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Novel Functions of (p)ppGpp and Cyclic di-GMP in Mycobacterial
Physiology Revealed by Phenotype Microarray Analysis of Wild-Type
and Isogenic Strains of Mycobacterium smegmatis
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Molecular Biophysics Unit, Indian Institute of Science, Bangalore, Karnataka, India

The bacterial second messengers (p)ppGpp and bis-(3'-5")-cyclic dimeric GMP (c-di-GMP) regulate important functions, such as
transcription, virulence, biofilm formation, and quorum sensing. In mycobacteria, they regulate long-term survival during star-
vation, pathogenicity, and dormancy. Recently, a Pseudomonas aeruginosa strain lacking (p)ppGpp was shown to be sensitive to
multiple classes of antibiotics and defective in biofilm formation. We were interested to find out whether Mycobacterium smeg-
matis strains lacking the gene for either (p)ppGpp synthesis (Arel,,,,,) or c-di-GMP synthesis (AdcpA) would display similar
phenotypes. We used phenotype microarray technology to compare the growth of the wild-type and the knockout strains in the
presence of several antibiotics. Surprisingly, the Arel, ., and AdcpA strains showed enhanced survival in the presence of many
antibiotics, but they were defective in biofilm formation. These strains also displayed altered surface properties, like impaired
sliding motility, rough colony morphology, and increased aggregation in liquid cultures. Biofilm formation and surface proper-
ties are associated with the presence of glycopeptidolipids (GPLs) in the cell walls of M. smegmatis. Thin-layer chromatography
analysis of various cell wall fractions revealed that the levels of GPLs and polar lipids were reduced in the knockout strains. As a

result, the cell walls of the knockout strains were significantly more hydrophobic than those of the wild type and the comple-
mented strains. We hypothesize that reduced levels of GPLs and polar lipids may contribute to the antibiotic resistance shown
by the knockout strains. Altogether, our data suggest that (p)ppGpp and c-di-GMP may be involved in the metabolism of glyco-

peptidolipids and polar lipids in M. smegmatis.

N ucleotide-based second messengers regulate various biologi-
cal processes in all domains of life. Pentaphosphate guanos-
ine (pppGpp) or tetraphosphate guanosine (ppGpp), collectively
referred to as (p)ppGpp, and bis-(3"-5")-cyclic dimeric GMP (c-
di-GMP) are two such bacterial second messengers (1, 2). The
alarmone (p)ppGpp is synthesized when bacteria are stressed or
starved and regulates important processes, like stringent response,
quorum sensing, virulence, and biofilm formation (2-5). In my-
cobacteria, (p)ppGpp is synthesized and broken down by the du-
al-function enzyme Rel, encoded by the rel gene (6). The Myco-
bacterium smegmatis rel gene knockout (Arel,) strain is
compromised for long-term survival during nutrient starvation
and progressive hypoxia (7). Similarly, Mycobacterium tuberculo-
sislacking the Rely,,;, protein has reduced long-term survival in the
lungs of mice and in a mouse hypoxic granuloma model and fails
to form tubercle lesions in a guinea pig model of infection (8-11).
Both the M. tuberculosis and M. smegmatis genomes encode a sec-
ond (p)ppGpp synthetase called small alarmone synthetase (12,
13). However, its role in mycobacterial physiology has not been
completely elucidated.

The signaling nucleotide c-di-GMP is synthesized by diguany-
late cyclases containing GGDEF domains and is broken down by
phosphodiesterases containing either EAL or HD-GYP domains
(2, 14-16). It regulates processes such as biofilm formation, viru-
lence, and cell division (17, 18). In M. smegmatis, c-di-GMP is
synthesized and broken down by a bifunctional protein, DcpA
(formerly called the MSDGCI protein), encoded by the dcpA
gene, which harbors both GGDEF and EAL domains (19, 20).
When dcpA is removed, the resulting AdcpA strain exhibits re-
duced long-term survival during nutrient starvation (19). C-di-
GMP binds the transcription factor LtmA and regulates the ex-
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pression of lipid transport and metabolism genes in M. smegmatis
(21). It also regulates pathogenicity and dormancy in M. tubercu-
losis (22).

