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Outer membrane vesicles (OMVs) carry various biomolecule cargo, including enzymes, and 
communicate with the surrounding via them. The role of the enzyme-associated OMVs from 
food-grade bacteria in human health and disease is not clear, in particular, after the impact of 
stressful factors (changed gravity and atmosphere, UV-radiation) in the context of astronauts’ 
diet. Aim. We researched OMVs of Komagataeibacter oboediens isolated from kombucha 
microbial community samples exposed to the space/Mars-like stressors simulated on the 
International Space Station and cultivated within a five-year period to know more about their 
behaviour with biomolecules and mammalian cells. Methods. A series of in vitro experiments 
on the RNA cleavage, DNA and RNA transcription inhibition and cytotoxic assay with OMVs/
Komagataeibacter were conducted. SignalP 6.0 was used for detecting signal peptides in 
predicted ribonucleases in K. oboediens genome, and ProtComp Version 9 served for identify-
ing RNase sub-cellular location. Results. The behaviour of OMVs in bacteria before and after 
an impact of stressful conditions differed, relying on differences in associated nucleolytic 
activity, the inhibitory capabilities against the T7 bacteriophage RNA polymerase and Taq 
DNA polymerases and a cytotoxic effect, despite identical nucleotide sequences in homologous 
genes. The in vitro inhibition of RNA and DNA transcriptions was less pronounced in OMVs 
of exposed bacteria than in vesicles of the ground-based strain. It correlated with a lower RNase 
activity and a loss of cytotoxicity towards human malignant cells, even five years after the 
flight. Bacterial RNase I was predicted to be located in the OMV periplasm. Conclusion. 
Komagataeibacter’s OMV-associated activities were modified after exposure to the International 
Space Station and inherited in a non-genetic manner.
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Introduction

Bacteria produce a big variety of bioactive 
molecules and contribute them to human host 
physiology, in particular, to the immune sys-
tem regulation and the gut–brain axis. A por-
tion of them is enclosed in extracellular mem-
brane vesicles. All living cells within three 
domains — Archaea, Bacteria and Eukaria — 
produce nano-scale membranous vesicles, 
which are described as: ‘particles naturally 
released from the cell that are delimited by a 
lipid bilayer and cannot replicate’ [1]. The 
extracellular vesicles from Gram-negative bac-
teria are referred to as outer membrane vesicles 
(OMVs). Their main function is to provide the 
communications between bacterial cells with-
in a population or between different popula-
tions and domains of living organisms [2-4]. 
The interactions between microorganisms and 
host macroorganisms via OMVs are mediated 
largely by microbe-associated molecular pat-
terns of the cell envelope, such as lipopolysac-
charide and peptidoglycan; in addition, OMVs 
may carry nucleic acids, small bioactive me-
tabolites, lipids and proteins involved in com-
munications [5]. Recent research shows the 
interest raised in the enzymes associated with 
membrane vesicles in human pathophysiolo-
gy, e.g., OMVs-associated DNases are in-
volved in the degradation of DNA backbones 
of extracellular traps used as the phagocytosis-
independent defense system against pathogens 
[6], secretion of antibiotic degrading enzymes 
via OMVs enabling their survival [7] or trig-
gering immunological responses in the respira-
tory epithelium [8]. However, less is known 
about the role of enzyme-associated OMVs 
from generally recognized as safe, food-grade 

bacteria in the human body [9]. Gram-negative 
bacteria of the Komagataeibacter genus are 
known to synthesize cellulose for a multi-
species microecosystem — kombucha micro-
bial community (KMC) composed of bacteria 
and yeasts [10, 11]. Being a dominant core 
KMC-member [12], these bacteria and their 
OMVs are present in fermented live kombucha 
drinks. Komagataeibacters are health-promo-
ting agents, at least, as containing valuable 
antioxidants and unique lipids considered to 
improve cognitive function [13] and body’s 
hydration [14]. The enzyme-bearing komaga-
taeibacters’ OMVs can work as the nanobio-
reactors when being consumed as a healthy 
kombucha drink and interact with exogenous 
nucleic acids, proteins, host cell nanovesicles, 
viruses, as well as gut microbiota in the human 
body microenvironments. The OMVs of be ne-
fi cial health-promoting bacteria could be con-
sidered reasonable in the prophylaxis of di-
seases [15] and helpful for astronauts during 
long-duration space missions [16, 17]. OMVs 
assembled with diverse molecular cargo call 
for an interest in using them as therapeutics/
vaccines and for diagnostic purposes [5, 18, 
19]. The essential activity of bacterial OMVs 
is to transfer biomolecules to particular targets 
and serve as a drug-delivery tool [20].

In this study, we researched the activities 
associated with OMVs of K. oboediens iso-
lated from KMC samples after five years since 
the exposure of the latter to the space/Mars-
like stressors (UV, atmosphere, pressure) on 
the International Space Station (ISS) [21]. We 
showed that the OMVs exhibited differences 
in in vitro communications. OMVs of the ex-
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posed bacteria did not exhibit toxicity toward 
human in vitro cells, showed a lower ribonu-
cleolytic activity and decreased inhibition of 
transcriptase activities in vitro. These data will 
help to elucidate to what extent the stressors 
can impact changes in the OMVs and how 
changed vesicles may influence human health 
and microbiota in the distant future.

