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Involvement of Mycobacterium smegmatis 2
small noncoding RNA B11 in triacylglycerol
accumulation and altered cell wall

permeability
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Abstract

Background Pathways involving triacylglycerol (TAG) accumulation are thought to play a crucial regulatory role

in bacterial growth and metabolism. Despite this understanding, little is known about the biological functions

and regulatory mechanisms of small RNAs in Mycobacterium. Mycobacterium smegmatis (M. smegmatis), a type of
Mycobacterium, serves as a model organism to investigate the molecular, physiological, and drug resistance features
of M. tuberculosis.

Results In this study, we demonstrated that overexpression of B11 significantly affects bacterial growth and colony
morphology, increases antibiotic sensitivity and sodium dodecyl sulfate (SDS) surface stress, decreases intracellular
survival, and suppresses cytokine secretion in macrophages. Transcriptomic and lipidomic analyses revealed

a metabolic downshift in the B11 overexpression strain, characterized by reduced levels of TAG. Furthermore,
transmission electron microscopy showed that the B11 overexpression strain exhibited decreased cell wall thickness,
leading to reduced biofilm formation and altered cell wall permeability. Additionally, we observed that B11 regulated
certain target genes but did not directly bind to those proteins tested.

Conclusions Taken together, these findings suggest that B11 plays important roles in Mycobacterium survival under
antibiotic and SDS stresses, TAG accumulation, and contributes to antibiotic sensitivity through altered cell wall
permeability.
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Background

The unique cell wall structure of mycobacterium con-
tributes to its resilience against the host immune system.
Multiple cell wall lipids enhance impermeability, intrin-
sic resistance, persistence within macrophages, virulence,
and adaptability to the host environment during infection
[1]. Understanding the implications of outer membrane
construction for cellular fitness and survival can offer
insights into drug development and TB treatment [2].

Mycobacterium can adapt to changing environ-
ments and persist within the host due to its capacity to
remodel metabolism and resist antibiotics [3]. Triacylg-
lycerol (TAG), a glycerol triester with fatty acids, serves
as a major carbon and energy source for M. tuberculosis
during prolonged infection [4]. TAG accumulates in two
forms: synthesized and stored in the bacterial cytoplasm,
and present in the mycobacterial cell wall [5]. Cytoplas-
mic TAG in intracytoplasmic lipid inclusions (ILIs) con-
fer phenotypic drug tolerance and promote pathogen
survival [6, 7]. Various factors, including hypervirulent
M. tuberculosis strains, lipid-rich diets, and environmen-
tal stresses, induce ILI formation in mycobacteria [8—10].
Altered biofilms associated with reduced mycolic acid
wax ester and long-chain TAG levels play crucial roles
in adaptive immune pressure and non-replicating persis-
tence [11].

Small RNAs (sRNAs), typically 50-300 nt in length,
are essential molecules involved in regulatory processes
[12]. While extensively studied in gram-negative bacte-
ria, knowledge of sSRNA functions and regulatory mecha-
nisms in high G+ C bacteria, such as M. tuberculosis and
M. smegmatis, remains limited [13, 14]. As novel sRNAs
are discovered and their biological functions elucidated,
their role as key post-transcriptional regulators of gene
expression becomes increasingly evident.

B11 of M. tuberculosis (ncRv13660c, MTS2822, 6 C) is
approximately 95 nucleotides long and is situated in the
intergenic region between Rv3660c and Rv3661, exhibit-
ing a conserved secondary structure featuring two C-rich
loops [14]. Its structure suggests a potential role as a
structural or protein-binding RNA [15]. Initially identi-
fied in 2009 by Arnvig et al., B11 demonstrates increased
expression in response to H,O, [16]. While overexpres-
sion of B11 in M. tuberculosis proves lethal to the bac-
terium, its overexpression in Mycobacterium smegmatis
(M. smegmatis) leads to slow growth [14]. Disruption of
B11 in Mycobacterium kansasii correlates with altera-
tions in colony morphology and biofilm formation [17],
while its absence in M. abscessus results in heightened
virulence and pro-inflammatory immune signaling [18].
In M. smegmatis, B11 of M. tuberculosis binds to panD
and dnaB mRNA via C-rich loops, implicating it in vari-
ous cellular processes [14], suggesting a potential role in
cell division regulation. However, the biological functions
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of B11 and its regulatory processes, especially regarding
the regulation of cell wall biosynthesis, still require fur-
ther in-depth study.