Apart from long-term survival, pathogenicity, and virulence,
other phenotypes or processes regulated by (p)ppGpp and c-di-
GMP in mycobacteria so far remain unexplored. Moreover, we
also wanted to investigate whether the two GTP-derived nucleo-
tide second messengers regulate similar or different processes in
mycobacteria. Recently, it was shown that a strain of Pseudomonas
aeruginosa lacking (p)ppGpp is sensitive to multiple classes of an-
tibiotics and is defective in biofilm formation (23). Hence, we
investigated the question of how a strain of M. smegmatis impaired
in (p)ppGpp or c-di-GMP signaling would behave in the presence
of antibiotics. To address this question, we used phenotype mi-
croarray (PM) technology, which allows one to study hundreds of
biochemical phenotypes of bacteria simultaneously (24, 25). It has
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TABLE 1 Strains used in the study

Strain Description Source or reference
M. smegmatis Wild-type strain 29
mc155

Arelyom M. smegmatis strain in which the Laboratory strain
rel gene has been replaced (7)
with a Hyg" cassette

AdcpA M. smegmatis strain in which the Laboratory strain
dcpA gene has been replaced (19)
with a Kan" cassette

relComp Arelyy,,, strain of M. smegmatis Gift from Christina
complemented with the rel Stallings (30)
gene; Kan"

dcpAComp AdcpA strain complemented Laboratory strain

with the dcpA gene; Kan® Hyg" (19)

been successfully used to study the metabolic profiles of Esche-
richia coli (25), Bacillus subtilis (26), Staphylococcus aureus (27),
M. tuberculosis and Mycobacterium bovis (28). It consists of a spe-
cialized reader-incubator and a set of 20 96-well plates numbered
PM1 to PM20, which are coated with various sources of carbon,
nitrogen, sulfur, phosphorus, osmolytes, and antimicrobials (24,
25). For our studies, we used 10 PM plates, PM11 to PM20, that
were coated with various antimicrobials. Hence, the present work
was designed to investigate the roles of (p)ppGpp and c-di-GMP
in mycobacterial survival and physiology using PM technology.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A list of all the strains used in
this study is provided in Table 1. M. smegmatis mc*155 (the wild type
[WT]) (29) and its isogenic variants Arely,,.,, the rel complemented strain
(relComp) (30), AdcpA, and the dcpA complemented strain (dcpAComp)
were grown in MB7H9 (Difco) broth with 2% (wt/vol) glucose as a carbon
source and 0.05% (vol/vol) Tween 80 or on MB7H9 medium containing
1.5% (wt/vol) agar. The antibiotics kanamycin and hygromycin were used
at a concentration of 40 pg/ml when required.

PM procedure. All the M. smegmatis strains (WT, Arely,,.,, relComp,
AdcpA, and dcpAComp) were initially grown on MB7H9 agar containing
2% glucose for 48 h. Cell suspensions with a transmittance of 81% were
made in MB7H9 broth from these plates using a sterile swab dipped in
0.1% Tween 80. To these suspensions, the redox indicator tetrazolium
violet was added to a final concentration of 0.01%. One hundred micro-
liters of the suspension was inoculated into the wells of the PM plates. The
plates were subsequently incubated at 37°C for 48 h in a Biolog OmniLog
incubator, which measures the growth of bacteria every 15 min. As bac-
teria respire, tetrazolium violet is reduced to a purple color, which is
directly proportional to the growth of the bacteria. The intensity of the
purple color is recorded as a dye reduction value, which is then plotted as
the area under the curve (AUC) by the Biolog parametric software. The
AUC for the test strain (e.g., a mutant) is then overlaid on the AUC of the
reference strain (e.g., the WT) by parametric software. This results in a
green-yellow-red display, where the overlap between the two AUCs is
shown in yellow. If the AUC of the test strain is more than that of the
reference strain, then it is said to have “gained the phenotype” for that
particular compound present in the PM plate, and this is depicted in green
in the overlaid AUC plot. In other words, the test strain has enhanced
survival or growth compared with the reference strain. On the other hand,
if the test strain has an AUC value less than that of the reference strain,
then it is said to have “lost the phenotype,” and this is shown as red in the
overlaid AUC plots. In other words, the test strain has poor growth or
survival compared with the reference strain. The gain or loss of phenotype
is always measured with respect to the reference strain. Dye reduction
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curve values were plotted using ggplot2 in the R statistical software (http:
/lwww.r-project.org). Each antimicrobial was present in four different
concentrations in the PM plates, and hence, a total of 240 different com-
pounds were present in the 10 PM plates used in this study. A list of the
compounds is presented in Data Set S1 in the supplemental material. PM
analysis of the WT, the Arely,,,, and the AdcpA strains was carried out at
least four times and that of the complemented strains twice.

