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Abstract—Production of extracellular membrane vesicles plays an important role in communication in bac-
terial populations and in bacteria–host interactions. Vesicles as carriers of various regulatory and signaling
molecules may be potentially used as disease biomarkers and promising therapeutic agents, including vaccine
preparations. The composition of membrane vesicles has been deciphered for a limited number of Gram-neg-
ative and Gram-positive bacteria. In this work, for the first time, extracellular membrane vesicles of a strep-
tomycin-resistant strain Bacillus pumilus 3-19, a producer of extracellular guanyl-preferring ribonuclease
binase, are isolated, visualized, and characterized by their genome and proteome composition. It has been
established that there is no genetic material in the vesicles and the spectrum of the proteins differs depending
on the phosphate content in the culture medium of the strain. Vesicles from a phosphate-deficient medium
carry 49 unique proteins in comparison with 101 from a medium with the high phosphate content. The two
types of vesicles had 140 mutual proteins. Flagellar proteins, RNase J, which is the main enzyme of RNA
degradosomes, phosphatases, peptidases, iron transporters, signal peptides, were identified in vesicles. Anti-
biotic resistance proteins and amyloid-like proteins whose genes are present in B. pumilus 3-19 cells are
absent. Phosphate deficiency-induced binase was found only in vesicles from a phosphate-deficient medium.
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INTRODUCTION

Most bacteria have the ability to produce spherical
membrane nanoparticles with a diameter of 20 to
400 nm, called membrane vesicles (MVs). MVs con-
tain various molecules and perform specific functions,
including transport of virulence factors, DNA trans-
fer, interception of bacteriophages, antibiotics and
eukaryotic host defense factors, cell detoxification and
bacterial communication [1]. For the first time, MVs
formed by swelling and bubbling (blebbing) of the
outer membrane were discovered in Gram-negative
bacteria. Recently, vesicles of Gram-negative bacteria
have been described that are formed from both mem-
branes (outer and inner) as a result of cell lysis trig-
gered by endolysin [2]. Gram-positive bacteria also
secrete vesicles that are formed from the cytoplasmic
membrane, but their study began later, since a signifi-
cant layer of murein in the cell wall of these bacteria
causes low MV production [3].

The study of the composition of MVs is of signifi-
cant interest, since it reveals the features of the inter-
action between bacterial cells, as well as the interaction
of bacteria with the cells of eukaryotic organisms,
including in the pathogen−host system. The composi-
tion of the vesicles includes not only the components
of the outer membrane, lipopolysaccharides, phos-
pholipids, proteins, but also periplasmic proteins,
some cytoplasmic enzymes and nucleic acids. The
variable composition of MVs indicates the still unex-
plored potential of their practical use, in particular, as
new biomarkers of diseases, as well as for the creation
of non-cellular vaccines.

The proteomic composition of MVs from Gram-
negative bacteria Bacteroides thetaiotaomicron [4],
Fusobacterium nucleatum [5], Haemophilus parasuis
[6] and Burkholderia multivorans [7] has been deci-
phered. A strain was created using synthetic biology
methods Escherichia coli BL21(DE3)Δ60, producing
MVs with a minimized proteome, devoid of 59 endog-
enous proteins, capable of carrying up to 30% of
recombinant proteins, as a base strain for the produc-
tion of new vaccine preparations [8].

Abbreviations. MV, membrane vesicles; LPM, low phosphate
medium; HPM is a high phosphate medium.
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The proteome of vesicles of such Gram-positive
bacteria as Staphylococcus aureus [9, 10], Streptococcus
pneumonia [11], Bacillus subtilis [12], Granulicatella
adiacens [13] was analyzed.

B. pumilus is a known producer of extracellular
ribonuclease (RNase), which has antitumor [14–16]
and antiviral properties [17–20]. The production of
MVs and their composition in this bacterium are
unknown.

