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Microorganisms and their hosts communicate with each other by secreting
numerous components. This cross-kingdom cell-to-cell signaling involves
proteins and small molecules, such as metabolites. These compounds can be
secreted across the membrane via numerous transporters and may also be
packaged in outer membrane vesicles (OMVs). Among the secreted components,
volatile compounds (VOCs) are of particular interest, including butyrate and
propionate, which have proven effects on intestinal, immune, and stem cells.
Besides short fatty acids, other groups of volatile compounds can be either
freely secreted or contained in OMVs. As vesicles might extend their activity far
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beyond the gastrointestinal tract, study of their cargo, including VOCs, is even
more pertinent. This paper is devoted to the VOCs secretome of the Bacteroides
genus. Although these bacteria are highly presented in the intestinal microbiota
and are known to influence human physiology, their volatile secretome has been
studied relatively poorly. The 16 most well-represented Bacteroides species
were cultivated; their OMVs were isolated and characterized by NTA and TEM to
determine particle morphology and their concentration. In order to analyze the
VOCs secretome, we propose a headspace extraction with GC-MS analysis as a
new tool for sample preparation and analysis of volatile compounds in culture
media and isolated bacterial OMVs. Awide range of released VOCs, both previously
characterized and newly described, have been revealed in media after cultivation.
We identified more than 60 components of the volatile metabolome in bacterial
media, including fatty acids, amino acids, and phenol derivatives, aldehydes
and other components. We found active butyrate and indol producers among
the analyzed Bacteroides species. For a number of Bacteroides species, OMVs
have been isolated and characterized here for the first time as well as volatile
compounds analysis in OMVs. We observed a completely different distribution
of VOC in vesicles compared to the bacterial media for all analyzed Bacteroides
species, including almost complete absence of fatty acids in vesicles. This article
provides a comprehensive analysis of the VOCs secreted by Bacteroides species
and explores new perspectives in the study of bacterial secretomes in relation the
intercellular communication.
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Introduction

Intestinal bacteria actively produce nano-sized outer membrane
vesicles (OMVss) as part of the bacterial secretory metabolome (Thaiss
et al., 2016). Among various bacterial species, the Bacteroidetes
phylum is highly represented, accounting for 10-20% of the bacterial
population in the colon and thus contributing a high proportion to
the total secretory activity (Ley et al.,, 2008). The enzymatic and
immunomodulatory functions of some Bacteroides species are well
known (Gibson and Macfarlane, 1988; Elhenawy et al., 2014). In
particular, Bacteroides fragilis OMV's contain surface polysaccharide
A (PSA), a microorganism-associated molecular pattern that is
recognized by toll-like receptor 2 (TLR2) on Treg cells. The
engagement of TLR2 and PSA leads to Treg cell induction and limits
the TH17 response, thereby promoting tolerance and immune
suppression in the gut (Telesford et al., 2015). Despite the ability of
immune regulation by PSA, B. fragilis is also an opportunistic
pathogen and the most commonly isolated anaerobe from human
infections such as intra-abdominal and brain abscesses (Cheng et al.,
2009; Fathi and Wu, 2016). Strong commensal relationships of
Bacteroides and other bacterial species are well described. For instance,
B. thetaiotaomicron, as a saccharolytic member, decomposes mucin,
making it available to species within the microbiota that lack this
capability. B. thetaiotaomicron, B. caccae, and B. fragilis exhibit their
enzymatic properties via hydrolases contained in OMVs (Reeves et al.,
1997; Shipman et al., 2000). In addition, metabolomic studies have
made it possible to assert that vesicles are a kind of independent
cellular prototypes in which metabolic reactions can occur without
DNA 2006
Zakharzhevskaya et al., 2017).

replication and transcription (Spence et al,

OMVs are extremely small structures, which allows them to
function far beyond the intestine, transported through the
bloodstream to target organs and presumably overcome the blood
brain barrier in a bidirectional manner (Han et al., 2019). Thus, freely
secreted components and vesicles can form the gut-brain axis actively
studied today (Pirolli et al., 2021). OMVs investigation should be of
the same priority as the structural and functional study of bacteria
morphology and physiology. However, studies of individual species
do not form a comprehensive view of the secretory activity of the
genus as a whole. In addition, OMVs are largely unexplored in terms
of metabolomic data. Metabolomes can be divided into volatile and
nonvolatile fractions, which require different methods of sample
preparation and analysis. (Kimball, 2016). While there is already data
for the nonvolatile fraction, which includes amino acids, nucleotides,
and sugars on their presence in OMV (Liebeke et al., 2012; Mielko
et al,, 2019); no such work has been carried out for vesicles
volatile fraction.