Materials and Methods

Bacterial strains
Strains of K. oboediens IMBG180 isolated 
from reference ground-based KMC specimens, 
K. oboediens IMBG185 — from UV-irradiated 
top-located KMC, K. hansenii IMBG183 — 
from UV-protected bottom-located KMC and 
K. hansenii IMBG184 — from a protected 
middle-located KMC on the ISS [22]. These 
strains were cultured in HS medium [23] at 
28 °C for three days for OMVs isolation. After 
returning from the ISS, the re-isolated from 
KMC samples bacteria were maintained on HS 
agar medium (1 %) (Sigma-Aldrich, USA) 
being re-cultured monthly within a 5-year 
postflight period. Escherichia coli DH5α 
(Thermo Fisher Scientific, Lithuania), E. coli 
S-17 (kindly provided by Prof. A. Puehler, 
Germany) and Serratia marcescens IMBG291 
(the collection of the Institute of Molecular 
Biology and Genetics, Kyiv, Ukraine) were 
cultured in LB medium (Sigma-Aldrich, USA) 
at 37 °C overnight.

Extracellular membrane vesicles isola-
tion and visualization
The 3-day komagataeibacter cultures, derived 
from KMCs, and the overnight cultures of 
E. coli S-17 and S. marcescens were centri-

fuged at 17,000 rpm for 20 min at 4 ºC. The 
supernatants were collected and further ultra-
centrifuged at 100,000 g for 1 h at 4 ºC 
(Beckman Instruments Inc., L8M, rotor 55.2 
Ti). The resulting pellets were resuspended in 
filtered (0.20 µ pore size filter; Minisart, 
Sartorius, Germany) phosphate-buffered saline 
(PBS), pH 7.4. The vesicle sizes were deter-
mined usin g Nanosight (NS300, Malvern 
Pananaly ti cal, UK) and transmission electron 
microscope JEM-1400 (Jeol Inc., Japan). Zeta 
potential determination was performed using 
a Zetasizer Nano S (Malvern®Instruments, 
UK) at 25 °C. For this, the samples were ir-
radiated with a helium-neon laser with λ = 633 
nm, and the scattered light was recorded at an 
angle of 173°. Chromatography columns 
(qEVORIGINAL, IZON, France) were used 
to purify and concentrate OMV preparations. 
In this paper, the membrane vesicles from 
exposed on the ISS bacteria are designated as 
E-OMVs.

The electrophoretic mobility shift 
(EMS) assay
The interaction of the OMVs with the pTZ19R/
EcoRI DNA (Fermentas, Lithuania) was indi-
cated by slower electrophoretic mobility of 
their complexes in the agarose gel as described 
in [21].

Isolation of plasmid DNA and total RNA
Plasmid pTZ19R DNA was isolated from 
E. coli DH5α using the innuPREP Plasmid 
Mini Kit 2.0 (Analytik Jena AG, Germany). 
Total RNA extraction from E. coli DH5α was 
performed using TRIzol™ Reagent (Invitrogen, 
USA) according to the manufacturer’s proto-
col. RNA purity was assessed by measuring 
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the 260 nm/280 nm ratio, and a ratio between 
1.8 and 2.1 was considered pure.

RNA degradation assay
Extracellular vesicles (5 mg mL-1) were sus-
pended in PBS (pH 7.4), filtered (0.20 μ), 
added to 300 ng of bacterial RNA, and a final 
mixture was incubated for 16 h at 37 °C in the 
DEPC-treated water. After incubation, the 
samples were separated by electrophoresis in 
1.2 % agarose gel in Tris-acetate-EDTA buffer 
(pH 7.0). The stained gels were visualized 
under UV light. RNA band intensity was mea-
sured in an agarose gel and compared with the 
ImageJ software (https://imagej.net/).

Design and synthesis of primers
Oligonucleotides were designed as a pair of 
single-strand oligomers complementary to the 
promoter region of pTZ19R (pTZrepF1, 
5’-TCTCTTACTGTCATGCCATCCG-3’; pTZ-
repR1, 5’-ATTTCCGTGTCGCCCTTAT-3’) 
and purchased in LLC "TRADING HOUSE 
BIOLABTECH" (Kyiv, Ukraine). Single-strand 
DNAs were incubated with linear DNA 
(pTZ19R/EcoRI) in the pre sen ce of OMVs or 
E-OMVs or without pTZ19R at 37 ºC for 16 h.

In vitro T7 bacteriophage RNA poly-
merase activity assay
In vitro transcription assay with the T7 RNA 
polymerase was performed as described in 
[24]. In brief, the reaction mixture (20 µL) 
contained the EcoRI-linearized DNA template 
(0.5 µg of pTZ19R plasmid DNA with a 
341 bp insert cloned in the Ecl136II site), ri-
bonucleoside triphosphates (2 mM), a ribo-
nuclease inhibitor (10 U), the T7 RNA poly-
merase (12 U) in the presence of Tris-HCl 

(40 mM, pH 7.9), MgCl2 (6 mM), spermidine 
(2 mM), NaCl (10 mM) and dithiothreitol 
(10 mM). OMVs of different concentrations 
(125.0; 62.5; 31.25 µg/mL) were added to the 
reaction mixtures, and these mixtures were 
incubated at 37 ºC for 1 h. Then the reaction 
was stopped by cooling up to –20 ºC, and the 
products were separated by electrophoresis in 
1.2 % agarose gel in Tris-acetate-EDTA buffer 
(pH 7.0) supplemented with ethidium bromide 
(0.5 µg mL–1) and visualized using UV-tran-
sil luminator.

DNA polymerase activity assay
The PCR mix (final volume 20 µL) contained 
10 pmol of each primer, 20 ng of template 
DNA, OMVs of different concentrations 
(125.0; 62.5; 31.25 µg/mL), DNA polymerase 
and the BioMix buffer (Neogen, Ukraine). 
Amplification was carried out with a Thermal 
Cycler T-CY (CreaCon Technologies, The 
Netherlands) equipped with a heated lid. The 
PCR conditions were as follows: denaturing 
at 95 °C for 5 min, denaturing at 94 °C for 
45 s, annealing at 56 °C for 30 s, and elonga-
tion at 72 °C for 60 s. The last three steps were 
repeated 30 times, and the final elongation was 
performed at 72 °C for 10 min. The amplicons 
were separated by electrophoresis in 1.2 % 
agarose gel in Tris-acetate-EDTA buffer 
(pH 7.0). The stained gels were visualized 
under UV light.