Determination of MICs. MIC values were determined using the res-
azurin microtiter plate assay (REMA), which is a very widely used method
to determine MICs for various mycobacteria (31). Briefly, the transmit-
tance of the culture was adjusted to a McFarland turbidity standard of 1
and then diluted 1:10. One hundred microliters of the diluted culture
(approximately 3 X 10° CFU) was inoculated into 96-well microtiter
plates containing 2-fold dilution series of the antibiotics ampicillin,
amoxicillin, streptomycin, rifampin, erythromycin, tetracycline, and nor-
floxacin. The plates were sealed with Parafilm M (Bemis Flexible Packag-
ing, Neenah, WI) and incubated in a humidified incubator at 37°C for 36
h. Postincubation, 15 pl of 0.01% resazurin was added to the wells of the
microtiter plates, and the plates were further incubated for 4 h. If live
bacteria are present in any of the wells, the dye turns pink; otherwise, it
stays blue. The MIC was defined as the minimum antibiotic concentration
at which the color of the resazurin did not change. The experiment was
performed twice. We also plated an aliquot from such wells onto MB7H9
agar to determine the number of surviving CFU (CFU/ml).

Biofilm formation and quantification assay. Biofilms were grown in
Sauton’s fluid base medium supplemented with 2% glucose as a carbon
source, as previously described by Mathew et al. (32). Twenty-five milli-
liters of the medium was poured into sterile petri dishes. Two hundred
microliters of the saturated culture was inoculated into petri dishes con-
taining medium. The plates were then incubated at 37°C in a humidified
incubator for 6 days and imaged with a 500-ms exposure of white light in
a Sygene G-box gel documentation system.

Quantification of biofilms was done as described previously by
O’Toole et al. (33) and as adapted successfully by Bharati et al. (19) in the
case of M. smegmatis. Briefly, the stationary-phase cultures were washed
with Sauton’s medium, diluted to a final optical density at 600 nm
(ODgqp) of 0.1 in Sauton’s medium containing 2% glucose, and inocu-
lated into the wells of 96-well polystyrene plates. Each well received an
inoculum of 200 pl, and 8 wells were assayed for each strain. The plates
were sealed with Parafilm M and incubated at 37°C for 3 to 4 days. After
the incubation, biofilms were removed from the wells, and the wells were
washed twice with water. The adherent biofilm was quantified by staining
with 1% crystal violet for 45 min at room temperature. The residual dye
was washed with water, and the plate was allowed to dry. The bound dye
was solubilized in 300 pl 80% (vol/vol) ethanol, and the A, was mea-
sured using a microtiter plate reader (SpectraMax 340PC***; Molecular
Devices).

Primary adherence assay. The protocol for the primary adherence
assay was adapted from that of Mohamed et al. (34). Briefly, the station-
ary-phase cultures of all the strains were diluted to an OD, of 0.1. Two
milliliters of the diluted cultures was poured into the wells of 12-well
polystyrene plates and incubated for 4 h. The wells were then washed with
phosphate-buffered saline (PBS) twice, fixed with Bouin’s solution (acetic
acid, 5%; formaldehyde, 9%; picric acid, 0.9%) for 15 min, and finally
washed with 1X PBS. Adherent bacteria were then visualized under a 40X
objective in an Olympus IX81 microscope. Five different fields were cho-
sen randomly and observed. The experiment was performed twice.