M. smegmatis shares over 2000 homologous genes
with M.tuberculosis [19]. Its unique cell wall structure is
akin to that of M. tuberculosis and various other myco-
bacterial species [20]. Consequently, M. smegmatis has
been employed as a model organism to investigate the
molecular, physiological, and drug resistance mecha-
nisms of M.tuberculosis. In this study, we conducted a
comprehensive analysis of B11 from M.tuberculosis using
M. smegmatis as a model strain. We found that B11 over-
expression affects bacterial growth and colony morphol-
ogy, increases antibiotic sensitivity and sodium dodecyl
sulfate (SDS) surface stress, decreases intracellular sur-
vival, and suppresses cytokine secretion in macrophages.
Through RNA-seq and lipidomics analysis, we charac-
terized the regulatory and metabolic pathways modu-
lated by B11, particularly affecting TAG accumulation.
Additionally, transmission electron microscopy (TEM)
revealed a reduction in cell wall thickness associated
with B11 overexpression, along with diminished biofilm
formation and altered cell wall permeability. Further-
more, we observed that while B11 regulates certain target
genes, it does not directly bind to proteins.

Results

Mutant isolation and phenotype analysis

Previously [14], reported that the C-rich loops of B11 are
required for growth inhibition. To investigate the func-
tions of B11l, the RNAfold program was employed to
predict the secondary structure of M. tuberculosis B11
(Fig. 1A). To assess the criticality of these C-rich loops for
function, mutations were introduced in this region of L2
and L3 (C-to-A conversion at C-rich sequences) (Fig. 1B).
Results indicated that Ms_B11 exhibited a smooth phe-
notype on a solid medium (Fig. 1C). Furthermore, the
Ms_B11 strains displayed significantly decreased sliding
motility (Fig. 1D). Compared to the control strain (Ms_
vc), Ms_B11 began to show reduced growth (Fig. 1E).
SEM examination revealed that Ms _Bl1 strains were
significantly elongated compared to the control cells
(Fig. 1F). Additionally, Ms_B11 strains exhibited signifi-
cantly increased cell lengths (2.01+0.85 pm) compared
to control strains (1.32+0.56 pum) (Fig. 1G). We also
observed that the cell lengths were partially recovered in
the Ms_B11 L2 and Ms_B11 L3 strains (1.67 £0.73 pm,
1.64 +0.59 um, respectively) (Fig. 1G).

Overexpression of B11 enhances antibiotic sensitivity and
SDS surface stress

Subsequently, we examined the susceptibility to van-
comycin and linezolid, which target bacterial cell wall
assembly and protein synthesis, respectively. The B11
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Fig. 1 Mutant isolation and phenotype analysis. (A) Prediction of the secondary structure of M. tuberculosis B11 using MFold. (B) Schematic representa-
tion of site-directed mutagenesis in L2 and L3 of B11, with red indicating the mutation sites. (C) Colony morphology, (D) Sliding motility, and (E) Growth
curve of recombinant strains. (F) Morphology of recombinant strains observed under SEM. (G) Calculation of cell lengths from representative fields (ap-
proximately 100 cells) as visualized by SEM. The cell length was calculated using ImageJ. A total of 100 cells from muiltiple fields of view were randomly
selected and measured. Lengths of the bacterial cells were calculated from the coordinates of both ends of the cell as measured from representative fields
as visualized by SEM. *P<0.05, **P < 0.01, ***P < 0.001. Ms_vc, M. smegmatis harboring empty vector as the control. Ms_B11, M. smegmatis expressing B11.
Ms_B11 as, M. smegmatis expressing B11 antisense. Ms_B11 L2, M. smegmatis expressing B11 with site-directed mutagenesis in the L2 loop. Ms_B11 L3,
M. smegmatis expressing B11 with site-directed mutagenesis in the L3 loop
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overexpression strain exhibited decreased survival rates
when exposed to high concentrations of vancomycin
(5 pg/mL) and linezolid (1 ug/mL) compared to the empty
vector strain (P<0.05; Fig. 2A, B). Furthermore, when
subjected to SDS surface stress, the B11 overexpression
strain displayed reduced survival rates after exposure to
0.05% SDS for 1 and 5 h (Fig. 2C) compared to the empty
vector control. Similar trends were observed with recom-
binant strains Ms_B11 and Ms_vc incubated with 0.05%
SDS at varying intervals: the bacterial count in all recom-
binant strains exposed to 0.05% SDS decreased rapidly,
with the B11 overexpression strain showing heightened
sensitivity to SDS compared to the empty vector control
(Fig. 2D).
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Overexpression of B11 reduces intracellular survival and
suppresses cytokine secretion in macrophages