It is known that short-chain fatty acids (SCFAs), being the main
microbial volatile metabolites, mediate many regulatory effects.
Acetic, propionic, and butyric acids are the most common ones,
accounting for 90-95% of SCFAs in the colon (3:1:1 ratio) (Niccolai
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etal., 2019). Only a small fraction, about 5%, of SCFAs produced by
intestinal epithelium can be found in feces. Butyrate is rapidly used as
an energy source for colonocytes, while most of the acetate and
propionate enter the portal circulation (Louis and Flint, 2017).
Butyrate is a histone deacetylase inhibitor with potential effects on
gene expression in human cells (Davie, 2003). Propionate crosses the
blood-brain barrier (Wenzel et al., 2020) and, like butyrate, affects
various physiological processes such as cell signaling, neurotransmitter
synthesis and release, free radical production, and mitochondrial
function. Propionate is also the preferred liver precursor for the
regulation of cholesterol synthesis and gluconeogenesis (Kennedy
et al,, 2020). Acetate is the main SCFA in the blood and plays a key
metabolic role in peripheral tissues, acting as a substrate for
lipogenesis (den Besten et al., 2015). Volatile spectrum of metabolites
is also represented by medium and long chain fatty acids, amino acid
and phenol derivatives, etc. but most of the components have not yet
been studied for biological effects (Rondanelli et al., 2019).

Gas chromatography combined with mass spectrometry (GC-
MS) is usually used to analyze the volatile metabolome (Filipiak et al.,
2022). Composition of SCFAs in stool samples are well described but
most of the published data were obtained by the solid phase
microextraction method (SPME) (Marrubini et al., 2020). The SPME
method discriminates samples by composition due to the fact that
different substances that make up the equilibrium vapor are absorbed
differently. After desorption, the composition and ratio of the
metabolome components are different from the initial ratio and
composition (Karu et al, 2018). Conversely, the vapor-phase
extraction method makes it possible to compare various biological
samples, including feces, since the ratios of components in an
equilibrium vapor do not depend on the amount of water contained
in the samples. The main problem of HS-GC/MS method is the
complex, non-linear dependence between the composition of the
compounds in the source phase and the relative pressures in the vapor
phase, which are directly measured by this method. Thermodynamic
model that performs the reverse transformation of relative abundances
in the vapor phase to relative concentrations in the liquid phase have
been previously described by Konanov et al. (2022).

However, the described methods are widely used for stool analysis
(Dixon et al, 2011). Here, we focused on the use of headspace
extraction methods combined with GC-MS for the most represented
Bacteroides species volatile secretome analysis. Using the available
literature data, the following Bacteroides species/strains were selected:
Bacteroides vulgatus EBA 3-9; Bacteroides caccae EBA 6-24;
Bacteroides dorei EBA 7-24; Bacteroides uniformis EBA 5-20;
Bacteroides xylanisolvens EBA 5-17; Bacteroides coprocola EBA 6-21;
Bacteroides finegoldii EBA 6-28; Bacteroides clarus 606; Bacteroides
cellulosilyticus  807; Bacteroides 2697; Bacteroides
xylanisolvens Pik; Bacteroides thetaiotaomicron 6237; Bacteroides

salyersiae
eggerthii 91; Bacteroides stercoris 5888; Bacteroides intestinalis 181;

Bacteroides plebeius 2436; Bacteroides fragilis BOB25; Bacteroides
fragilis JIM10 (Kulagina et al., 2012; Tyakht et al., 2013).
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Results

Isolation and morphological evaluation of
Bacteroides OMVs

All analyzed Bacteroides species were isolated from stool samples
of healthy volunteers and identified by 16S rRNA gene sequencing
analysis. Sequenced data and links to sequenced genomes provided in
Supplementary Table 1. It is known that the cultivation of anaerobes
is not an easy task, however for Bacteroides, with the use of
gas-generating packages and anaerobic jars, it was possible to cultivate
all species. Cultivation on a liquid medium (Columbia Broth Base,
HIMEDIA, India) was suitable for all species, except for Bacteroides
plebeius 2436. For growing Bacteroides plebeius 2436, special base
liquid medium was used (see methods). 48 h of continuous cultivation
on a liquid media was recognized as the optimal duration for cultures
to be ready for OMYV isolation. The exceptions were for strains such
as Bacteroides plebeius 2436; Bacteroides clarus 606; Bacteroides dorei
EBA 7-24; Bacteroides coprocola EBA 6-21, the optimal cultivation
time of which was more than two and a half days (60h).

Isolation of OMVs was carried out according to the standard
method using filtration and ultracentrifugation. The prepared samples
were examined by NTA (nanoparticle tracking analysis) and TEM
(transmission electron microscopy) methods.

To estimate the relative productivity of different Bacteroides
species, concentration data from NTA measurements were used
Supplementary Table 2 S1. Vesicles were isolated from 200 mL of
bacterial media at the end of the logarithmic growth phase at the same
optical density of bacterial media. The resulting particle concentration
pattern is shown in Figure 1A. The lowest OMVs production was
measured for Bacteroides caccae EBA 6-24, the largest number of
particles has been counted for Bacteroides coprocola EBA 6-21.