Colony morphology and sliding motility. To determine colony mor-
phology, cells were plated on MB7H9 agar plates supplemented with 2%
glucose and incubated at 37°C for 6 to 7 days. Postincubation, images of
the individual colonies were taken. To score for sliding motility, we fol-
lowed the protocol described by Martinez et al. (35). Briefly, cells were
grown until stationary phase in MB7H9 medium supplemented with 2%
glucose and 0.05% Tween 80. Three microliters of the culture was spotted
in the middle of MB7H9 plates solidified with 0.3% agarose without any
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carbon source. The plates were incubated at 37°C for 4 days in a humidi-
fied incubator as described previously (35). After the incubation, the
plates were imaged with a 500-ms exposure of white light in a Sygene
G-box gel documentation system.

Aggregation assay. The protocol for the aggregation assay was
adapted from that of Deshayes et al. (36). Bacteria were grown until sta-
tionary phase in MB7H9 medium supplemented with 2% glucose and
0.05% Tween 80. Individual cells were separated from the aggregates by
centrifuging the cells at 10 X g for 1 min. The ODy, values of the super-
natants were compared to those of cultures in which the aggregates were
broken by vortexing with glass beads. The aggregation index is defined as
the ratio between the ODg, of the supernatant and the OD, of the
vortexed culture.

GPL isolation. Glycopeptidolipids (GPLs) from M. smegmatis cul-
tures were purified using the protocol described by Khoo et al. (37). Sta-
tionary-phase cultures were centrifuged at 5,000 X g for 10 min, and the
cell pellet was lyophilized. One hundred milligrams of lyophilized cells
was suspended in 2:1 (vol/vol) chloroform-methanol and kept at 37°C for
8 h without agitation, followed by 12 h with agitation. The suspension was
subsequently centrifuged at 10,000 X g for 10 min. The lower organic
phase was collected in a round-bottom flask and dried to completion
using a RotaVac vacuum evaporator. The GPLs were then extracted in a
minimum volume of 2:1 (vol/vol) chloroform-methanol and deacetylated
by adding methanolic NaOH to a final concentration of 0.1 N and incu-
bating at room temperature for 30 min. The alkali-stable GPLs were then
concentrated to complete dryness on a RotaVac vacuum evaporator, re-
suspended in equal volumes of 4:2:1 chloroform-methanol-water, and
stored at room temperature for 1 h. The suspension was subjected to
centrifugation for 30 min at 12,000 X gat 15°C. The lower organic layer
was collected, dried by vacuum evaporation, and resuspended in a mini-
mum volume of 2:1 chloroform-methanol and 5 ml of saturated brine.
After storing the suspension for 10 min at room temperature, it was cen-
trifuged at 12,000 X g for 30 min at 15°C. The lower organic phase con-
taining the purified GPLs was collected and dried by vacuum evaporation,
resuspended in 2:1 chloroform-methanol, and stored at 4°C until further
use. The thin-layer chromatograms of GPLs were developed in 9:1 chlolo-
form-methanol and visualized by charring at 120°C after spraying the
chromatogram with 20% ethanolic sulfuric acid.

Purification of polar and apolar lipids. Polar and apolar lipids were
isolated following the protocol of Parish and Stoker (38). Briefly, 50 mg of
lyophilized cells was suspended in 2 ml of methanol-0.3% NaCl (100:10)
with 1 ml of petroleum ether and rotated for 15 min. After removing the
upper petroleum ether layer carefully, 1 ml of petroleum ether was again
added to the residue and further rotated for 15 min. Both petroleum ether
extracts were then combined and evaporated under liquid nitrogen to
yield apolar lipids, which were resuspended in dichloromethane prior to
thin-layer chromatography (TLC) analysis. To extract polar lipids, the
methanolic saline extract was heated in a boiling-water bath for 5 min,
allowed to cool to room temperature, mixed with 2.3 ml of chloroform-
methanol-0.3% NaCl (9:10:3), and rotated for 60 min. The biomass was
separated from the extract by centrifugation and retained and was further
extracted with 0.75 ml of chloroform-methanol-0.3% NaCl (5:10:4) for
30 min. The two solvent extracts were combined, mixed with 1.3 ml of
chloroform and 1.3 ml of 0.3% NaCl, rotated for 30 min, and subse-
quently centrifuged at 3,500 X g to separate the lower organic and the
upper aqueous phases. The aqueous phase was discarded, and the organic
phase was dried to yield polar lipids. The dried lipids were then dissolved
in 300 pl of chloroform-methanol (2:1) prior to TLC analysis. The polar
lipids were separated by developing the thin-layer chromatogram in chlo-
roform-methanol-water (60:30:6) and visualized by charring the TLC
sheet at 110°C after spraying with 5% ethanolic phosphomolybdic acid.