To assess whether B11 overexpression affects M. smeg-
matis survival within host cells, we infected THP-1-de-
rived macrophages with the B1l1l overexpression and
control strains. The B11 overexpression strain exhibited
decreased intracellular survival during THP-1-derived
macrophage infection (Fig. 3A). To evaluate the impact
of B11 overexpression on pro-inflammatory cytokines in
macrophages, the levels of TNF-a, IL-1f, and IL-6 were
measured by ELISA. The supernatant of THP-1-derived
macrophages infected with the B11 overexpression strain
displayed lower levels of TNF-a (P=0.002) (Fig. 3B),
IL-1p (P=0.02) (Fig. 3C), and IL-6 (P=0.03) (Fig. 3D)
compared to those infected with the empty vector
control.
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Fig.2 Overexpression of B11 increases antibiotic sensitivity and SDS surface stress. (A) Survival of recombinant strains under indicated concentrations of
vancomycin. (A) Survival of recombinant strains under indicated concentrations of linezolid. (C, D) Susceptibility of recombinant strains to 0.05% SDS. (C)
Recombinant strains treated with 0.05% SDS for either 1-5 h, with 10-fold serial dilutions of recombinant strains spotted on 7H10 medium. The images
were taken from different plates. (D) Determination of colony-forming units (CFU) at 1, 3,and 5 h
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Fig. 3 Overexpression of B11 decreased intracellular survival and suppresses cytokine secretion in macrophages. (A) Intracellular survival of recombinant
strains within PMA-differentiated macrophages THP-1. Macrophages were infected with recombinant strains at an MOI of 10, followed by washing, lys-
ing, and plating on 7H10 medium to determine bacterial numbers. (B) Measurement of cytokines released by macrophages after 24 h of infection with

recombinant strains. (*P < 0.05; **P<0.01)

B11 modulates TAG accumulation in M. smegmatis

To elucidate the regulatory and metabolic alterations
induced by B11 overexpression in M. smegmatis, we con-
ducted RNA-seq and lipidomics analyses. A total of 1,300
DEGs were identified in the B11 overexpression strain,
comprising 785 upregulated and 515 downregulated
genes (Fig. 4A, Supplementary Table 2). Gene Ontology
analysis revealed significantly upregulated genes involved
in cellular aromatic compound metabolic processes
(Biological Process, BP), integral membrane component
(Cellular Component, CC), and NADH dehydrogenase

(ubiquinone) activity (Molecular Function, MF) in the
B11 overexpression strain (Fig. 4B). Conversely, signifi-
cantly downregulated genes were associated with DNA
replication (BP), cytoplasmic localization (CC), and ATP
binding (MF) (Fig. 4C). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis indicated that
glycerolipid metabolism was predominantly enriched
by upregulated genes in Ms_B11 strains (Fig. 4D), while
mismatch repair pathways were most enriched by down-
regulated proteins (Fig. 4E). Additionally, numerous met-
abolic enzymes involved in glycerolipid metabolism were
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Fig. 4 Transcriptome analysis. (A) Volcano plots showing differentially expressed genes between B11-overexpressing and control M. smegmatis strains.
(A, D) GO terms and KEGG pathways of upregulated genes. (C, E) GO terms and KEGG pathways of downregulated genes. (F) Identification of glycerolipid
metabolism as the most significantly enriched pathway in KEGG analysis. CC, Cellular Component; BP, Biological Process; MF, Molecular Function

accumulated (Fig. 4F), the enzymes involved in these
pathways may compete for the same substrate, 1,2-Dia-
cyl-sn-glycerol, which will affect the biosynthesis of TAG.
Underscoring the importance of this pathway in non-rep-
licating persistence crucial for M. smegmatis survival and
re-growth.

Furthermore, comparative lipidomic analyses were
conducted to assess differences in lipid profiles between
Ms_B11 and Ms_vc strains. Among 10,967 total detected

events, 103 met stringent criteria (VIP>1, P<0.05)
(Supplementary Table 4). Notably, a distinct pattern
emerged, with 34 events exclusively associated with TAG
species (Fig. 5A). Heat map visualization of normalized
concentration revealed 103 differential abundances of
metabolites (34 events) (Fig. 5B). Individual TAG spe-
cies, differing in length and unsaturation, were detected
at significantly reduced levels in both Ms_B11 and Ms_
ve strains (Fig. 5C). Subsequently, we investigated cell
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Fig. 5 Lipidomics analysis reveals decreased TAG accumulation upon B11 overexpression. (A) Positive mode comparative lipidomics analysis of Ms_B11
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tive intensities of 34 TAG isoforms in the lipidomics analysis indicate that their abundances have changed significantly. Error bars represent mean +SD.

***%p <0.0001

envelope ultrastructure and lipid inclusions in recombi-
nant strains. M. smegmatis cells containing the B11 anti-
sense overexpression vector exhibited ILIs (Fig. 6A, C).
The proportion of cells with ILI profiles was more than
halved in Ms_B11 compared to control strains (Fig. 6D).