All the OMV samples were characterized using TEM (Figure 2).
Individual OMVs were roughly spherical, and most particles had a

10.3389/fmicb.2023.1164877

relatively dark part at the center. This morphology is typical not only
for bacterial OMV's but also for the small extracellular vesicles isolated
from eukaryotic cells (Nikishin et al., 2021).

When comparing the sizes of OMVs, determined by the TEM and
NTA, substantial differences between two techniques have been
revealed (Figure 1B). For instance, OM Vs from B. fragilis BOB25 have
shown the mean hydrodynamic particle size of 117 nm, while TEM
showed a mean diameter of 60 nm only. The common reason for such
a discrepancy is a heavy aggregation of vesicles, but it was not
supported by TEM. We propose that these differences might be caused
by the presence of long polysaccharide chains on the vesicles surface.
They contribute to the hydrodynamic size, but might be not visualized
with TEM due to poor staining of polysaccharides with uranyl acetate.

Gas chromatographic analysis of bacterial
media

At the first stage of the HS-GC/MS study of the volatile spectrum
of Bacteroides secretome, the compositions of autoclaved media
(culture media) and media after bacterial cultivation, cleared from
bacteria by filtration (media w/o bac) Supplementary Table 2 52, S3
were determined. The sample preparation for each media varied. In
one case, the entire secreted volatile metabolome was of interest.
Then, after cultivation, the bacterial media was centrifuged at 4,500¢
at 4°C for half an hour and the supernatant was additionally filtered
using a 450 nm filter. Next, 200 pL of the bacterial media, which was
cleaned from bacterial cells was used to extract volatile metabolites,
followed by analysis and identification by HS-GC/MS. In the other
case (media w/o bac), we obtained information from all freely
secreted volatile compounds contained in the bacterial media at the
end of the logarithmic phase as shown in Figure 3. However, media
without OMVs were of particular interest. To obtain these
preparations, bacterial media after cultivation was centrifuged at

Bacteroides OMVs concentration
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FIGURE 1

standard deviation as a measure of particle size distribution width.

B. fragilis BOB25

Total particle concentrations and mean sizes of isolated OMVs. (A) The NTA data on total particle concentrations of isolated OMVs. Error bars represent
95% confidence intervals calculated from N =14-21 repeated measurements of each sample. (B) Mean sizes of isolated OMVs measured by TEM and
NTA. Error bars for NTA represent 95% confidence intervals calculated the same way as for the total concentration. Error bars for TEM represent
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4,500¢ at 4°C for half an hour and the supernatant was additionally
filtered using a 450nm filter. Next, the resulting filtrate was
centrifuged at 100,000 at 4°C for 2 h. The obtained supernatant was
filtered using a 220 nm filter. 200 pL of the resulting supernatant was
used to extract volatile metabolites, followed by analysis and
identification by HS-GC/MS. When analyzing the samples media
w/o OMVs we could evaluate the contribution of OMV’s to the total
volatile secretory activity of bacteria.

According to the obtained data, 61 compounds were stably detected
in media w/o bac, 20 of which could be detected in culture media
Supplementary Table 2 S3. However, it should be noted that for the
components identified in the culture media, a significant quantitative
increase was observed during cultivation for most components.

Short-chain fatty acids and their derivatives, including propanoic,
2-methyl-propanoic, acetic, and butanoic acids, stand out among the
entire spectrum of detectable components in the bacterial media after
cultivation (media w/o bac). It was noted that if butanoic acid is produced
by all analyzed species in approximately equal relative quantities, then
acetic acid is produced in a larger relative amount by Bacteroides plebeius
2436 and Bacteroides coprocola EBA 6-21. Indole is produced to a lesser
extent than SCFA by all studied bacteria. However, it can be noted that
Bacteroides vulgatus EBA 3-9, Bacteroides fragilis BOB25, Bacteroides
fragilis Jim10, Bacteroides finegoldii EBA 6-28, Bacteroides dorei EBA
7-24 and Bacteroides caccae EBA 6-24 produce relatively lower amounts
of indole compared to other bacteria. Also, among the detected volatile
compounds were medium and long chain fatty acids, including hexanoic,
octanoic, heptanoic, hydrocinnamic, pentanoic, n-hexadecanoic,
n-decanoic, and tetradecanoic acid have been identified.

Interestingly, among the detected compounds 2,4-di-tert-
butylphenol has been identified. 2,4-di-tert-butylphenol or
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2,4-bis-(1,1-dimethylethyl)-phenol (2,4-DTBP) is a common natural
compound, showing strong toxicity against almost all tested
organisms, including against its producers. The secretion of 2,4-DTBP
for Bacteroides has not been previously described. At the same time,
in a relatively small amount, most of all the studied Bacteroides species
produce 2,4-DTBP with the exception of Bacteroides xylanisolvens
PIK, Bacteroides finegoldii EBA 6-28, Bacteroides dorei EBA 7-24 and
Bacteroides cellulosilyticus 807 (Zhao et al., 2020).