Hydrophobicity assay. The protocol for the hydrophobicity assay was
adapted from that of Mohamed et al. (39). Briefly, stationary-phase cul-
tures were diluted to an ODg, 0f 0.6, and 1.8 ml of the diluted culture was
mixed with 0.2 ml of p-xylene. The mixture was then vortexed for 90 s and
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TABLE 2 Numbers of phenotypes lost (poor growth) or gained (better
growth) when the AUC:s of the strains under study were compared with
each other

No. of ph
Strains compared o of phenotypes

(test strain vs. reference strain) Gained Lost
Arelyy, vs. WT 199 39
AdcpA vs. WT 213 23
Arelyygm Vs. relComp 221 16
AdcpA vs. depAComp 195 43
relComp vs. WT 89 147
dcpAComp vs. WT 142 91

allowed to settle at room temperature for 20 min. The aqueous phase was
then carefully removed, and its ODg,, was measured. The percentage of
cell hydrophobicity was calculated as follows: percent cell hydrophobic-
ity = [1 - (ODﬁnal/ODinitial)] X 100.

RESULTS

The Arely,, and the AdcpA strains show enhanced survival af-
ter exposure to several antibiotics present in the PM plates.
Postincubation, we compared the AUCs of the knockout strains
with those of the WT or the respective complemented strains, and
also those of the complemented strains with that of the WT, using
Biolog’s parametric software. The differences between the AUCs
of the strains are listed in Data Set S1 in the supplemental material.
Since the (p)ppGpp° ArelA spoT strain of P. aeruginosa was sensi-
tive to multiple antibiotics, we anticipated that both the Arely,,,
and the AdcpA strains of M. smegmatis would be sensitive to the
antibiotics present in the PM plates. Surprisingly, the compari-
sons of AUCs revealed that both the Arely,,, and the AdcpA strains
displayed enhanced survival in the presence of many antibiotics
compared with the WT or the respective complemented strains
(Table 2; see Fig. S1 to S4 in the supplemental material). We pre-
dicted that the growth profiles of the complemented strains would
look similar to that of the WT. This was the case when the AUC of
the dcpAComp strain was compared with that of the WT (see Fig.
S4 in the supplemental material). However, the growth of the
relComp strain differed from that of the WT. Since the comple-
mented rel gene was not under its native promoter, the amount of
Rel protein expressed may not be equal to that in the WT, thus
explaining the anomaly (see Fig. S5 in the supplemental material).
The numbers of antimicrobials for which the test strain had either
lost (poor growth) or gained (better growth) phenotypes com-
pared with the reference strain are listed in Table 2.

To depict the trends in the PM data, we plotted the dye reduc-
tion values for seven antibiotics belonging to different antibiotic
classes using ggplot2 in the R statistical software (Fig. 1) and de-
termined their MICs using the REMA method to validate the PM
data (Table 3). Both the Arely,, and the AdcpA strains exhibited
enhanced growth compared with the WT or the respective com-
plemented strains in the presence of the B-lactam antibiotics
amoxicillin and ampicillin in the PM plates (Fig. 1). As mycobac-
teria are inherently resistant to 3-lactam antibiotics, the MICs for
amoxicillin and ampicillin were indeterminable (Table 3). This
was corroborated by the CFU on the MB7H9 agar plates when an
aliquot was plated from the wells containing amoxicillin and am-
picillin at concentrations as high as 1,024 wg/ml (see Table S1 in
the supplemental material). In the wells containing the RNA poly-
merase inhibitor rifampin, both the Arel,,, and the AdcpA strains
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FIG 1 Growth profiles of strains in the presence of seven antibiotics on PM plates. The y axis represents the dye reduction values generated due to bacterial
respiration, and x axis represents the incubation times of the PM plates. The graphs were plotted using the ggplots function of the R statistical package.