Cytotoxicity assay
Human in vitro cells K-562 (chronic myeloid 
leukemia, collection of IMBG NASU) were 
harvested by centrifugation and suspended at 
lg5 cells mL-1 in a complete medium. Fifty-µL 
aliquots of the cell suspension were transferred 
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in duplicate to the 96-well microtitre plate, 
containing diluted OMV samples (2 mg/mL) 
(total volume, 100 µL). As a positive control, 
amitozin (1 mg mL-1) [25)] kindly provided 
by Dr. A. Potopalsky (IMBG of NAS of 
Ukraine, Kyiv) was used, as a negative control,  
PBS (pH 7.4) served. Cytotoxicity test was 
performed using the MTT reduction assay 
[26]. The optical density of each well was 
measured with a microplate spectrophotometer 
(Multiscan Tirertek MMC 340, USA) equipped 
with a 540 nm filter.

Bioinformatic analysis of K. oboediens 
genomes on the presence of nucleolytic 
enzymes associated with OMVs and 
E-OMVs
Nuclease-like (ribonuclease) gene reads from 
complete bacterial genomes (the draft genomes 
are deposited in GenBank® (NIH) with accession 
numbers SAMN14942824 and SAMN14942470, 
respectively, for K. oboe diens IMBG180 from 
the reference KMC and K. oboediens IMBG185 
from the top-space-exposed KMC, were BLAST-
searched against GenBank collection. SignalP 
6.0 was used for detecting signal peptides (short 
amino acid sequences that control protein secre-
tion and translocation) in predicted nucleases 
that provide spanning proteins from cytoplasm 
to periplasm, i.e., the space between the inner 
cytoplasmic membrane and the bacterial outer 
membrane [27]. The ProtComp v. 9 (http://www.
softberry.com/) predicted sub-cellular location 
of Komagataeibacter’s ribonucleases.

Statistical tests
The results were expressed as mean ± standard 
deviation (SD) of independent experiments 
performed in triplicate. The difference between 

groups was compared by a two-tailed Student’s 
t-test. The differences were considered to be 
significant, if P ≤ 0.05.

Results and Discussion
The morphology and zeta potential were dif-
ferent in OMVs/IMBG180 and E-OMVs/
IMBG185. OMVs from both strains exhibited 
different average mean sizes of ~ 80 nm and 
100 nm, respectively (Fig. 1A, B), as showed 
nanoparticle tracking analysis and transmission 
electron microscopy. The size shift retained 
after a long period corresponds to the earlier 
observation in the postflight IMBG185 
E-OMVs. The E-OMVs demonstrated the 
same shape deformation and tendency to ag-
gregation after a 5-year postflight period 
(Fig. 1B) as it was determined after finishing 
the spaceflight, in contrast to the vesicles of 
K. oboediens IMBG180, which were stiffer 
(Fig. 1A). The zeta potential (the potential 
difference existing between the surface of a 
particle immersed in a conducting liquid and 
the bulk of the liquid) of OMVs/IMBG180 
was — 5.5 mV, and E-OMVs/IMBG185 ex-
hibited — 1.7 mV.

The ribonucleolytic activity has been ex-
hibited in OMVs of K. oboediens IMBG180, 
and its change after the spaceflight was 
shown by electrophoresis of products after the 
incubation of bacterial RNA with OMVs 
(Fig. 2). The E-OMVs of top-located K. obo-
ediens IMBG185 exhibited a lower RNase 
activity (Fig. 2, lane 5) compared to the ho-
mologous ground-based reference strain 
IMBG180 (Fig. 2, lane 4).

Interaction of OMVs with a double-strand-
ed linear DNA (dsDNA), a linearized plasmid 
DNA (pTZ19R/EcoRI). The linear dsDNA 
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Fig. 1. Transmission electron 
microscopic images of the 
morphology of outer mem-
brane vesicles from Komaga-
taeibacter oboediens 
IMBG180 (ground-based ref-
erence) (A) and K. oboediens 
IMBG185 (exposed to space/
Mars-like factors on the In-
ternational Space Station) (B) 
(on the left) and distribution 
of sizes in ve sic les’ fractions 
determined with nanoparticle. 
Tracking ana ly sis (on the 
right) after a 5-year post-
flight period. The photo 
clearly shows the deforma-
tions of membrane vesicles 
of bacteria exposed on the In-
ternational Space Station.

A

B

  
Fig. 2. Electrophoregram of RNA-derived products generated after RNA interaction with outer membrane vesicles 
(OMVs) of Komagataeibacter oboediens. On the left: a genomic Escherichia coli RNA after incubation with OMVs. 
M-DNA ladder, 1 — reference RNA (without incubation); 2 — reference RNA (incubation at 37 °C, 16 h); 3 — 
RNA + RNase A (Thermo Scientific) (incubation at 370C, 16 h); 4 — OMVs of K. oboediens IMBG180 isolated from 
ground-reference kombucha microbial community; 5 — E-OMVs of K. oboediens IMBG185 isolated from post-flight 
samples; 6 – OMVs of Serratia marcescens IMBG291 (incubation at 37 °C, 16 h); on the right: a densitogram and a 
histogram of the RNA degradation rate after incubation with bacterial OMVs. Data were shown as mean ± SD (n = 3). 
Statistical significance was assessed between control RNA without OMVs and RNA of experimental samples (with 
OMVs) (P ≤ 0.05).
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formed complexes with the K. oboediens 
IMBG180 vesicles and exhibited an electro-
phoretic mobility shift during the running in 
agarose gel (Fig. 3A, lanes 7–12). In contrast, 
the vesicles from the bacteria exposed on the 
ISS did not form supramolecular complexes 
with the linear dsDNA and did not exhibit 
EMS (Fig. 3A, lanes 1–6).