Hydrocinnamic acid (Phenylpropanoic acid) or hydroxycinnamic
acid is a carboxylic acid belonging to the class of phenylpropanoid,
previously regarded as an antimicrobial agent. As can be seen from the
obtained data, it is also revealed to be among the main components of
the bacterial media after cultivation. It is noteworthy that, similar to
2,4-di-tert-butylphenol, hydroxycinnamic acid should exhibit
autotoxic activity against the producer, but Bacteroides apparently find
a way to neutralize the toxic effect of the hydrocinnamic acid (Coman
and Vodnar, 2020).

In a comparative analysis, it is also possible to see the relative
content of the individual components in Bacteroides species media
Figure 4 and Supplementary Data Sheet 1. A relatively higher
amount of propionate was revealed in media for Bacteroides dorei
EBA 7-24 than for other species. Despite the fact that all
Bacteroides species were found to produce butyrate, in the
cultivation bacterial media butyrate has been found for Bacteroides
thetaiotaomicron 6237, Bacteroides intestinalis 181, Bacteroides
fragilis BOB25, Bacteroides caccae EBA 6-24 and Bacteroides clarus
606 in a larger relative amount. A relatively higher quantitative
amount of indole was found in the media of Bacteroides
cellulosilyticus 807, Bacteroides eggerthii 91, Bacteroides intestinalis
181 and Bacteroides xylanisolvens EBA 5-17.
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from bacteria (after cultivation). The first column represents the VOCs composition in a sterile media before cultivation used as a control. The relative
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In a comparative analysis of bacterial media cleared from OMV's
(media w/o OMV) Supplementary Table 2 54 with media containing
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OMVs (media w/o bac) Supplementary Table 2 S3, interesting
changes in the relative quantitative of the components were noted.
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FIGURE 4
Representation of individual components quantitative differences in media cleared from bacteria. Box-plots show quantitative differences in the
relative content for the most known volatile compounds secreted to the media, including short chain fatty acids, indole, phenol, as well as some
medium chain fatty acids. Box plots generated in triplicates.

Relative quantitative change in some components content was
noted for almost all Bacteroides species Supplementary Image 1.
We observed the content reduction of medium and long chain acids in
media w/o OMV:s for Bacteroides fragilis BOB25, Bacteroides clarus
606, Bacteroides vulgatus EBA 3-9. It has been shown that quantitative
changes affected more than three types of components in other
Bacteroides species. Thus, Bacteroides plebeius 2436, Bacteroides dorei
EBA 7-24 and Bacteroides xylanisolvens EBA 5-17 showed a greater
relative quantitative change than other species in samples cleared from
vesicles (media w/o OMVs). A decrease in the relative content of short-
chain, medium-and long-chain acids and their derivatives, as well as
indole, was noted in the bacterial media without OMVs. According to
the obtained media analysis data, it can be indirectly concluded that
indole is contained in vesicles of at least five analyzed species, including
Bacteroides cellulosilyticus 807, Bacteroides salyersiae 2697, Bacteroides
xylanisolvens Pik, Bacteroides eggerthii 91 and Bacteroides xylanisolvens
EBA 5-17. At the same time, the exact composition of the components
can only be judged by analyzing isolated OMVs. However, rather
contradictory changes were noted, in particular the accumulation of
components in the bacterial media cleared of vesicles (media w/o
OMVs). Thus, for 2,4-di-tert-butylphenol, such a dependence was
noted for most of the studied species, which is probably due to the
peculiarities of the component extraction and sample preparation.

HS-GC/MS analysis of OMVs

To obtain OMVs for the volatile spectrum analysis we used
ultracentrifugation and filtration methods. The OMVs containing
samples were prepared from 200mL of culture bacterial media
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purified from bacteria. According to the obtained data, vesicles of
almost all analyzed strains contained 1-dodecanol, medium and long
chain acids, including: heptanoic acid, n-hexadecanoic acid, octanoic
acid, acid, 5
Supplementary Table 2 S5.

According to the obtained HS-GC/MS data for OMVs, vesicles
were different in their component composition. 1-Hexadecanol was
only found in vesicles in Bacteroides thetaiotaomicron 6237.
Cyclotetradecane has been identified in the vesicles of Bacteroides
eggerthii 91. The greatest differences in the OMVs composition were
registered for Bacteroides finegoldii EBA 6-28. Among the identified
metabolites, 2-methyl-1-hexadecanol, 3-(1,1-dimethylethyl)-2,5-
furandione, 2-ethyl-1-dodecanol, 1-(2-butoxyethoxy)-2-propanol
were detected.

Interestingly, 2,4-Di-tert-butylphenol has been identified in
virtually all Bacteroides species. At the same time, this metabolite was
largely detected in Bacteroides fragilis BOB25 and Bacteroides
coprocola EBA 6-21 Figure 6. A detailed analysis of individual
components of all
Supplementary Data Sheet 2.