displayed enhanced survival compared with the WT or the respec-
tive complemented strains in the PM plates (Fig. 1). The 2-fold-
higher MICs of the knockout strains substantiate this observation
(Table 3). However, the complemented strains had MICs equal to
those of the knockout strains, and this could be due to the fact that
the complemented genes were not under their native promoters
(Table 3). In the wells containing the protein synthesis inhibitor
tetracycline, the knockout strains had 2-fold-higher MICs than
the WT or the respective complemented strains, thus reflecting
the trend in the PM data (Fig. 1 and Table 3).

For the macrolide antibiotic erythromycin, both knockout
strains showed better survival than the WT, but the dcpAComp
strain displayed better growth than the AdcpA knockout strain
(Fig. 1). The MIC of the Arely,, strain was 4-fold higher than
those of the WT and the relComp strains (Table 3). The MIC of the
AdcpA strain was 4-fold higher than that of the WT and 2-fold
higher than that of the dcpAComp strain (Table 3). None of the
strains showed growth in the wells containing the aminoglycoside
antibiotic streptomycin and the DNA topoisomerase inhibitor
norfloxacin in the PM plates (Fig. 1), and this is seen as no change
in the MICs of any of the strains for these antibiotics (Table 3).
Other than the B-lactam antibiotics, CFU were not detected for
any antibiotics (see Table S1 in the supplemental material). Thus,
the MICs determined using the REMA method (Table 3) and CFU
(see Table S1 in the supplemental material) more or less reflect the
trends seen in the PM data. Taken together, the PM data and the
MICs suggest that the Arely,,, and AdcpA strains are more resis-

TABLE 3 MICs of representative antibiotics for the WT and its isogenic
variants determined using the REMA method

MIC (jrg/ml)
Antibiotic WT Arely,,  relComp  AdcpA dcpAComp
Rifampin 8 16 16 16 16
Streptomycin  0.25 0.25 0.25 0.25 0.25
Erythromycin =~ 16 64 16 64 32
Tetracycline 0.25 0.5 0.25 0.5 0.25
Norfloxacin 4 4 4 4 4
Ampicillin >1,024 >1,024 >1,024 >1,024 >1,024
Amoxicillin >1,024 >1,024 >1,024 >1,024 >1,024
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tant to antibiotics than the WT or the respective complemented
strains.

The knockout strains are defective in biofilm formation and
display altered cell surface phenotypes. After the unexpected ob-
servation of the knockout strains showing resistance to antibiot-
ics, we subsequently checked if biofilm formation was impaired in
these strains. We observed that the pellicles formed on the surface
of Sauton’s medium by the Arely,,, and AdcpA strains were not as
robust as those formed by the WT or the respective complemented
strains (see Fig. S7 in the supplemental material). This observation
was further confirmed by quantifying the biofilm using 1% crystal
violet, as described in Materials and Methods. The amount of
biofilm formed by the knockout strains was reduced by almost
40% compared with the WT (Fig. 2a) (P =< 0.001). As expected,
biofilm formation was restored nearly to WT levels in the dcpA-
Comp strain (P = 0.001 compared with AdcpA), but the relComp
strain consistently showed values that were even higher than those
of the WT (Fig. 2a) (P = 0.001 compared with the Arely,,, strain).
We could not find any support in the literature for this observa-
tion, and the reasons are still unclear.

Adherence to an abiotic surface is the first step of biofilm for-
mation. Since the knockout strains are defective in biofilm forma-
tion, we anticipated that the number of cells attached per field of
view in the microscope for the knockout strains would be less than
for the WT or the complemented strains. A primary adherence
assay revealed that this was indeed the case. The numbers of
knockout cells attached per field of view in the microscope were
significantly lower than those for the WT (P = 0.001), and as
expected, the ability to attach was regained by the complemented
strains (P = 0.001 compared with the respective complemented
strains) (Fig. 2b). Overall, the primary adherence assay and bio-
film quantification prove that the knockout strains are indeed
defective in biofilm formation.