Overexpression of B11 alters cell envelope structure and
biofilm formation

To delve deeper into the impact of B11 on bacterial cell
envelopes, we examined the ultrastructural features of
control and recombinant strains using TEM. The cell
envelope exhibited a triple-layered structure comprising
the electron-dense outer layer, electron-transparent layer
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Fig.6 Cellular ultrastructure analysis of recombinant strains. (A) TEM images of recombinant strains depicting ILIs. Scale bar =2 pym. (B) TEM images illus-
trating detailed ultrastructure of cell envelope layers: outer layer (OL), electron-transparent layer (ETL), and peptidoglycan layer (PGL). Scale bar =500 nm.
(€) Quantification of the average number of ILIs per cell. (D) Percentage of cells containing ILI. E. Measurement of cell envelope ETL thickness between
recombinant strains. Measurements were taken from 50 cells of each strain. I: Ms_vc, Il: Ms_B11, lll: Ms_B11 as, IV: Ms_B11 L2, V: Ms_B11 L3

(ETL), and peptidoglycan layer (PGL) (Fig. 6B). Notably,
the ETL thickness differed significantly between Ms_B11
(6.38+2.89 nm) and Ms_vc (10.27+5.05 nm) strains,
with the B11 overexpression strain showing a marked
increase (12.46 + 3.07 nm) (Fig. 6E).

Given the association between biofilm formation and
cellular lipid profiles reported in various studies [5], we
explored whether B11 overexpression and reduced TAG
accumulation impact biofilm formation. The Ms_B11
strain exhibited significantly diminished biofilm growth
and less structured pellicle compared to the control
strain, a trend also observed in the Ms_B11 L2 and Ms_
B11 L3 strains (Fig. 7A). Consistently, crystal violet stain-
ing revealed a notable decrease in biofilm signal intensity
in the B11 overexpression strain relative to control strains
(Fig. 7B).

To assess whether B11 overexpression affected cell wall
permeability in M. smegmatis, we measured the accumu-
lation rates of fluorescence dyes, EtBr, and Nile Red in
Ms_B11 and Ms_vc strains. EtBr accumulation was sig-
nificantly higher in the Ms_B11 strain compared to the
control strain (Fig. 7C). Moreover, Nile Red dye, a lipid
stain, exhibited increased uptake in the B11 overexpres-
sion strain relative to the control strain (Fig. 7D).

B11 indirectly modulates target genes

The functional mechanisms of noncoding RNAs often
involve direct and indirect interactions with RNA-bind-
ing proteins. Therefore, we conducted RNA pull-down
assays in Bll-overexpressing M. smegmatis strains
using both control and B11 probes. Mass spectrometry
identified 49 proteins (emPAI>1) associated with Bl1,
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Fig. 7 Overexpression reduces biofilm formation and alters cell wall permeability. (A) Effect of B11 on biofilm formation of M. smegmatis. Recombi-
nant strains were cultured in Sauton’s medium without shaking. (B) Quantification of biofilm formation after crystal violet staining. Values are shown as
mean+SD (n=12). (C) Mid-log-phase cultures of recombinant strains incubated in phosphate-Buffered Saline containing Tween 20 (PBST) containing
2 pg/ml ethidium bromide (EtBr). (D) Mid-log-phase cultures of recombinant strains incubated in PBST containing 20 pM Nile red. RFl, relative fluores-

cence intensity. *P < 0.05, **P<0.01, ***P <0.001

including accC, rpsB, hspX, SecA, and MSMEG_6518
(Fig. 8A, Supplementary Table 3). Combining transcrip-
tome sequencing data, we observed significant upregula-
tion and downregulation (P<0.05) of a group of genes in
the B11l-overexpressed strain (Fig. 8B). To validate some
of these expression changes, qRT-PCR was performed
on RNA from the Ms_B11 strain. The relative expres-
sion levels of hspX were significantly upregulated com-
pared to the control group, while the expression of rpsB,
MSMEG_6092, and rpl] was significantly downregulated
(Fig. 8C). Further confirming the direct interaction, three
recombinant M. smegmatis strains, Ms_hspX, Ms_rplJ,
and Ms_6092 strains, were successfully constructed
(Fig. 8D). However, RNA pull-down results demon-
strated that B11 did not directly bind to these three pro-
teins (Fig. 8E).

Discussion

A pivotal aspect of TB pathogenesis is M. tuberculosis’s
ability to withstand diverse environmental stressors.
Regulatory mechanisms triggered by stress play crucial
roles in bacterial survival processes, including colony
morphology, physiological adaptations, virulence, and