This work confirmed the possibility of MV forma-
tion by a streptomycin-resistant strain B. pumilus 3-19;
the composition of these MVs was analyzed. A special
task is to compare the proteomes of MVs produced in
media with high and low phosphorus content, since
phosphate deficiency induces the biosynthesis of
extracellular RNases by bacilli [21], which is of practi-
cal importance for therapeutic needs. Solving the issue
of transfer of antibiotic resistance genes and proteins
within MVs is also of fundamental importance.

EXPERIMENTAL 
Strain and cultivation conditions. Strain B. pumilus

3-19 (GenBank No. HQ650161.1; VKPM V-9862)
were maintained on agar medium Luria-Bertani; to
analyze vesicles, cells were seeded on glucose-peptone
media (two options) of composition (g/L): peptone,
20.0; CaCl2·2H2О, 0.1; MgSO4·7H2O, 0.3; NaCl, 3.0;
glucose, 10.0 (pH 8.4–8.5). The composition of a low
phosphate medium (LPM) included peptone from
Semipalatinsk (Russia), whereas high phosphate
medium (HPM) contained peptone from the Pan-Eco
company (Russia). The strain to obtain MVs was cul-
tivated until it reached the logarithmic phase (OD600 >
2.0).

Determination of phosphorus concentration in the
medium. The phosphorus content in the medium was
determined colorimetrically by the formation of phos-
phorus-molybdenum blue after adding 0.8 mL of
sodium molybdate solution (1.8% in 2.5 N sulfuric
acid) and 0.2 mL of tin chloride (0.4% in concentrated
hydrochloric acid) to 1 mL of medium [22]. Colorim-
etry was carried out on KFK-2 at a wavelength of
670 nm. The phosphorus content in the medium
was determined using the formula: Phosphorus
(μg/mL) = C × D, Where C is the phosphate concen-
tration found from the calibration curve, D is the dilu-
tion. Monopotassium phosphate containing 0.1 mg of
phosphorus in 1 ml was used as a standard solution.

Isolation and purification of membrane vesicles
(MVs). MVs were isolated according to a protocol
developed for Gram-positive bacteria [9, 12]. Cells
were pelleted by centrifugation at 6000 g for 20 min,
after which the supernatant was filtered through a ster-
ile Minisart cellulose acetate filter (Sartorius Stedim
Biotech GmbH, Germany) with a pore size of 100 nm.
The sterile filtrate was concentrated 20 times using a
Vivacell 100 concentrator (Sartorius Stedim Biotech
GmbH). Vesicles were pelleted by ultracentrifugation
(100000 g, 2 h, 8°C) using an MLA-80 rotor (Beck-
man Coulter Optima™ MAX-E), the sediment was
suspended in buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 2 mM MgCl2). The resulting vesicle
suspension was layered onto a stepwise gradient of 10–
20–40% Optiprep (Sigma, United States) and sepa-
rated by ultracentrifugation. Vesicle fractions were
washed twice in buffer (50 mM Tris-HCl, 150 mM
NaCl, 2 mM MgCl2 pH 7.4) and pelleted again by
centrifugation. The resulting sediment was resus-
pended in buffer with the addition of 1 mM PMSF
(Fluka, Germany). The absence of cell impurities in
the vesicle preparation was checked by microscopy
and plating on LB agar medium.

DNA extraction and purification. Total DNA was
isolated by phenol–chloroform extraction with pre-
treatment of samples with DNase I and proteinase K.
The amount of isolated DNA was assessed using a
Qubit 2.0 f luorometer (Invitrogen, United States).

DNA sequencing. DNA for sequencing on an Illu-
mina Miseq instrument was fragmented using a Cova-
ris S220 ultrasonic fragmenter (Covaris, United
States), after which DNA libraries were prepared using
the commercial NEBNext Ultra II DNA Library Prep
kit for Illumina (NEB, United States). To quantify the
libraries, a Qubit 2.0 f luorometer (Invitrogen) was
used. The quality of the libraries was assessed using
High Sensitivity, 2100 Bioanalyzer chips (Agilent
Technologies, United States).

The resulting reads were mapped to the genome
assembly of B. pumilus 3-19 (GenBank
No. HQ650161.1) using Bowtie2 and counted using
the featureCounts program [23].