The ability to form biofilm is correlated with the amount of
GPLs in the cell wall of M. smegmatis (40, 41). Hence, we hypoth-
esized that the amounts of GPLs must be reduced in the knockout
strains. Apart from biofilm formation, GPLs are responsible for
macroscopic surface phenotypes, like colony morphology, sliding
motility, and aggregation. Hence, we scored for these phenotypes,
as well. We observed that the colonies of the Arely,,, and AdcpA
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The experiment was repeated at least twice. The graph was plotted using GraphPad Prism 5. ***, P < 0.001.

strains were raised and dry, while those of the WT were flat,
smooth, and glistening (Fig. 3a). This phenotype was rescued in
the complemented relComp and dcpAComp strains (Fig. 3a).
Similarly, sliding motility was impaired in the Arely,,,,, and AdcpA
strains compared with the WT and the respective complemented
strains (Fig. 3b). However, the colony morphology and sliding
motility of the Arely,,, strain are more severely affected than those
of the AdcpA strain. We also noticed that the liquid cultures of the
knockout strains settled faster than those of the WT or the com-
plemented strains. Upon quantifying this aggregation, we found
that the aggregation indexes of the knockout strains were signifi-
cantly higher than those of the WT (P = 0.001) or the comple-
mented strains (P = 0.001) (Fig. 4).

Amounts of GPLs and polar lipids are reduced in the Arel, .,
and the AdcpA strains. Reduction in biofilm formation and
changes in the macroscopic surface properties of the knockout
strains strongly suggested alterations in the lipid composition of
the cell walls of the knockout strains. Hence, we isolated various
cell wall fractions and analyzed them by TLC. We found that the

amounts of glycopeptidolipids were significantly reduced in the
knockout strains (Fig. 5a). We confirmed the identities of various
GPL bands with matrix-assisted laser desorption ionization—time
of flight (MALDI-TOF) mass spectrometry (see Fig. S10 in the
supplemental material). We also determined that the levels of my-
colic acids were unaltered in the Arely,,,, and AdcpA strains (see
Fig. S8 in the supplemental material). Similarly, the levels of apo-
lar lipids did not change in any of the strains (see Fig. S9 in the
supplemental material). However, TLC analysis of the polar lipids
revealed that the knockout strains had smaller amounts of polar
lipids in their cell walls than the WT or the respective comple-
mented strains (Fig. 5b). Reduced levels of polar lipids and unal-
tered levels of apolar lipids in the knockout strains led us to hy-
pothesize that their cell walls may be more hydrophobic (Fig. 5b;
see Fig. S9 in the supplemental material). A hydrophobicity assay
done in p-xylene confirmed this prediction. Both the Arely,,,,, and
AdcpA strains displayed significantly higher cell wall hydropho-
bicity than the WT (P = 0.01) and the relComp (P = 0.001) strains
or the depAComp (P = 0.001) strain (Fig. 6).

AdcpA dcpAComp

WT

AreIMsm

relComp

AdcpA dcpAComp

FIG 3 (a) Colony morphologies of strains on MB7H9 agar supplemented with 2% glucose. The plates were incubated at 37°C for 6 to 7 days. (b) Sliding motilities

of strains on 0.3% agarose plates. The plates were incubated at 37°C for 4 days.
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FIG 4 Aggregation indexes of the strains under study. Both the Arel,,,,, and
the AdcpA strains display significantly higher aggregation than the WT or the
respective complemented strains, relComp and dcpAComp. The experiment
was repeated twice with three technical replicates. The error bars represent
standard errors of the mean of one-tailed unpaired ¢ tests. The graph was
plotted using GraphPad Prism 5. ***, P < 0.001.