Influence of OMVs and E-OMVs from K. 
oboediens and K. hansenii on in vitro RNA 
transcription. It is known about the impact of 

ribonucleases from different sources on the 
activities of transcription enzymes, e.g., re-
verse transcriptase inhibition [28, 29]. The 
components of the T7 bacteriophage RNA in 
vitro transcription system, more specifically, 
the EcoRI/pTZ19R, containing a T7-promoter 
sequence incorporated in the template, were 
used. The full-length RNA product was syn-
thesized in the reference of the pTZ19R 
DNA-matrix without OMVs and in the pre-
sen ce of 31.25 µg/mL of E-OMVs from 

A

BI

BII

C

Fig. 3. Effects of extracellular outer-membrane vesicles 
(OMV) of Komagataeibacter spp. isolated from post-
flight kombucha microbial community pellicle samples on 

the in vitro interactions with biomolecules. A, electrophe-
rogram of polynucleotide complexes generated after inte-
rac tion OMVs with a target line arized (EcoRI) plasmid 
pTZ19R DNA (pDNA). R — the linearized pDNA; (1–
6) — different concentrations of OMVs of K. oboediens 
IMBG185 from exposed in the International Space Station 
(ISS) samples (E-OMVs); (7–12) — OMVs of ground ref-
erence K. oboediens IMBG180. B, the T7 RNA-poly-
merase (I) and Taq DNA polymerase (II) activities in the 
presence of the linearized pDNA and OMVs. I, 1–3, 
E-OMVs of K. oboediens exposed to space/Mars-like fac-
tors at the UV-irradiated top level of the exposure platform 
on the ISS; 4–6, E-OMVs of K. hansenii from the UV-
protected middle level of exposure; 7–9, E-OMVs of 
K. hansenii from the bottom level of exposure; 10–12, 
OMVs from reference strain K. oboediens (concentrations, 
from left to right: 125.0; 62.5; 31.25 µg/mL. R, a refe ren-
ce: RNA was synthesized on the pDNA matrix without 
OMVs. II, Taq DNA polymerase chain reaction products 
generated on the linearized pDNA in the presence of 
E-OMVs from K. oboediens IMBG185 (UV-irradiated 
KMC) (1–4) and ground reference K. oboediens IMBG180 
(5–8) (concentrations, from left to right: 125.0; 62.5; 
31.25; 6.25 µg/mL). R, a reference: PCR products were 
generated on pDNA without OMVs. C, a survival rate of 
human cells К-562 of chronic myeloid leukemia after co-
cultivation with different concentrations of E-OMVs from 
K. oboediens IMBG185 or OMVs of K. oboediens 
IMBG180, in comparison with OMVs from Serratia 
marcescens IMBG291 and medicinal preparation amitozіn.
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K. oboediens (Fig. 3B-I, lanes 3, 6, 9); higher 
concentrations of OMVs inhibited RNA syn-
thesis. Notably, E-OMVs of both these space-
exposed strains exhibited the same inhibiting 
activities. In contrast, the total absence of tran-
script formation by OMVs in K. oboediens has 
been observed at a lower concentration 
(Fig. 3B-I, lane 12).

Influence of the OMVs on in vitro DNA 
transcription. As in the case of the T7 RNA 
polymerase assay, E-OMVs of stress-exposed 
bacteria inhibited DNA transcription at a hi-
gher concentration (125 µg/mL) (Fig. 3B-II, 
lanes 1–4) than OMVs of the reference strain 
(62.5 µg/mL) (Fig. 3B-II, lanes 5–8). We can 
predict that difference in the rates of a DNA 
amplicon pool generation could be explained 
by different conformational changes of the 
linear DNA template in PCRs under the influ-
ence of vesicles.

The vesicles of K. oboediens IMBG180 
showed a concentration-dependent cytotoxic 
effect (IC50) towards human cells К-562 of 
chronic myeloid leukemia at the same level as 
therapeutic preparation amitozin and OMVs 
from opportunistic bacterium S. marcescens 
IMBG291 (Fig. 3C). This is in line with fin dings 
that bacterial RNases show cytotoxicity towards 
in vitro cells [30]. Interestingly, the E-OMVs of 
K. oboediens IMBG185 (UV-ir radi ated KMC), 
which showed a low RNase activity, had a clear 
cytostimulating effect on K-562 cells.

In silico analysis of K. oboediens genome 
reveals the presence of a gene encoding sub-
cellular location of Ribonuclease I. To deter-
mine the genetic basis of extracellular DNase/
RNase activities of K. oboediens, we sequenced 
and assembled genomes of both reference and 
spaceflight-related isolates [22]. The genomes 

were found with minor diffe ren ces, despite the 
exposure to stressful factors. The set of 15 
genes was revealed by BLAST-sear ching 
against completed bacterial genomes for nucle-
ase-like ribonuclease gene reads. Using SignalP 
6.0, we detected a signal peptide (1–22) in 
predicted Ribonuclease I (ABPAJMHB_02574) 
(Table 1). The ProtComp v. 9 predicted the 
sub-cellular periplasmic location of RNase I 
with a score of 7.2 and membrane score of 2.8 
(it is neither cytoplasmic nor secreted enzyme). 
RNase I is an endoribonuclease that preferen-
tially hydrolyzes single-stranded RNA and also 
possesses a Ca2+-dependent strong dsRNase 
activity [31]. The RNase I belongs to the RNase 
T2/S-RNase group of endoribonucleases, trans-
ferase-type RNases [32].