Proteomic analysis of vesicles. Proteomic profiling
of MVs was performed using LC/ESI-MS/MS. MB
proteins were dissolved in buffer (25 mM Tris-HCl
pH 6.8, 5% glycerol, 0.05% bromophenol blue, 1%
SDS; 50 mM DTT), centrifuged (12000 g, 10 min)
and the supernatant containing proteins was collected.

Proteins were separated by one-dimensional elec-
trophoresis on a 12% polyacrylamide gel and stained
with Coomassie G-250. Protein fractions were excised
from the gel and washed in ddiH2O (15 min) and mix-
tures of acetonitrile: 200 mM NH4HCO3 (1 : 1) at
50°C for 30 min. A working solution of trypsin
(Promega, United States) was added to the gel. Tryp-
sinolysis was carried out at 37°C overnight. To extract
peptides from the gel, 20 μl of a 0.5% TFA solution was
added to each tube and incubated for 10 min in an
ultrasonic bath. Trypsinolysis products were purified
on columns (Pierce C18 Tips, Thermo Fisher) accord-
ing to the manufacturer’s instructions and dried in a
centrifugal evaporator (Eppendorf, Germany).

MV proteins were identified using gas chromatog-
raphy–mass spectrometry. Spectra were obtained on a
Maxis Impact instrument (Bruker, Germany)
equipped with a Dionex Ultimate 3000 Series HPLC
MOLECULAR BIOLOGY  Vol. 58  No. 1  2024
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system (Thermo Fisher Scientific, United States).
Samples were dissolved in a mixture of methanol
(1%), formic acid (0.1%) and water (98.9%) (v/v),
applied to an Acclaim PepMap RSLC column
(Thermo Fisher Scientific) and eluted for 3 h, increas-
ing the mixture content of acetonitrile (99.9%) and
formic acid (0.1%) from 2 to 60%.

Mass spectra (MS1) were obtained with the follow-
ing parameters: detection of molecular ions in the
range of 300–2000 m/z and signal accumulation time
250 ms. To obtain MS2 spectra, ions with a signal-to-
noise ratio of at least 400 and a charge from 2 to 5 were
selected. Ion detection was carried out in the range of
200–2000 m/z, signal accumulation time was 50 ms
for each parent ion. The measurement accuracy was
0.6 Da. The obtained MS/MS spectra were analyzed
using the MASCOT program (Matrix Science, Inc.).
Protein identification was considered reliable when at
least two peptides with different amino-acid sequences
with a PEPscore value ≥ 14 were detected.

Atomic force microscopy. Cell culture samples con-
centrated by centrifugation (5000 g, 15 min), applied
to a glass slide and dried at room temperature. Bacteria
were visualized in air at room temperature and con-
stant humidity in semi-contact and contact modes on
a Solver P47H atomic force microscope (manufac-
tured by NT-MDT, Russia) [24]. We used standard
silicon cantilevers, the radius of curvature of the tip of
which did not exceed 10 nm. Scanning was performed
with a resolution of 512 × 512 pixels.

Transmission electron microscopy. Samples were
prepared using the standard method [25]. Vesicles
were fixed for 16 hours in a solution of 2.5% glutaral-
dehyde in 0.1 M phosphate buffer pH 7.2–7.4 at 4°C,
centrifuged at 35000 g (8°C, 70 min), saturated with
1% OsO4 vapor, for dehydration, the sediment was
washed with alcohol and acetone. Propylene oxide was
added to the sediment, incubated for 30 min, and then
the sediment was impregnated with epon resin. The
blocks obtained after polymerization were cut and
transmission electron microscopy was performed
(JEM-100 CX microscope, Japan).