antibiotic resistance. In most bacteria, survival mecha-
nisms, such as the unique cell wall structure of mycobac-
teria acting as a permeable barrier, are tightly regulated
at multiple levels. However, only a few reports have
elucidated the physiological role of sRNAs, especially
concerning survival under stressful conditions. In this
study, we conducted a comprehensive investigation of
B11 in M. smegmatis. B11 influenced cell wall morphol-
ogy and TAG accumulation, potentially accounting for
the observed growth and colony morphology changes
in Ms_B11. The distinctive cell wall structure serves as
a protective barrier against environmental stresses such
as surface stress SDS and antibiotics. As anticipated, the
recombinant Ms_B11 phenotype exhibited greater sen-
sitivity to SDS surface stress, vancomycin, and linezolid
compared to Ms_vc, suggesting a role for B11 in stress
response. In this study, we found that B11 overexpres-
sion affects bacterial growth and colony morphology,
increases antibiotic sensitivity and sodium dodecyl sul-
fate (SDS) surface stress, decreases intracellular survival,
and suppresses cytokine secretion in macrophages. Fur-
thermore, the noticeable decrease in TAG buildup result-
ing from the overexpression of Bll is consistent with
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Fig. 8 B11 indirectly regulates target genes without direct binding to proteins. (A) Identification of B11-binding proteins. Left: silver staining of pulled-
down proteins. Right: mass spectrometry showing the top 10 proteins pulled-down by the B11 probe. (B) Heat map illustrating differentially expressed
genes in RNA-seq dataset. Red indicates highly expressed genes; blue, lowly expressed genes. (C) gRT-PCR analysis verifying the expression of genes
corresponding to B11-binding proteins. *P<0.05, **P<0.01, ***P<0.001. (D) Expression of hspX, rpiL, and MSMEG_6092 in M. smegmatis. Western blot
images showing the expression of flag-tagged protein. (E) Biotinylated B11 or antisense RNA incubated with whole-cell lysates from hspX, rpiL, or

MSMG_6092 overexpression strains. Membranes immunoblotted for hspX,

variations in the cell wall’'s permeability and its increased
thickness, which probably plays a role in the displayed
resistance to vancomycin and linezolid, also leads to the
alteration of the phenotype.

According to previous studies, B11 appears to play
a role in growth and colony morphology in bacteria,
including M. tuberculosis, M. smegmatis [16], and M.
kansasii [17). Here, we utilized M. smegmatis mc*155 as
our model to gain insights into the cellular function of
B11. Our findings are consistent with previous reports:
the expression of B11 resulted in slow growth and altered
colony morphology, along with changes in cell wall-asso-
ciated properties [14, 16]. The transition from rough to
smooth colony morphology is closely associated with

rpil, and MSMG_6092. Input, total protein group

bacterial biofilm formation [21]. Congo red, an amphi-
philic dye that binds to lipoproteins, was employed to
assess the overall hydrophobicity of the mycobacte-
rial cell wall [22]. Cell wall hydrophobicity is intricately
linked to bacterial aggregation and biofilm formation. In
our study, Congo red staining revealed significant dif-
ferences between the B11l overexpression strains and
the control strains. The altered Congo red staining of
Ms_B11 colonies could also account for the impaired bio-
film formation, which was further confirmed in a liquid
medium. The abnormal Congo red staining and reduced
biofilm formation of Ms_B11 colonies suggest that over-
expression of B11 may inhibit biofilm formation. The
early stage of bacterial biofilm formation is the adhesion
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and aggregation of microbial cells [23]. However, the
SEM results of Ms_B11 and mutants show significant
aggregation compared to vector control and antisense
strains. The formation of pellicles, biofilms, and cords is a
complex and dynamic process that involves multiple fac-
tors, including cell-cell interactions, extracellular matrix
components, and environmental conditions. At this spe-
cific phase, bacteria are capable of either loosely cluster-
ing together or splitting off into the planktonic state [24].
It is likely that B11 and its mutants have had an impact
on the expression of particular essential genes respon-
sible for governing biofilm synthesis. Additionally, our
findings reveal that the Bl1-overexpressing strains pos-
sess cell wall imperfections and a decreased TAG syn-
thesis. As a result, even while aggregation is in progress,
the surface attributes of the cells may be modified cor-
respondingly, which in turn has an adverse effect on the
biofilm formation process. Upon conducting the func-
tional analysis, we found that L2 and L3 exhibited pheno-
types quite similar to Ms_B11, albeit not identical. This
indicates that L2 and L3 are integral to the functioning
of B11, although the exact mechanism involved calls for
additional investigation.