In contrast to previously described HS-GC/MS data of culture
media, no short-chain fatty acids were found in OMVs.
We observed only small amounts of acetate and butyrate in
Bacteroides coprocola EBA 6-21 and Bacteroides finegoldii
EBA 6-28.

3,5-di-tert-butyl-4-hydroxybenzaldehyde was detected in a much
larger relative amount in all vesicles. In a total comparison of the
media component composition, we can see the almost complete
absence or the minimum relative content of 3,5-di-tert-butyl-4-
hydroxybenzaldehyde both in media purified from bacteria and in

nonanoic hexanoic acid Figure and

analyzed species is presented in
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HS-GC/MS data for Bacteroides species OMVs. VOCs composition in isolated OMVs. The last column represents the VOCs composition in a sterile
media before cultivation used as a control. The relative concentrations in the vapor phase are used
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media purified from vesicles. The possibility of detection of this
component was apparently obtained by way of concentrating the
OMVs sample.

When analyzing the data obtained in Supplementary Image 2, it
is important to evaluate the compositional ratio of metabolites, but not
their exact amount in the analyzed samples. Obviously, vesicles differ
to a large extent from media, which can be associated both with the
specific origin of the analyzed metabolite and with the features of
sample preparation.

Both in the Heatmap and results obtained by the t-SNE method
(t-distributed Stochastic Neighbor Embedding), Figure 7 shows that
vesicles component composition significantly differs from the
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bacterial media. Analyzing the TSNE data, we got the opportunity to
refine the degree of species clustering by the metabolome volatile
composition. In particular, it can be seen that

o Bacteroides vulgatus EBA 3-9 and Bacteroides dorei EBA 7-24;
o B. plebeuis 2436 and B. coprocola EBA 6-21;
o B. eggerthii 91 and B.stercoris 5888 and B. clarus 606,

which are genetically close to each other (Hahnke et al., 2016), are
localized in close proximity, which indicates a high degree of
similarity between the data obtained for these strains’ combinations

Figure 7.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1164877
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shagaleeva et al.

10.3389/fmicb.2023.1164877

Acetic acid

0.10

0.08

0.06

0.04

relative concentration

0.00

Butanoic acid

0.008

0.006

0.004

0.002

relative concentration

0.000

2,4-Di-tert-butylphenol

0.7

0.6

0.5

0.4

0.3

i
I

0.2

J

!

|
I
b

relative concentration

0.1

0.0

Bacteroides xylanisolvens Pik
Bacteroides xylanisolvens EBA 5-17
Bacteroides vulgatus EBA 3-9
Bacteroides uniformis EBA 5-20
Bacteroides thetaiotaomicron 6237
Bacteroides stercoris 5888
Bacteroides salyersiae 2697
Bacteroides plebeius 2436

FIGURE 6

==
= ==
-
— o n oo — < — o ~ <
[2e] - o o~ o o~ o o o o~
= = 8 © = N O © 9
(0] = s [0 [0
= n o < P oL I =] > é
c £ | o g © o & o 0
£ o = ¥ o w o w B T 0
s o o5 P vz o8 o = 3
o = c 3 o = o n @ ¥
= " = <] 0 o v] () o o
£ ] > © T o B2 S ©
s - ¢ ¢ T w 7§ © = ¢
o 35 BT £ ] v o ) (o] n
o o = = = o O el ] ()
o () <] w g 6 o wv o
> <4 2 S w g 2
= kst [9] ] v 1] @ o
g § 8 5 8 g &2 5 ¢
T & 8 © ® 8 35 S g
© o] =
o L [:- T 2 o
o] o] o m
© @ ©
[L4] o o
Species

Representation of individual components quantitative differences in Bacteroides OMVs. Box-plots show quantitative differences in the relative content
of short chain fatty acids, detected in Bacteroides coprocola and Bacteroides finegoldii. It also shows the distribution of the quantitative content of
2,4-Di-tert-butylphenol in Bacteroides OMVs. Box plots generated in triplicates.

Discussion

A comprehensive study of the morphological and functional
properties of the gastrointestinal microbiota is largely determined by
the variety of methodological approaches used for sample analysis.
Sequencing methods, proteomic and transcriptomic studies are
actively used in research. Metabolic methods are rarely used, especially
for secretome and vesicles analysis and such approaches as gas-liquid
chromatography analysis of volatile spectrum practically are not
presented in the literature. Identification of the biological properties
of short-chain fatty acids has opened up prospects for assessing the
regulatory mechanisms of the bacterial influence on the intestinal
epithelial cells. Today there is a toward the practical application of the
accumulated knowledge on bacterial communications. Creating
complex probiotics underlies maintenance therapy, and in some cases,
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potential immunomodulatory therapy for inflammatory bowel
diseases. In this regard, the study of Bacteroides species can contribute
not only to the accumulation of fundamental knowledge about the
functional activity of the widely represented genus in the gut
microbiota, but also to the acquisition of essential new information
for new age probiotic creation.