In this study, we experimentally detected 
ribonycleolytic activity of OMVs obtained in 
K. oboediens. A proteogenomic approach pre-
dicted membrane translocation by the Sec 
translocon and a periplasm location for 
RNase I in K. oboediens, as in E. coli [33]. 
The rate of RNase activity differed in OMVs 
of wild type and post-flight bacteria, in spite 
of identical nucleotide sequences encoding 
komagataeibacter’s RNase [22]. Since we have 
observed differences in the RNase activities 
persisting in five years, we hypothesize that in 
these bacteria after long-term exposure in the 
harsh hybrid environment, non-genetic in-
heritance of acquired changes occurs via a 
range of mechanisms, including DNA me thy-
la tion [34] or protein aggregates [35]. In this 
case, transgenerational inheritance of amyloid 
proteins could be most probable (will be pub-
lished).

E-OMVs poorly interacted with DNA poly-
nucleotides and probably did not form or 
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formed unstable complexes with them. The 
rate of in vitro DNA and RNA transcription 
inhibition was less pronounced in E-OMVs 
than in vesicles of the reference strain, and it 
correlated with their both lower RNase acti vi-
ty and a loss of cytotoxicity toward in vitro 
human cells. Different eukaryotic and micro-
bial RNases are selectively cytotoxic for tumor 
cells and have been investigated as anticancer 
drugs [36].

To our knowledge, RNase I associated with 
OMVs was detected in K. oboediens for the 
first time. In bacteria, extracellular nucleases 
perform different roles to fit bacterial life-
styles: from accommodating bacteria in hosts 
[7] to degrading extracellular nucleic acids for 
nutrient sources [32]. In K. oboediens, RNase I 
has periplasmic location in cell membrane, 
however, it considered to play roles in degra-
dation of RNA species, resulting in scavenging 
of ribonucleic acids in microenvironments, 
modulating host metabolism response to stres-
sors (e.g., by formation of biofilm) or roles 
independent of the ability to hydrolyse RNA 
[37, 38]. In E. coli and in Salmonella enterica 
ser. Typhimurium, RNase I cleaves short RNAs 
in 2′,3′-cyclic nucleotide monophosphates 
(2′,3′-cNMPs), second messengers in signal-
ling pathways, responding to environmental 
changes [37-39]. The 2′,3′-cNMPs are posi-
tional isomers of the 3′,5′-cNMPs, signalling 
molecules, playing key roles in both prokary-
otes and eukaryotes [37, 40]. RNase 
I-dependent elevation of 2′,3′-cNMP levels in 
E. coli correlated with reduced biofilm produc-
tion and activation in response to aminoglyco-
side antibiotics [38, 41]. Recently, it was 
shown that 2′,3-cNMP levels could modulate 
bacterial physiology by binding to bacterial 

ribosomes and rapidly affecting in vitro trans-
lation in response to environmental factors 
[40]. Bacterial RNase I, which can degrade 
viral RNA [41, 42], is promising to reduce 
virus particles and also to combat highly trans-
missible COVID-19 variants [43]. As ribo-
nucleases contribute to destroying RNA vi-
ruses, we may assume a role of the OMV-car-
rying nucleases in the defense of non-patho-
genic komagataeibacters against alien nucleic 
acids as these bacteria exist in a semi-closed 
multimicrobial microecosystem. The presence 
of lytic enzyme in the OMVs might mean that 
antiviral activities could be focused more on 
the OMV-associated defense in the proximity 
of cells than on, e.g., the CRISPR/Cas system, 
which shows some signs of degeneration in 
K. oboediens (none CRISPR arrays available 
in CAS-VI-B and CAS-III-D subtypes [22]). 
It is known that the nuclease activity over the 
RNA can lead to the formation of a set of oli-
gonucleotides and nucleotide monophosphates, 
some of which have immunomodulatory pro-
per ties [31], and this is in line with the fact 
that KMC (where komagataeibacters occupy 
leading positions) possesses immunostimula-
tory capacity in mammals [44].

Taken together, the above observations 
identified the RNase-I-bearing OMVs and 
E-OMVs to be promising in enzyme-delivery 
platforms, also loaded with other biologicals. 
This is the first step towards understanding the 
role of enzymatic properties of the OMVs from 
Komagataeibacter spp. in innate defense 
against mobile genetic elements and exoge-
nous nucleic acids in the host gut environ-
ment, e.g., after consumption of kombucha 
products under normal and spaceflight stress-
ful conditions.
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Conclusions
The difference in behaviour of OMVs in ko-
magataeibacters five years after an impact of 
stressful conditions retains (despite unchanged 
appropriate genes), taking into account dif fe-
ren ces in associated enzymatic activity and in 
vitro inhibition of both DNA and RNA poly-
merases. OMVs from exposed bacteria exhi-
bi ted a loss of cytotoxicity which correlated 
with a lower level of the RNase I activity and 
an in vitro inhibition of DNA and RNA tran-
scriptions, comparing the OMVs of ground-
based strain. We have predicted membrane 
translocation by the Sec translocon for RNase 
I in K. oboediens and its sub-cellular location. 
This can be engineered into a sub-surface dis-
play system for expression in OMVs for dif-
ferent purposes, e.g., as an edible kombucha 
prophylaxis vaccine.
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Komagataeibacter oboediens змінює активність, 
асоційовану із зовнішньо-мембранними 
везикулами, після експозиції на Міжнародній 
космічній станції

О. В. Подоліч, Г. В. Зубова, І. В. Орловська, 
О. Є. Кухаренко, Т. В. Ширина, 
Л. Г. Пальчиковська, Л. А. Заїка, І. Є. Заєць, 
Н. О. Козировська