DISCUSSION

In this study, we investigated whether M. smegmatis impaired in
(p)ppGpp or c-di-GMP signaling would be sensitive to multiple
antibiotics and defective in biofilm formation. We observed that
the Arely,,,, and AdcpA strains showed enhanced survival com-
pared with the WT or the respective complemented strains follow-
ing exposure to many antibiotics. The MIC values of the knockout
strains, which were higher than those of the WT or the respective
complemented strains, validated this observation. Thus, it seems
that both the Arely,,, and AdcpA strains display multidrug resis-
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FIG 5 Thin-layer chromatograms of glycopeptidolipids and polar lipids. (a)
The thin-layer chromatogram was developed in chloroform-methanol (9:1),
and GPLs were visualized by charring at 120°C after spraying with 20% etha-
nolic H,SO,. (b) The thin-layer chromatogram was developed in chloroform-
methanol-water (60:30:6), and polar lipids were visualized by charring at
110°C after spraying with 5% ethanolic phosphomolybdic acid.
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tance. We also found that the knockout strains were defective in
biofilm formation and exhibited altered surface properties. These
phenotypes directly correlate with the amount of GPLs present in
the cell wall of M. smegmatis (40, 41). TLC analysis of various cell
wall fractions revealed that the amounts of GPLs and polar lipids
were reduced in the knockout strains. It has been shown previ-
ously that drug-resistant clinical isolates of the Mycobacterium
avium complex have altered GPL profiles (42). The rough-colony
variant of Mycobacterium abscessus, which lacks GPLs, is more
virulent than the smooth morphotype (43). Since the absence or
the reduction in the amount of GPLs or alteration in their profiles
is linked with phenotypes such as drug resistance and virulence,
we hypothesize that the reduced levels of GPLs in the cell walls of
the Arely,,,, and the AdcpA strains may possibly be responsible for
their multidrug resistance. Such multidrug resistance in M. smeg-
matis was reported previously, where porins had been knocked
out or when there was an upregulation of the efflux pumps (44,
45). Since (p)ppGpp and c-di-GMP are global regulators, the en-
hanced survival of the knockouts cannot be attributed only to the
downregulation of porins or the upregulation of efflux pumps;
however, this possibility cannot be ruled out. Similarly, the in-
creased hydrophobicity of the knockout strains may hinder the
uptake of some antibiotics, thus making them more tolerant of
such antibiotics.

C-di-GMP regulates biofilm formation in many Gram-nega-
tive bacteria (14, 15). It was shown recently that it might also be
involved in biofilm formation in the Gram-positive B. subtilis
(46). The alarmone (p)ppGpp regulates biofilm formation, not
only in Gram-negative bacteria, like Vibrio cholerae and E. coli, but
also in Gram-positive bacteria, like Streptococcus mutans and En-
terococcus faecalis (47-50). It was found that the relComp strain
formed more biofilms than the WT strain; however, its primary
adherence values were less than those of the WT. This discrepancy
could be due to the different methods used to investigate the phe-
nomenon of biofilm formation. The primary adherence assay in-
volves imaging the cells that are attached to a surface without any
staining. On the other hand, quantification involves staining the
cells with crystal violet. The possibility that the relComp strain
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took up more stain cannot be ruled out. However, the molecular
mechanism of the discrepancy between the primary adherence
assay and the biofilm formation assay is not clear. Irrespective of
this, our data suggest that both (p)ppGpp and c-di-GMP may be
involved in the regulation of biofilm formation in the Gram-pos-
itive actinobacterium M. smegmatis.

Since both second messengers are global regulators, it is likely
that they regulate some of the same phenotypes, and cell wall
biosynthesis could be one of those phenotypes. The alarmone
(p)ppGpp is involved in the regulation of fatty acids and lipopoly-
saccharide synthesis in E. coli (5, 51, 52). Recently, it was shown
that c-di-GMP binds to a transcription factor, LtmA, that regu-
lates the expression of genes involved in lipid transport in M.
smegmatis (21). Since both the Arely,,,,, and the AdcpA strains have
reduced levels of cell wall GPLs and polar lipids, we propose that
both (p)ppGpp and c-di-GMP may be involved in the metabolism
of GPLs and polar lipids in M. smegmatis.

Thus, our data suggest that (p)ppGpp and c-di-GMP regulate
hitherto unreported phenotypes, like antibiotic resistance, biofilm
formation, colony morphology, and sliding motility, by regulating
GPL and polar lipid synthesis in M. smegmatis.
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