Statistics and bioinformatics. To predict the subcel-
lular localization of proteins from MV bacteria grown
on LPM and HPM, we used their amino-acid
sequences and the PSORTb v3.0.3 software, available
online at https://www.psort.org/psortb/ [26].
Sequences were also used to assign K (KO) numbers to
proteins and for their functional annotations using
BlastKOALA software on the KEGG (Kyoto Ency-
clopedia of Genes and Genomes) website
(https://www.kegg.jp/blastkoala/) [27]. Microsoft
Excel 2019 from the microsoft office package was used
to calculate the level and statistical significance
of changes between the MV proteins of bacteria grown
on LPM and HPM, for the purpose of their subse-
quent graphical representation in accordance with the
MOLECULAR BIOLOGY  Vol. 58  No. 1  2024
VolcaNoseR software (https://huygens.sci-
ence.uva.nl/VolcaNoseR/) [28].

RESULTS AND DISCUSSION

Formation and Characteristics of MVs

Under conditions of phosphate starvation, the syn-
thesis of extracellular guanyl-preferring RNases is
activated in bacteria, which confirms the participation
of these enzymes in the extraction of nutrients from
hard-to-reach substrates [20]. To identify the possible
secretion of RNases into MVs, we chose two variants
of bacterial cultivation media: HPM, in which the
phosphorus content was 82 ± 8 μg/mL, and LPM,
containing 20 ± 2 μg/mL phosphorus, taking into
account that there is practically no secretion of
RNases on the HPM medium. The formation of MVs,
which are spherical formations 80–120 nm in size, was
detected during bacterial growth on both media
(Fig. 1).

The maximum number of genes identified in
B. pumilus is 3679 (Gen Bank No. CP054310.1). We
sequenced DNA fragments of bacteria grown in LPM
medium and identified 3507 genes, of which 686
encode hypothetical proteins (Table S1, see Supple-
mentary Information). Some differences in the num-
ber of identified genes are associated with bacterial
DNA methylation patterns, technical features of the
sequencing process, and imperfect genome assembly,
which varies depending on cultivation conditions [29].
A preliminary genome study was carried out on
B. pumilus, aimed at studying the possible existence of
any genes into MVs. Previously, it was believed that
MVs of Gram-positive bacteria are characterized by
the absence of genetic material [30]. Although recently
the presence of DNA in vesicles has been recorded
Clostridium perfringens [31], S. mutans [32], in MVs of
B. subtilis no DNA was detected [12]. In vesicle frac-
tions of B. pumilus 3-19 we were also unable to detect
DNA. Thus, MVs of B. pumilus 3-19 are lipoprotein
complexes that are not involved in DNA transfer.

Functional Analysis of the MV Proteome

Proteomic analysis showed 189 proteins in vesicles
of B. pumilus grown on LPM medium. The proteome
of bacterial vesicles grown on HPM revealed 241 pro-
teins. As can be seen from the Venn diagram "(Fig. 2),
both types of vesicles contain 140 mutual proteins
(listed in Table S2, see Supplementary Information).

The identified proteins were classified into func-
tional groups using BLAST analysis. It was found that
in vesicles from cells grown on LPM medium, the
number of proteins whose functions are associated
with the biosynthesis and metabolism of lipids, amino
acids, glycans, as well as with the processing of genetic
and environmental information increased. The pro-
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Fig. 1. Visualization of the extracellular vesicles of Bacillus pumilus 3-19 using atomic force (a) and transmission electronic (b)
microscopy.
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portion of proteins involved in energy and carbohy-
drate metabolism, on the contrary, decreased (Fig. 3).

Protein localization analysis showed that vesicles
from bacteria grown on LPM medium included more
proteins annotated as extracellular and associated with
the cytoplasmic membrane compared to vesicles from
HPM, which contained more cytoplasmic proteins
(Fig. 4).

RNase was detected in vesicles of bacteria cultured
on LPM medium (no. 34, Table S2, see Supplemen-
tary Information). As shown by BLAST analysis, the
amino-acid sequence of this protein is completely
identical to the sequence of extracellular RNase binase
(Gen Bank No CAA37735.1). This protein is absent in
the vesicles of bacteria grown on HPM medium. Thus,
we have shown for the first time that on a low phos-
phorus medium B. pumilus 3-19 secretes binase as part
of MVs (Fig. 5a).
Fig. 2. A Venn diagram showing the number of proteins in
vesicles obtained by culturing B. pumilus 3-19 on LPM and
HPM.