Зовнішньо-мембранні везикули (ЗМВ) несуть різно-
манітний біомолекулярний вантаж, включаючи фер-
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менти, через які комунікують з навколишнім середови-
щем. Роль фермент-асоційованих ЗМВ харчових бак-
терій у здоров’ї та хворобах людини не досліджена, 
зокрема, після впливу стресових факторів (зміни гра-
вітації та атмосфери, УФ-випромінювання) у контексті 
харчування астронавтів. Мета. Ми досліджували ЗМВ 
Komagataeibacter oboediens, виділених із зразків мікро-
бного угруповання чайного гриба, які піддалися впли-
ву космічних/марсоподібних стресорів, змодельованих 
на Міжнародній космічній станції, і культивованих 
протягом п’яти років, з ціллю дізнатися більше про їх 
поведінку з біомолекулами та клітинами ссавців. 
Методи. Було проведено серію експериментів in vitro 
з розщеплення РНК, інгібування транскрипції ДНК і 
РНК і аналіз цитотоксичності ЗМВ/Komagataeibacter. 
SignalP 6.0 використовувалася для виявлення сигналь-
них пептидів у передбачених рибонуклеазах у геномі 
K. oboediens, а ProtComp версії 9 слугувала для визна-
чення субклітинного розташування РНКази. 

Результати. Поведінка ЗМВ бактерій до та після впли-
ву стресових умов відрізнялася, спираючись на від-
мінності у пов’язаній нуклеолітичній активності, інгі-
буючій здатності проти РНК-полімерази бактеріофага 
Т7 та Taq ДНК-полімерази та цитотоксичного ефекту, 
незважаючи на ідентичні послідовності нуклеотидів у 
гомологічних генах. In vitro інгібування транскрипції 
РНК і ДНК було менш вираженим у ЗМВ експонованих 
бактерій, ніж у везикулах наземного штаму. Це коре-
лювало з нижчою активністю РНКази та втратою ци-
тотоксичності щодо злоякісних клітин людини навіть 
через п’ять років після польоту. Було виведено, що 
бактеріальна РНКаза I розташована в периплазмі ЗМВ. 
Висновок. Діяльність Komagataeibacter, по в’язана з 
ЗМВ, була змінена після експозиції на Міжнародній 
космічній станції та успадкована негенетично.

К л юч ов і  с л ов а: зовнішньо-мембранні везикули, 
стресові фактори, негенетична модифікація, РНКаза I



144

O. V. Podolich, G. V. Zubova, I. V. Orlovska et al.

Supplementary Material
Supplementary Table S1. The BLAST-searched set of genes against completed Komagataeibacter oboediens IMBG180 
bacterial genome for nuclease-like gene reads

#ABPAJMHB_01047
Endoribonuclease_YbeY

MPVLPAGLDGPDITVADRRWNRAVRHPARLVARAVDAALRATGRHGPVTVVLADDRTVAQMNWRHRGRNK 
PTNVLTFEYAPAHAGGGLWGGDIIIAFETVVHEARAAGRTVAAHLAHLVIHGVLHLAGYDHHHPGEAREMEM 
LEASTLSTLGIANPWKQGRMATARGMRS

#ABPAJMHB_01047_
Endoribonuclease_YbeY

MPVLPAGLDGPDITVADRRWNRAVRHPARLVARAVDAALRATGRHGPVTVVLADDRTVAQMNWRHRGRNK 
PTNVLTFEYAPAHAGGGLWGGDIIIAFETVVHEARAAGRTVAAHLAHLVIHGVLHLAGYDHHHPGEAREMEM 
LEASTLSTLGIANPWKQGRMATARGMRS

#ABPAJMHB_00850_
Ribonuclease_PH

MRPSGRAIDALRPVFIQPGFARHAEGSALIRMGGTEVLCAATVETRVPSFLRGKGQGWVTAEYGMLPRATH 
SRGQREAAKGKQTGRTQEIQRLIARALRAVVDLKALGEISVTVDCDVLNADGGTRCAAITGAWVALRLALE 
KLVRAGTLPALPIKGQVAAISCGLTDDGPVLDLDYREDSAASADANFVLTADGGIVEIQGTAEKDPFTEAQFNTLM 
RLARTGTAELFRIQTAIVEEALKA

#ABPAJMHB_00069_
Ribonuclease_E

MSKRMLIDTTHAEETRVVVMDGNHLEDYDVEAASKKQLKGNIYLAKVIRVEPSLQAAFVDYGGNRHGFLAFSE 
IHPDYYQIPVADREKLLALQEEERRAEEERRARDDEEDDAPRAEDEADAPVDQDGDEPETVGGENDTGDEAQAQ 
RRIARFLRNYKIQEVIRRRQILLVQVVKEERGNKGAALTTYVSLAGRYCVLMPNSLRGGGVSRKITSVADRRRLRD 
IITELQIPRGMAMIVRTAGAQRPRAEIMRDCEYLLRLWDDIRQHTLESVAPALIYEEASLIKRAIRDIYTREVSEILIDG 
EPGWKSAREFMRMLMPQNAQKVKLWQDHEQTLFSHYKVEGLLDSMLSPSVQLKSGGYLVINQTEALVAIDVNSG 
RATRERNIEETALRTNLEAAEEVARQLRLRDLAGLIVIDFIDMESRKHNGMVERKLKDALRTDRARIQVGQISHFGL 
LEMSRQRLRPSIAESAFMPCPHCQGTGIVRGIESSALHVLRAIEEEGMQRKAAEISVGVAPEIAFYILNHKRNWLSEI 
ETRHKMQVSFAPDAALQPQECKIERVRQQTARFDAPVIEHAPAESSHVREIQIQAEPPAADATPDAVATTDEDEDIAS 
GTDHRRRRRRRRRRGGAAAQAGQTQAAEDTATEQAPAPVAPTPAPEPAPREVYRGPTPADPYGDAIIDIFDVIEQTT 
APSEVVVEADPVVVEVEEAATPPVAEEETTKPRRTRRRTRRRTTPVENGAAPVTQDAEATAAPVAEPAVPAVEAEA 
AEPEAAPAPAEPAAEEAPKRRRRASTTTTRRTTSRRKAAEPVTEEPAEETKAKPVDEPAAEEAAPARPARKRAASR 
STGTTATTRRRTTRTAAKTADKAEEPVVETPATTEAAAPATEEAPKRRRVTRRKKAEPVADAAADATPVEAEAKTA 
DAKAEKAEKPAPKKRTTTRKTATTTTATRRRRKKADEAAEATDTPVDTAITPVDVDATPTTHRRTGWWKR

