnaK non-functional
mutation [52]. The GroEL1 protein affects the bio-synthesis of
mycolates, crucial components of mycobacterial cell wall, specif-
ically during production of biofilm. Moreover, inactivation of the
groEL1 gene prevented the formation of mature biofilms in
M. smegmatis [41]. We speculated that the increase in biofilm for-
mation induced by alkylation stressmight be part of a more general
strategy adopted by mycobacterium to defend itself when sub-
mitted to different stress conditions. For instance, biofilm



Fig. 8. Pathways of sialic acid and aminosugars metabolism in E. coli underlining the
relationship between the enzymes NanA and GlmU.
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formation and glmS expression are increased in E. coli by exposure
to PEG, which mimics an osmotic stress [53].

Clustering analysis of proteomics data showed that several up-
regulated proteins gathered within the metabolic pathway lead-
ing to peptidoglycan biosynthesis. Among these, we focused our
attention on the bifunctional enzyme GlmU whose expression was
largely increased under conditions inducing biofilm formation.
GlmU is involved in the biosynthesis of UDP-N-acetylglucosamine
(UDP-GlcNAc) an essential precursor of b-1,6-N-acetyl-D-glucos-
amine polysaccharide adhesin needed for biofilm production in
E. coli and S. epidermidis [43]. Moreover, GlmU was reported to play
a role in biofilm formation in Pseudomonas aeruginosa, Klebsiella
pneumoniae and E. foecalis [19,21,51].

On this ground, we pursued a detailed investigation on the pu-
tative role of GlmU in biofilm production in M. smegmatis. We
developed a GlmU conditional deletion mutant in which the glmU
promoter was under the control of Atc (MsDglmU) and an over-
expressing mutant where the glmU gene was under the control of
IVN (Ms.pNit-glmU). The MsDglmU mutant showed normal biofilm
formation under methylation stress conditions in the absence of ATc.
However, a decrease in biofilm productionwas detected when GlmU
was depleted at early stage of cell growth by ATc treatment. On the
contrary, an increase in biofilm production was detected when the
Ms.pNit-glmU mutant was stimulated with IVN, suggesting that
increasing amount of GlmU positively affected biofilm production.

However, since the GlmU enzyme is essential for bacterial
growth, experiments with M. smegmatis mutants might be ques-
tionable as the increase/reduction in biofilm formation might also
be related to increase/decrease rate of replication of M. smegmatis
and not directly to GlmU activity. Therefore, to further define
whether or not GlmU is involved in biofilm production in
M. smegmatis, we examined the effect enzymatic inhibitors able to
interfere with the GlmU acetyltransferase domain on biofilm for-
mation [19,20,46e50]. In the presence of either IAA or GlcNAc-1P,
well known inhibitors of the GlmU acetyltransferase activity, bio-
film formation was diminished decreasing to a level very similar to
control cells, whereas both cell viability and bacterial growth were
only slightly affected.

Altogether these data suggested that GlmUmight be involved in
the M. smegmatis biofilm mediated defence mechanisms. GlmU
belongs to a metabolic pathway leading to UDP-GlcNAc from
fructose-1-phosphate involved in the biosynthesis of peptidoglycan
and lipopolysaccharide (Fig. 8). Recently, we demonstrated that
impairment of NanA (N-acetylneuraminate lyase) expression and/
or inhibition due to synthetic drugs strongly decrease biofilm for-
mation in E. coli [18]. Interestingly, NanA belongs to the same
pathway connecting sialic acid metabolism and the amino sugars
biosynthesis where GlmU is located, as shown in Fig. 8. Moreover,
although the nanA gene is absent in M. smegmatis genome, NanA
and GlmU proteins occur within the proteome of many well known
pathogenic bacteria such as S. aureus (both NanA and GlmU),
K. pneumoniae (GlmU) and P. aeruginosa (GlmU).

Our findings pointed out to sialic acid metabolism as a key
pathway in biofilm production in M. smegmatis. Sialic acid and its
metabolites GlcNAc and GlcNAc-6-P have long been recognised as
signalling molecules in biofilm formation, colonization and host
invasion [54]. Moreover, several genes involved in sialic acid
metabolismwere shown to play a central role in the mechanism of
biofilm formation by pathogenic bacteria both in vitro and in vivo
[55,56]. We provided evidence that glmU is involved in the
biosynthesis and assembly of M. smegmatis biofilm protective ar-
chitecture. Since the reaction catalyzed by the acetyltransferase
domain of GlmU is unique to bacteria not having any homology
with eukaryotic organisms, these observations might open up the
way to the development of compounds that can effectively target
this enzyme specifically hampering biofilm formation and avoiding
the risk of generating drug-resistant strains.
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