Our further investigations into the cell lipid profiles
revealed significant alterations in TAG accumulation
in Bl1l-overexpressed strains, indicating changes in ILI
accumulation and cell wall integrity. TAG serves as the
primary energy reservoir in Mycobacterium, accumulat-
ing in large quantities within cytoplasmic ILIs [5]. Here,
we have confirmed that B11 can decrease TAG accumu-
lation in M. smegmatis. Additionally, previous studies
have reported substantial amounts of TAG in the outer
membrane of M. smegmatis [25]. Our ultrastructural
analysis revealed cell wall defects in Bl11-overexpressed
strains, characterized by a significant reduction in the
ETL, suggesting a potential impact on TAG accumula-
tion within the cell wall. ETL is a distinct and significant
component of the mycobacterial cell envelope structure.
It is is chiefly constituted by lipids such as mycolic acids
[26]. Studies have shown that oxidative stress, iron defi-
ciency and exposure to isoniazid reduce the thickness
of the ETL of the cell envelope [10]. Prior research has
underscored the significance of TAG in antibiotic toler-
ance and survival within lipid-rich environments [5, 27].
Specifically, ILI accumulation has been associated with
phenotypic drug tolerance [28]. Consistent with these
findings, our results demonstrate increased susceptibil-
ity of Bll-overexpressed M. smegmatis to vancomycin
and linezolid, indicative of reduced TAG accumulation.
Moreover, we observed decreased intracellular survival
of Bll-overexpressed strains during macrophage infec-
tion. We provided evidence indicating that B11 over-
expression leads to suppression of cytokine secretion,
including TNF-a, IL-1pB, and IL-6, in macrophages. While
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cytoplasmic TAG within ILIs may promote pathogen sur-
vival during dormancy and reactivation [5], the function
of TAG accumulating on the cell wall remains unclear.
Further investigation is warranted to elucidate the poten-
tial relationship between TAG accumulation and resis-
tance or survival mechanisms. In summary, our findings
suggest that B11 overexpression impacts TAG accumu-
lation in M. smegmatis, influencing antibiotic tolerance
and survival during macrophage infection.

Furthermore, our study revealed that B11 impacts cell
wall permeability. The uptake of EtBr and Nile red has
been utilized to assess mycobacterial cell wall permeabil-
ity [22]. Previous research has linked the uptake of EtBr
and Nile red to the lipid composition of the cell wall [29].
Here, we demonstrated for the first time, to our knowl-
edge, that B11 alters cell wall permeability, evidenced
by increased uptake of EtBr and Nile red. SDS serves as
a valuable tool to investigate perturbations in the cell
membrane/cell wall [30]. Notably, the survival capacity
of Ms_B11 under SDS exposure was significantly dimin-
ished compared to control strains, indicating a cell wall
defect in Ms_B11. Studies have underscored the signifi-
cant impact of cell membrane permeability on drug pen-
etration [31]. Decreased permeability of the bacterial cell
wall can hinder antibacterial drug penetration [32]. Our
experimental findings revealed that the B11 overexpres-
sion strain exhibited reduced survival following exposure
to high concentrations of vancomycin and linezolid com-
pared to the empty vector strain. This observation, sug-
gesting a role for B11 in resistance to these two drugs, is
particularly notable. Consistently, previous reports have
indicated that B11 deletion mutants led to increased
resistance to linezolid in M. abscessus [18]. Collectively,
our results indicate that B11 influences survival under
various in vitro stresses, including surface stress SDS and
exposure to multiple antibiotics. Consequently, bacte-
rial stress responses may contribute to the development
of antibiotic resistance in bacteria exposed to stressful
conditions [33]. However, a more comprehensive under-
standing of the impact of mycobacterial stress on antibi-
otic resistance warrants further investigation.

Previous research findings have shown that Bl1l is a
regulator of genes involved in multiple cellular func-
tions, including DNA replication [14]. In our study,
genes related to DNA metabolism and ribosomal pro-
teins appear downregulated. Some ribosomal proteins
also appear in the pull-down experiment. DNA replica-
tion is a fundamental process for bacterial proliferation
[34]. The downregulation of DNA replication appears
to be a crucial factor contributing to both the observed
bacterial growth retardation and the reduction in mem-
brane formation in our study, and further investigations
are needed to fully elucidate the complex molecular
mechanisms underlying these relationships. Additionally,
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our findings suggest that B11 negatively regulates cer-
tain genes but does not directly bind to proteins. It
is established that sRNAs can modulate gene expres-
sion by directly binding to mRNA sites. Previous stud-
ies have reported that the C-rich loops of B11 base-pair
with panD mRNA independently of RNA chaperones,
although G-rich stretches were not identified in other
validated targets (MSMEG 0408 and mcelF) [14]. Further
research is required to elucidate whether novel classes of
RNA chaperones modulate the activity of B11. Despite
the significant findings in this study regarding the influ-
ence of B11 on M.smegmatis, several limitations must be
acknowledged. Regarding the mechanism of action, the
study’s exploration of how B1l modulates TAG accu-
mulation remains somewhat superficial. Although con-
nections between B11 overexpression and alterations in
glycerolipid metabolism genes and enzymes have been
established, the precise molecular interactions and regu-
latory cascades are yet to be fully deciphered.

Conclusions

In summary, our study highlights the impact of B11 over-
expression on M. smegmatis, revealing alterations in
bacterial growth, colony morphology, and the inhibition
of biofilm formation. Additionally, the observed reduc-
tion in triglyceride accumulation due to B11 overexpres-
sion correlates with changes in cell wall permeability and
thickness, likely contributing to the observed pheno-
typic tolerance to vancomycin and linezolid. However,
the precise function of the accumulated TAG on the cell
wall remains unclear, presenting a promising avenue for
potential drug development targets.