LPM

49 140 101

HPM
RNase J, the main enzyme of the RNA degrado-
some, plays an essential role in global mRNA decay.
This enzyme was identified in the composition of MVs
produced by cells growing in both LPM and HPM
media (Fig. 5a).

For limited movement (gliding) on moist agar sur-
faces, many bacilli use filamentous outgrowths called
fimbriae (pili). Individual cells in populations move at
speeds from 76 to 116 μm/s [33]. The transition from
motility to biofilm formation involves inhibition of
fimbriae gene transcription; in the absence of fimbriae
de novo synthesis they disappear, which is accompa-
nied by stabilization of the biofilm [34]. We grew bac-
teria in a liquid medium where biofilm did not form
and were able to visualize the fimbriae using atomic
force microscopy (Fig. 1a).

We found fimbriae proteins in MVs of B. pumilus.
Since these proteins are present in motile f lagellated
bacteria, they are classified as f lagellar. In the genome
of B. pumilus 3-19 there are 33 genes encoding f lagellar
proteins. The level of the FlgG (Flagellar basal body
rod protein) protein is increased in the MVs of bacteria
grown on LPM medium, while the level of the f lagel-
lar motor protein MotA is increased in the vesicles of
bacteria grown on HPM. FlgK and flagellin proteins
are present in equal amounts in MVs of both types
(Fig. 5b).

In bacteria, filamentous structures are part of the
extracellular matrix, which surrounds the cell and
thereby provides protection from unfavorable environ-
mental conditions. Similar structures, which have
been well studied in Enterobacteriaceae [35], consist
of so-called functional amyloids or, more correctly,
amyloid-like proteins, which have a constructive func-
tion in contrast to amyloid fibers associated with dis-
eases. Amyloid-like proteins are involved in the for-
mation of biofilms, fimbriae, and cell adhesion. These
MOLECULAR BIOLOGY  Vol. 58  No. 1  2024
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Fig. 3. Groups of proteins with known functions in membrane vesicles of B. pumilus 3-19 obtained by cultivating the strain on
HPM media (a) and LPM (b). (BlastKOALA Software).
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proteins have also been described in Gram-positive
bacteria Streptomyces coelicolor and B. subtilis [36].

The amyloid-like protein TasA is the main matrix
protein in biofilms B. subtilis [37, 38]. The TasA gene
nucleotide sequences have been identified from
B. subtilis, B. velezensis, and S. pneumoniae, as well as
B. pumilus (https://www.ncbi.nlm.nih.gov/nuc-
core/KC576815.1). Genome Analysis of B. pumilus
3-19 identified the gene for the amyloid-like protein
TapA (No. 2767, amyloid fiber anchoring/assembly
protein, table S1, see Supplementary Information),
which serves as a primer for TasA oligomerization.
However, this protein is not part of the vesicles.
MOLECULAR BIOLOGY  Vol. 58  No. 1  2024
Thus, in this work, the formation of extracellular
MVs was detected for the first time in B. pumilus 3-19
and their composition was determined. It has been
established that MVs do not contain genetic material
and differ in the spectrum of proteins, which depends
on the phosphate content in the strain cultivation
medium. MVs carry 140 mutual proteins; 49 unique
proteins were identified in vesicles of cells grown in
LPM medium, and 101 in HPM medium. Flagellar
proteins were found in the vesicles, but antibiotic
resistance proteins and amyloid-like proteins, whose
genes are present in the cells, were not found in MV of
B. pumilus 3-19. Both types of vesicles contain
RNase J, the main enzyme of the RNA degradosome.
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Fig. 4. Localization of MV proteins B. pumilus 3-19 grown on LPM and HPM (PSORTb v3.0.3 software). The number of proteins
in the vesicles of each fraction is taken as 100%.
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Secreted RNase binase whose synthesis is induced by
phosphate deficiency, is part of MV cells cultured in
LPM, but not HPM, media.
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