#ABPAJMHB_02574_
Ribonuclease_I

MPYRALTALRGLHPTLAALVPALCLMAGCAHTPPSTHTDALSIPVTRHGDFGHYTLALTWQPGFCTDQHGPSCQP 
DQPHAPLIGLHGLWASRPSDLMREGLPVTQWWIKGCDIYQHDDTPPQLSPALSKRLSGTVAHTRSSLVTHEYTK 
HVQCFGMNAERFFTVASTLRDRFAAGPVGRELDHDAGRDISKADVIGLFERTYGTLPERGLQFRCNTDAQGQPIL 
AQLWFTLDPRGLGRFPAASGFLPSPDVQDNCPARFHVPTWPVTAQAG

#ABPAJMHB_01498_
Ribonuclease_J

MNDMTGVSFLPLGGTGEIGMNLNLYRQGETWLAVDCGIGFSGNDTPEAEIILPDPVFIAERRDRLAGLVVTHAHED 
HLGAIAHLWPQLGCPVYVTPFAAAVLRRKLGEAGLLQQVPIHVVAPGSAFTVGPFDLRFVSVTHSVPESQSLVLRT 
PQGIIVHTGDWKIDPDPQVGPPTDLETFAELGREGVLAMVCDSTNVRTEGPSASEADVRREMTRLIASLEGRIAVT 
CFASNVARVETLAMAAKAAGRRVAVVGRSLRNLEVAARECGYLSDVPHFLSEQDANSIPDNQILLIVTGSQGEPRS 
ALSRIAADTHPNIALGEGDTVIYSSRMIPGNEQAVIQVQDSLTRRGVHVITDKDHLVHVSGHATGGDVRRLYDL 
VRPRFLIPVHGEWRHLTANAAIAQELNIEPVLLEDGDILDIRADGVEIGDTAPTGRLVLDGGRILPMNGGVLSARRR 
MLFNGMVMGSFAVDDEGYLIGDPKVSAPGLLDADDPETQRVTEEFGNALDEIPDELRENDATFREAAKTALRRAL 
GRKLQKRPLVDVHLLRV

#ABPAJMHB_02461_
Endonuclease_III

MTTARSPKKPARRAMTLAEVRSFITQLAAANPNAESELDFVDDYTLLVAVVLSAQATDASVNRATKALFRDAPTP 
RAMVELGEEKVGAHIRTIGLWRTKARNVVALSQQLLERFDGKVPYDRAALESLPGVGRKTANVVMNVAFGDSTM 
AVDTHIFRIGNRTGLAPGATPRAVEDQLVRRIPADMLRPAHHWLILHGRYVCKARRPECWRCPAFDPCQYRMKDD 
LRAVGAPAASSKE

#ABPAJMHB_01570_
Ribonuclease_HI

MNEDMAPAENAATATDLVEIWTDGGCKPNPGPGGWGALLCYRGQERELSGGEAETTNNRMELTAAAEALEALK 
RPCRIVLHTDSEYVRNGITRWSTGWVRRKWRNASGDPVANMDLWRRLLDVSAKHDIEWKWVRGHSGDVNNER 
VDQLATAARDAMGIPYPKRGK

#ABPAJMHB_01662_
Ribonuclease_HII

MRIGPERFDSHTIRKEWMPDYALENAHGGRVAGVDEVGRGPLAGPVVAAAVMFLSGVPGVLADRLDDSKKLKPA 
VRQQLYDVLHATPGVLIGVGAASVSEIERYNILRASWVAMQRAVGRLPQSPELVLVDGNAAPDFGCPARCVVGGD 
AISLSISAASVVAKVIRDRLMTRLAQRWPSYGWDRNAGYGTPIHRAALMADGISPHHRAAFGTVRRIVQASVSPY 
SPQSAEQPSC

#ABPAJMHB_02405_
Ribonuclease_E

MRICASSSPGEVRIAVTTDGIMQDFALWRPDIADGVGDIYRARVSAHVPALGGTFVTLPGLEQAGFLPDSEGLGPLT 
QGQTVLVTITRSAQGGKGVRLGARNLPPDLPGGAEPQLLRRGPSPLERLARYYPHAPIIIDDAAIAARLPAVFHPRL 
ARVSSAFDSDLRAQADALEDPVVSLPGGMSASITPTPALVAIDMDGGATSMDRRPKQTAQFASNRDALPELLHQL 
RLRNLSGAIIVDVAGLAIRKRRALSETVETLLKNDPLRPRFLGFTALGLAEIVRPRVHPPLHELFQSTEGRLLRALRG 
QMQAHRGMPPDGRPVTMGCGHGIMTLLQDHPDWMEDFVRLTGRALQPVMDQDLPANGWRFDHG