Materials and methods

Bacterial strains and growth conditions

The research utilized M. smegmatis mc*155 and Esch-
erichia coli DH5a strains. M. smegmatis mc®155, over-
expressing strains, and mutant strains were cultured in
Middlebrook 7H9 medium supplemented with 0.2% glyc-
erol, 0.05% Tween 80, and 50 mg/mL of kanamycin when
necessary. Middlebrook 7H10 medium supplemented
with 2% glycerol was used for culturing M. smegmatis
mc?155. E. coli DH5a strains were cultured in Luria—
Bertani (LB) medium supplemented with 50 mg/mL of
kanamycin when required. All cultures were incubated at
37 °C with shaking at 150 rpm.

Molecular cloning and plasmid construction

Supplementary Table 1 provides details of the bacterial
strains, plasmids, and primer sequences used for cloning.
To assess the criticality of these C-rich loops of B11 for
its function, mutations were introduced in this region of
L2 and L3 (C-to-A conversion at C-rich sequences). B11
of M.tuberculosis, B11 antisense and its mutants were
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cloned into pMV261 at the HindIII sites. To identify the
B11-binding proteins, genes from M. smegmatis mc*155
were PCR-amplified, digested with BamHI and HindII],
and then cloned into pMV261 with an N-terminal 3 x
FLAG tag. The resulting plasmids were electroporated
into M. smegmatis mc*155 as previously described. DNA
sequencing was conducted to confirm all constructs. The
expression of proteins in recombinant strains was ana-
lyzed via western blotting.

qPCR analysis

Cells were collected and lysed using Fastprep-24 (MP
Biomedicals) following the manufacturer’s instructions.
RNA was harvested using Trizol-based methods as previ-
ously described [35]. Briefly, RNA was recovered by cen-
trifugation, phenol-chloroform extraction, and isopropyl
alcohol precipitation, and re-suspended in RNase-free
H,O. Subsequently, total RNA was reverse-transcribed
to cDNA using ChamQ Universal SYBR qPCR Master
Mix (Vazyme Biotech). The mRNA expression of selected
genes was analyzed using the same qPCR Master Mix.
Mean + standard error of mean values were calculated
from three independent experiments, and significant dif-
ferences were determined using Student’s unpaired t-test.
The primer sequences utilized in this study are listed in
Supplementary Table 1.

Western blot analysis

The expression of Flag-tagged HspX, Rpl], and
MSMEG_6092 was verified using western blotting with
a mouse anti-Flag-tag monoclonal antibody (Beyotime,
China) as the primary antibody and an HRP-conjugated
goat anti-mouse IgG antibody (Beyotime, China) as the
secondary antibody. Lysates of recombinant strains were
separated using 12% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, and proteins were transferred
on to polyvinylidene fluoride membranes. The mem-
branes were blocked and then incubated with diluted
primary antibodies. Subsequently, membranes were
incubated with an HRP-labeled anti-rabbit IgG antibody
(Beyotime, China), and the signal was developed using
the Bio-Rad ChemiDoc XRS+instrument and image
software.

Scanning electron microscopy

Scanning electron microscopy (SEM) was performed
according to our published procedure [36]. Briefly, cells
were collected and fixed with 2.5% glutaraldehyde over-
night at 4 °C. Sequential ethanol dehydrations were
performed in a graded series, followed by critical point
drying using a Hitachi HCP-2 Critical Point Dryer (Hita-
chi High-Technologies Corp., Tokyo, Japan). After dry-
ing, the samples were sputter-coated, and ultrastructure
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examination was conducted using a Zeiss Ultra55 elec-
tron microscope.

TEM

TEM was performed according to our published proce-
dure [36]. Cells were harvested, fixed, and dehydrated in
a graded ethanol series, then embedded in Spurr resin.
Thin sections were examined using a Tecnai Spirit (FEI)
transmission electron microscope. Lipid inclusions in the
intracytoplasmic space were regularly detected. Cell wall
thickness was analyzed using Image] software.

Phenotypic analysis

Growth curve analysis, sliding motility assay, Congo
Red assay, and biofilm assay were performed as previ-
ously described [36]. Bacterial cultures were grown to the
exponential phase (OD=0.2-0.4 at 600 nm). The opti-
cal density at 600 nm (ODy,,) was measured at intervals
of 3 h to obtain growth curves. M. smegmatis mc*155
recombinant strains were cultured in LB medium supple-
mented with 100 mg/mL Congo Red (Sigma), Sauton liq-
uid medium, and 7H9 medium supplemented with 0.3%
agar, respectively, and phenotypes were observed.