In this research, we studied the volatile spectrum of the secretory
metabolome of the most represented species of the genus Bacteroides.
For the first time bacterial vesicles were examined by headspace
extraction methods. According to the data obtained, the headspace
extraction method made it possible to identify more than 60
components of the volatile metabolome in the bacterial media. In the
course of our research, we evaluated the fatty acids exposed to the
bacterial media, as well as various amino acids and phenol derivatives,
aldehydes and other components. Since the bacterial secretome is also
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represented by OMVs, we separately assessed media purified from
vesicles and OMVs concentrated by ultracentrifugation. For a correct
assessment of the relative amounts of the media components,
we analyzed volatile compounds of the sterile culture bacterial media.
One of the most important tasks of this research was the
characterization of short-chain fatty acids released into the culture
bacterial media. In most studies, when analyzing stool samples by gas—
liquid chromatography, a considerable emphasis is placed on the
quantitative content of butyrate and propionate. Therefore, the
assessment of these two components in the most represented
Bacteroides species was of our priority interest, especially since such a
characterization had not previously been carried out for most of the
species analyzed in this research. Thus, we have shown that all bacterial
species actively produce butyrate, while B. thetaiotaomicron 6237,
B. intestinalis 181, B. fragilis BOB25, B. caccae EBA 6-24 and B. clarus
606 produce relatively more butyrate. In the absence of pathogenic
properties, these microorganisms can be used to create a probiotic due
to the active production of butyrate, which cannot be used for the
toxigenic strain of B. fragilis. Remarkably, the non-toxigenic strain of
Bacteroides fragilis JIM10 produces relatively less butyrate, although
the genetic homology of both strains is considerable (Zakharzhevskaya
etal., 2017). It was not possible to identify the most active producers
of propionate, as well as for acetate, despite the fact that the latter is
produced in relatively large quantities by bacteria such as B. plebeius
2436 and B. coprocola EBA 6-21. While B. thetaiotaomicron, B. fragilis
BOB25, B. fragilis JIM10 and B. intestinalis have been extensively
studied, the importance of B. plebeius in maintaining gastrointestinal
homeostasis has not been previously assessed. Today it is known that
B. plebeius can enhance the barrier function of the intestinal mucosa
and modify the intestinal microbiome (Pei et al., 2022). Indole also has
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a significant number of reported biological properties beneficial to the
human. As a derivative of tryptophan, indole is used by bacteria as a
signaling molecule. In addition, indole helps maintain the integrity of
the intestinal barrier (Lee and Lee, 2010). In our study, we detected the
indole production by the most of the analyzed bacterial species. In
B. cellulosilyticus 807, B. eggerthii 91, B. intestinalis 181 and
B. xylanisolvens EBA 5-17 large amount of indole were detected.

An interesting find was the discovery of 2,4-di-tert-butylphenol
among the secreted volatile components. 2,4-di-tert-butylphenol or
2,4-bis-(1,1-dimethylethyl)-phenol (2,4-DTBP) is a common toxic
secondary metabolite produced by various groups of organisms. The
biosources and bioactivity of 2,4-DTBP are well studied; however, the
question arises as to whether it is reasonable to accumulate 2,4-DTBP
by producers, taking into account its toxic effects. However, there is
an opinion that endocytic regulation seems to be the main function
of phenols in producing organisms (Zhao et al., 2020). Some studies
have also noted the antioxidant activity of the class of lipophilic
phenols, with the focus of research shifted toward the analysis of the
antioxidant properties of 2,4-DTBP in human plasma (Yoon et al.,
2006). It was also found that the administration of LPS in a mouse
macrophage cell line model significantly increased the expression of
the interleukin IL-6 and IL-1b tumor necrosis factor alpha (TNF-a)
genes, while the administration of 2,4-DTBP reduced the expression
of all three genes (Nair et al., 2020). Another unique property of
2,4-DTBP is its antiviral activity against herpesvirus type 2 (HSV-2)
(Leila et al.,, 2019). Such an abundance of unique properties of
2,4-DTBP confirms the need for a detailed study of the biological
properties of all components found in the bacterial metabolome.

Hydroxycinnamic acid (HCAs), found in the volatile metabolome,
are the main class of phenolic acids with a characteristic C6-C3
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phenylpropanoid chain. Hydroxycinnamic acids are typically conjugated
with plant cell wall components (Leonard et al., 2021). In vitro, in vivo,
and epidemiological studies cover the considerable biological activities
of hydroxycinnamic acids such as antioxidant, antimicrobial, anti-
inflammatory and risk-reducing effects on a number of human diseases,
including cardiovascular disease, diabetes, depression, hypertension,
and colorectal cancer (Zhao et al, 2020). Similar to 2,4-di-tert-
butylphenol, hydroxycinnamic acid can exhibit auto toxic activity
against the producer. For this reason, apparently, Bacteroides also have
protection mechanisms of the hydroxycinnamic acids toxic effects.