#ABPAJMHB_00237_
Ribonuclease_P_protein_
component

MSLHKGRLKVADKSTRLKKRAEFLRVAAKGRKAPVPGLVLQALERGDTQAARYGFTVTKKVGNSVVRNRARRR 
LREVVRLLDREQALTGVDIVVIGRSGTCGRRFDALMGDYRKALRKAGVKEES

#ABPAJMHB_03207_
Ribonuclease_toxin_YhaV

MITINGWTILAHPLFLDQLEKLTDAVEVLKAKKPEKYQREANTKLLAALSKLVFQTIPADPTATVYRQGSTLGVAH 
RHWFRAKFGNGRFRLFFRYDSTAKIIIFAWVNDETTLRTYGAKTDAYRVFKGMLEAGDPPDDWIALREAASDQAA 
IDRLEKTSPSGP
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End of Supplementary Table S1

#ABPAJMHB_02453_
Ribonuclease_R

MKRQRPATSEMPDTLPTGMPQARAGGLPDREQLRAFIENATGRIGKREISREFGLGPEHKQALRQMLREMALDGM 
LAPAGARRFRVSDRLPESMVVQVTGTDSDGDPIARPVQWDGDGSAPVIFMHPELRGRAALAPGERVVARLRRV 
GPGRYEGRTLRRLTDAPMEVVGLFRTLDETDPMASAPARYRPAGTLTPADRRAKAQWVIPVGEDADSPDNEIVIAT 
PLPQSGPGLHPARIIERLGPQGDARTISMIAVAMLGIPHVFPTEALAQARAARGVTAQGRTDLRDMPLVTIDGADA 
RDFDDAVYAEPDGEGFRITVAIADVAWYVRPGSALDREAHLRGNSVYFPDRVIPMLPEDLSNGWCSLRPGEDRG 
CIFVNMDVAADGAISNARFGRGIMRSAARLTYEQVQAARDGAPDATVAALPDGLLDSLFGAWRCLSTARAQRG 
TLDLDLPERQVRLNDHGQIAAIQPRIRLDSHRLVEEFMIAANVAAARCLEGRHLPCLYRIHAPPTPERLESLRRTLD 
TMGLKLPPVGSLRAADLDHILQQVRDTDQAGLVNELILRAQNQAEYSPEPVGHFGLSLAAYAHFTSPIRRYADLLT 
HRALLVATGLEPGPAPSHDELEEAGLAITRTERRAAQAERETLERYAATWLQARVGTVMDAHISSLSRFGIFTVLDA 
TGTSALLPMSALPEDQWHHDEKTQTLHARDTTMVFRPGQALRVRIEEACAIRGTVLLALPDTPPSHRRRRT

#ABPAJMHB_00255_
Ribonuclease_D

MAASPAPDAIHFHRGDLPAGVTFPGAVAVDTETMGLNPHRDRLCLVQLSAGDGHAHLVQMPRGATAADCPNLVR 
VLTDPQRPKLMHFARFDVAILQHTLGITVAPNICTKIASKLVRTYTDRHGLAHLCRELLGVELSKQQQTSDWGAPD 
LTPEQLAYAASDVLYLHALWEKLEALLHRENRRELAQACYDFLPTRARLDILGYEEPDIFAHRAA

#ABPAJMHB_00221_
Ribonuclease_3

MDAERVPAAEIARLEACLDYHFTRADLLLRALTHRSAAHERNGGRRTRQSTAKRGAGSNERLEFIGDRVLGLLM 
AEWLLERFPDEQEGALGPRHAHLVSRTVLAQVAHAMGLQSALDVAEHEARAGVRQMANVLADAVEAILGAMY 
LDGGLDPARAFVRRMWNDSIVAQARPPKDPKTALQEWVLGRGLPLPQYRVVSSDGPSHAPRFVIAVDAQGRTGQ 
GIAGSKRAAESDAASDLLRQLGADGQAASSTDRKGQ

#ABPAJMHB_00409_
Ribonuclease_D

MARVSRPEFPAPVLVTTTAELEAVTARLRHEPFVTIDTEFVRERTYWPELCLVQLAGEKDVVVIDTTAPGIDLTSLG 
ALLDDASVVKVFHAARQDLEIFLHLFDHLPAALFDTQVAAMVAGYGDQVGYDNLVSSLLGVQIDKSHRFSDWAA 
RPLSPAQIGYAAADVTYLRLVYEKLLVQLEREGRLDWVAAELDILNNPTTFRPDPLTLWEKMRPRTNNRRMLGIL 
RAVAAWREGEAQRVNVPRQRLLKDESLMEIAATAPATIDALARVRGVSRGFAEGRSGQALLETVAQAVEEPEAAL 
PRLPKGRAKDAQRPSPALIALLKVLLASCCETHRVAPRLVASSEDLDRFALDDAADIPAFHGWRNEVFGKLARELK 
AGHLTMGVAGGKVRLIHD

Supplementary Table S2. Prediction of lipoprotein signal peptide (Sec/SPII) in Ribonuclease I (#ABPAJMHB_02574) 
with Program Signal P 6.0.

Protein type Other Signal Peptide (Sec/SPI) Lipoprotein signal 
peptide (Sec/SPII)

TAT signal peptide (Tat/
SPI)

TAT Lipoprotein signal 
peptide (Tat/SPII)

Pilin-like signal peptide 
(Sec/SPIII)

Likelihood 0 0.0001 0.0001 0 0 0

Supplementary Fig. S1. The cleavage site, removing signal peptide, is predicted between positions 28 and 29 in RNase I as deter-
mined with the program SignalP 6.0. The probability is 0.993463. SignalP 6.0 relies on a start codon being correctly identified 
before application.
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