Spot tests

Recombinant strains were cultured to exponential phase
and adjusted to an ODg, of 0.2. Ten-fold serial dilutions
of recombinant strains were spotted onto 7H10 agar con-
taining the indicated concentrations of SDS (0.05%), van-
comycin (5.0 pg/mL), and linezolid (pg/mL).

Survival curves

Survival curve analysis was conducted as previously
described [37]. Briefly, cultures of recombinant strains at
mid-exponential phase were first diluted in 7H9 medium
and incubated at 37 °C. Subsequently, they were treated
with diverse concentrations of antibiotics as specified.
SDS was introduced to reach a final concentration of
0.05% in the recombinant strain cultures, which were
further incubated at 37 °C. After indicated time, bacterial
survival was quantified by colony formation on drug-free
agar.

Macrophage infections and cytokine assays

The human leukemia monocytic cell line (THP-1) was
utilized for this study. THP-1 macrophages were infected
with recombinant strains at a multiplicity of infection
(MOI) of 10:1. For the intracellular bacterial survival
assay, cells were washed, lysed, serially diluted, and
inoculated onto 7H10 agar. The supernatant of each cul-
ture was collected and analyzed for cytokine levels using
an enzyme-linked immunosorbent assay (ELISA) kit
(Beyotime).
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RNA-Seq analysis

Total RNA was extracted from recombinant strains and
used for sequencing library construction. The Ultra-
“Directional RNA Library Prep Kit for Illumina (NEB)
was employed according to the manufacturer’s instruc-
tions. The final library products were purified and
assessed using an Illumina second-generation high-
throughput sequencing platform at Allwegene Technol-
ogy Inc., Beijing. These clean reads were then mapped to
the reference genome sequence (Mycobacterium smeg-
matis MC?155) by Bowtie2 v2.2.6. Corrected P-value of
0.05 and absolute value of log2 (Fold change) greater than
1 were set as the threshold for significantly differential
expression. Three biological replicates were used for each

group.

RNA pull-down assays and mass spectrometry (MS) anaysis
The full-length sense RNA of B1l was biotin-labeled
using the Pierce™ RNA 3’ End Desthiobiotinylation Kit
(BersinBio). Pull-down assays were performed by incu-
bating biotin-labeled RNA with cell lysates using the
RNA pull-down Kit (BersinBio). This complex could bind
to streptavidin-labeled magnetic beads to separate from
the other components of incubation solution. To identify
the interacting proteins, MS analyses were performed by
BersinBio (Guangzhou, China). The Thermo Scientific
Q-Exactive Quadrupole-Orbitrap Mass Spectrometer,
alongside the Thermo Dionex Ultimate 3000 RSLCnano
System, were employed for the analytical procedures.
Data acquisition was conducted using Xcalibur software,
version 3.0.63.3. Subsequent processing of the MS raw
file for protein identification and quantification was car-
ried out with MaxQuant software, version 1.5.2.8.

Lipidomics analysis

Lipidomics analysis was conducted following our previ-
ously published protocol [36]. In brief, lipid extraction
was performed using a chloroform/methanol solution
(2:1, v: v) and an ultrasonic cleaner. The supernatant was
then dried using N, and dissolved in chloroform/metha-
nol solution (2:1, v: v). Lipid samples were processed and
analyzed by Biotree Biotech (Shanghai, China). LC-MS/
MS analyses were performed using a Dionex UltiMate
3000 (UHPLC)-Thermo Orbitrap Elite. Raw data were
converted to the mz.data format using Agilent Mass-
Hunter Qualitative Analysis B.08.00 software (Agilent
Technologies, United States), and further processed
using the XCMS program. Multivariate analysis was per-
formed using the SIMCA16.0.2 software package (Umet-
rics, Umea, Sweden).

Ethidium bromide and Nile red uptake assay
The ethidium bromide (EtBr) and Nile red uptake assay
were conducted according to a previously established



Wu et al. BMC Microbiology (2025) 25:124

protocol [38]. Recombinant strains were cultured to
exponential phase and adjusted to an ODg, of 0.8. Then,
200 pL of bacterial suspension was added in triplicate to
a 96-well black fluoroplate and treated with EtBr and Nile
red dye to a final concentration of 2.0 pg/mL and 20 pM,
respectively. The fluorescence intensity of accumulated
dyes was measured on a BioTek Synergy HIM microplate
reader (excitation: 544 nm, emission: 590 nm).

Statistical analysis

Data from each group are presented as the mean + stan-
dard deviation (SD). Statistical analysis employed the
unpaired Student t test, statistical signifcance was set at
P<0.05.

Abbreviations

M. tuberculosis ~ Mycobacterium tuberculosis

B Tuberculosis

M. smegmatis Mycobacterium smegmatis
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TEM Transmission electron microscopy
ETL Electron-transparent layer

PGL Peptidoglycan layer
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