In this research, for the first time, we have evaluated the volatile
spectrum of the bacterial vesicle’s metabolome. We described volatile
vesicles composition in two ways. Taking into account that the samples
containing vesicles can affect the composition of the volatile spectrum
of the metabolome, we separately studied the bacterial media purified
from vesicles in comparison with the bacterial media containing them,
and accordingly determined the composition by subtracting the
components from the richer bacterial media. In addition, we conducted
the first study of the OMVs volatile metabolome of all analyzed
Bacteroides species. When comparing the media with and without
vesicles, we found a change, mainly toward a decrease in the relative
content of the components in the samples purified from vesicles. For
B. plebeius 2436, B. dorei EBA 7-24 and B. xylanisolvens EBA 5-17, the
decrease in the relative content of the components was more noticeable.
And again, the emphasis was placed in favor of a preferential assessment
of the potential content of SCFAs in vesicles. As expected, we observed
a decrease in the relative amount of short-chain, medium-and long-
chain acids and their derivatives in media purified from OMVs.
However, we have not identified SCFAs in vesicles. We concluded that
SCFAs are presented in vesicles, but sample preparation, which included
several procedures of ultracentrifugation and washing can affect the
ratio of SCFAs in OMVss. At the same time, we cannot accurately state
the presence of SCFAs in vesicles, despite the fact that acetate and
butyrate were detected in B. coprocola EBA 6-21 and B. finegoldii EBA
6-28 vesicles, and we need additional experiments to confirm or refute
this observation. Perhaps the use of ultrafiltration cartridges and pumps
will provide a clearer answer to the question of the presence of SCFA in
OMVs. The same statement is true for indole. Indeed, relative content
decrease of indole in the bacterial media purified from OMVs was
noted. It is possibly indirectly associated with the presence of this
metabolite in the OMVs. However, indole was not found in vesicles.
Nevertheless, taking into account that its relative concentration has
been decreased in media after vesicles purification we can assume that
indole is present in B. cellulosilyticus 807, B. salyersiae 2697, Bacteroides
xylanisolvens Pik, B. eggerthii 91, B. xylanisolvens EBA5-17 OMVs.

As in bacterial media, 2,4-di-tert-butylphenol was detected in a
significant relative amount in OMVs mostly in B. fragilis BOB25 and
B. coprocola EBA 6-21 vesicles. At the same time, it is obvious that,
unlike the most other components, the process of OMV's preparation
contributed to the 2,4-Di-tert-butylphenol concentration. It can
be assumed that 2,4-Di-tert-butylphenol possibly exhibits its activity
in OMVs far beyond the intestine.

Conclusion

In the course of our research, we have characterized the volatile
fraction of the secretory metabolome of the most represented
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Bacteroides species. We were able to evaluate not only the spectrum
of volatile components in bacterial media, but also for the first time
the volatile spectrum of secreted vesicles was characterized. Based on
our data, we can assume the secretory activity of bacteria potentially
suitable for the formation of probiotics with described producers. In
addition, we receive a new layer of fundamental data that can
be studied in detail in additional experiments.

Methods
Bacterial strains and growth conditions

Bacterial strains used in this study can be found in
Supplementary Table 1. The Sanger sequencing of the 16S rRNA
amplified gene fragment was performed using 27F
(5-AGAGTTTGATCCTGGCTCAG-3") and 1492R
(5"-ACGGYTACCTTGTTACGACTT-3") universal primers. The
Bacteroides strains were stored at —80°C in a freeze-dried state in 20%
(w/v) sucrose and 1% (w/v) gelatin solution. All strains were cultured
anaerobically in Anaerobe Basal agar (Oxoid) supplemented with 5%
(v/v) defibrinated sheep blood under anaerobic conditions that were
generated by Anaerogen™ sachets placed in anaerobic 3.5-1 jars (Oxoid;
Thermo Fisher Scientific, Inc.) or in anaerobic jars (Schuett-Biotec,
Germany) at 37°C until stationary phase. For liquid culture, pre-cultures
of the Bacteroides strains were grown anaerobically in Columbia Broth
Base (Hi Media, India) supplemented 5mg/L hemin in 40mL broth (in
50mL conical flasks) at 37°C until stationary phase. These cultures then
were subcultured the end of the logarithmic growth phase by
transferring aliquot of 10mL into 200 mL broth, the growth conditions
were the same. Curves of growth were controlled by measuring optical
density at 600 nm. For cultivation of strain Bacteroides plebeius 2436
we used pre-reduced basal broth containing (gl—1): tryptone (Difco),
10.0; papaic digest of soybean meal (BBL Phytone Peptone, BD
Biosciences), 5.0; yeast extract (Difco), 10.0; Gelysate (BBL), 2.0; NaCl,
5.0; d-glucose, 2.0; sodium pyruvate, 1.0; sodium succinate, 0.5; sodium
bicarbonate, 0.4; cysteine-HCl monohydrate, 0.25 and arginine
hydrochloride, 1.0 supplemented 5mg/L hemin.

Ethics statement

Informed consents from volunteers were obtained and approved
by the ethical committee of the Lopukhin Federal Research and
Clinical Center of Physical-Chemical Medicine of Federal Medical
Biological Agency, Moscow, Russian Federation (protocol No.
2018/05, dated 08.05.2018).

OMYV isolation

Two hundred fifty milliliters of 24 h liquid bacterial culture of each
Bacteroides species were centrifuged at 4,500¢ at 4°C. In order to remove
residual cells, the supernatant was filtered using a 0.45 um pore membrane.
(Millex GV; Millipore) The filtrate was subjected to ultracentrifugation at
100,000g, for 2h (Optima L-90K ultracentrifuge; Beckman Coulter). The
supernatant was discarded; the pellet was washed with sterile PBS and
filtered through a sterile 0.2 um-pore polyvinylidene difluoride (PVDF)
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membrane (Millex GV; Millipore). The ultracentrifugation step was
repeated twice. The vesicle pellet was resuspended in distilled water or
150mM NaCl (pH 6.5). Protein concentration was quantified using the
2D-quant kit (GE Healthcare Life Sciences).

Nanoparticle tracking analysis

Hydrodynamic particle size distribution and concentration were
measured with nanoparticle tracking analysis. Nanosight LM10
HS-BF instrument (Nanosight Ltd., Salisbury, United Kingdom) was
used in the following configuration: 405nm, 65mW laser unit with a
passive temperature readout, high sensitivity camera of EMCCD type,
and NTA 2.3 build 33 software. Samples were diluted with PBS (pH
7.4) to reach the optimal concentration for NTA. As long as vesicles
from different species vary strongly in scattering intensity, three
camera and processing settings were used (in descending sensitivity):
(1) Shutter=1,230, Gain=450, Lower Threshold=1,560, Higher
Threshold=7,150, Detection Threshold=14, (2) Shutter=23850,
Gain=450, Lower Threshold=910, Higher Threshold=28,060,
Detection Threshold =10, and (3) Shutter =850, Gain =450, Lower
Threshold =910, Higher Threshold =10,920, Detection Threshold = 10.
For each sample selection was made based on the apparent brightness
of scattering spots. Min track length = Auto and Min expected particle
size of 30 nm were used for all samples. Measurements were done in
several repeats (14 to 21) to get at least 5,000 tracks in total. Data from
all repeats were merged to get the joint particle size distribution and
total particle concentration corrected by dilution factor.

Electron microscopy (TEM)

The OMV were diluted to a concentration in the range of
2-5x10" particles/mL and deposited onto TEM grids (copper grids
with a formvar-carbon film, Ted Pella, Redding, United States). To
increase the adsorption of the particles, the grids were pretreated
using a glow discharge device Emitech K100X (Quorum Technologies
Ltd., Lewes, United Kingdom) at 25mA current for 45s. The
suspension of OM Vs was deposited onto the grid for ~1 min, and the
liquid was blotted using filter paper. Then the grids stained with 1%
uranyl acetate for 1-2min, blotted again and dried. Images were
obtained using a JEM-1400 (Jeol, Tokyo, Japan) transmission electron
microscope equipped with a Rio-9 camera (Gatan Inc., Pleasanton,
CA, United States) at 120kV. The sizes of the OMV's were measured
using ScanEV software (Kulagina et al., 2012).

HS-GC/MS

200 of pL of culture media samples or 100 pL OMV plus 100 uL
water samples were placed into 10 mL screw-cap vials for a Shimadzu
HS-20 headspace extractor. 0.2 g of a mixture of salts (ammonium
sulfate and potassium dihydrogen phosphate in a ratio of 4:1) was
added to increase solution ionic strength. Headspace extractor settings
used: oven temperature 80°C, sample line temperature 220°C, transfer
line temperature 220°C, equilibrating time 15 min, pressurizing time
2 min, load time 0.5 min, injection time 1 min, needle flush time 7 min.
The vials were sealed and analyzed on a Shimadzu.
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QP2010 Ultra GC / MS with a Shimadzu HS-20 headspace extractor,
a VE-WAX MS column with a length of 30m, a diameter of 0.25mm,
and a phase thickness of 0.25 microns. Initial column temperature 80°C,
heating rate 20°C/min to 240°C, exposure 20 min. Carrier gas — helium
99.9999, injection mode - splitless, flow rate 1 mL/min. Ion source
temperature — 230°C. Interface temperature 240°C. Total ionic current
(TIC) monitoring mode was used. To analyze the obtained mass spectra,
the NIST 2014 mass spectra library with automated mass spectral
deconvolution and identification system (AMDIS version 2.72) was used.

Data processing

The HS-GC/MS data were processed as follows. Peak areas
computed by AMDIS for the selected compounds were converted to
relative abundances. To build heatmaps, three biological replicates
obtained for each sample were averaged. The t-SNE decomposition
algorithm was used to additionally show the difference between samples.
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