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Abstract

Bacterial extracellular vesicles (EVs) are natural lipidic nanoparticles implicated in intercellular communication. Although EV research
focused mainly on pathogens, the interest in probiotic-derived EVs is now rising. One example is Propionibacterium freudenreichii, which
produces EVs with anti-inflammatory effects on human epithelial cells. Our previous study with P. freudenreichii showed that EVs pu-
rified by size exclusion chromatography (SEC) displayed variations in protein content according to bacterial growth conditions. Con-
sidering these content variations, we hypothesized that a comparative proteomic analysis of EVs recovered in different conditions
would elucidate whether a representative vesicular proteome existed, possibly providing a robust proteome dataset for further anal-
ysis. Therefore, P. freudenreichii was grown in two culture media, and EVs were purified by sucrose density gradient ultracentrifugation
(UC). Microscopic and size characterization confirmed EV purification, while shotgun proteomics unveiled that they carried a diverse
set of proteins. A comparative analysis of the protein content of UC- and SEC-derived EVs, isolated from cultures either in UF (cow
milk ultrafiltrate medium) or YEL (laboratory yeast extract lactate medium), showed that EVs from all these conditions shared 308
proteins. This EV core proteome was notably enriched in proteins related to immunomodulation. Moreover, it showed distinctive fea-
tures, including highly interacting proteins, compositional biases for some specific amino acids, and other biochemical parameters.
Overall, this work broadens the toolset for the purification of P. freudenreichii-derived EVs, identifies a representative vesicular pro-
teome, and enumerates conserved features in vesicular proteins. These results hold the potential for providing candidate biomarkers
of purification quality, and insights into the mechanisms of EV biogenesis and cargo sorting.
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Introduction

Extracellular vesicles (EVs) are nano-sized membranous particles
that transport biomolecules implicated in intercellular commu-
nication (Brown et al. 2015, Woith et al. 2019, Dagnelie et al. 2020,
Nagakubo et al. 2020). EVs were consistently reported as an ex-
port system in species from all kingdoms of life, including bacte-
ria (Deatherage and Cookson 2012, Woith et al. 2019, Nagakubo et
al. 2020). A diverse set of functions was attributed to bacterial EVs,
including quorum sensing (Mashburn and Whiteley 2005), biofilm
formation (Flemming et al. 2016, Caruana and Walper 2020), com-
petition (Li et al. 1998), nutrition (Elhenawy et al. 2014, Prados-
Rosales et al. 2014), defense (Manning and Kuehn 2011, Lee et al.
2013), pathogenesis (Pathirana and Kaparakis-Liaskos 2016, Ce-
cil et al. 2019), and probiosis (Bitto and Kaparakis-Liaskos 2017,
Molina-Tijeras et al. 2019). Among beneficial bacteria, EVs with
anti-inflammatory activity were reported in several species, in-
cluding Akkermansia muciniphila (Ashrafian et al. 2019, Keshavarz
Azizi Raftar et al. 2021), Bacteroides species (Shen et al. 2012, Mir-
jafari Tafti et al. 2019, Gul et al. 2022), Escherichia coli Nissle 1917

(Fabrega et al. 2017), Bifidobacterium species (Lopez et al. 2012,
Nishiyama et al. 2020), Lactobacillus species (Seo et al. 2018, Var-
goorani et al. 2020, Caruana et al. 2021, Hao et al. 2021), and Pro-
plonibacterium freudenreichii (Rodovalho et al. 2020, 2021).

The functional properties of bacterial EVs, including their ben-
eficial effects on host cells, are closely related to their cargo (Bitto
and Kaparakis-Liaskos 2017, Briaud and Carroll 2020, Nagakubo
et al. 2020, Cao and Lin 2021). Bacterial EVs were reported to
hold a diverse set of molecules in their internal lumen, includ-
ing proteins (Lee et al. 2009, Rubio et al. 2017, Bajic et al. 2020,
Nishiyama et al. 2020, Bhar et al. 2021), DNA (Bitto et al. 2017,
2021a; Dell’Annunziata et al. 2021), RNA (Bitto et al. 2021a, Joshi et
al. 2021, Luz et al. 2021; Pérez-Cruz et al., 2021), and metabolites
(Cao et al. 2020, Kim et al. 2020, 2020ba; Sartorio et al. 2022). This
vesicular content varies in response to environmental conditions,
including bacterial growth media and growth phases (Bitto et al.
2021b, Briaud et al. 2021, Luz et al. 2021; Pérez-Cruz et al., 2021,
Rodovalho et al. 2021, da Luz et al. 2022, Mehanny et al. 2022) and
several abiotic stressors, including antibiotics, nutrient shortage,
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salt, and temperature (He et al. 2017, Yun et al. 2018, Godlewska
et al. 2019, Lynch et al. 2019, Potter et al. 2020, Briaud et al. 2021).

Although EV cargo is modulated under diverse experimental
conditions or treatments, some comparative studies reported a
degree of content conservation toward changing environmental
conditions (Hong et al. 2019, Monteiro et al. 2021) and bacterial
strains (Hong et al. 2019, Tartaglia et al. 2020, Zwarycz et al. 2020).
In the case of proteomic profiling, the conserved cargo has been
referred as core proteome, meaning a set of representative pro-
teins that occur consistently in EVs (Tartaglia et al. 2020, Zwarycz
et al. 2020, Kugeratski et al. 2021). The core proteome might in-
clude proteins that are essential for EV biogenesis and cargo se-
lection, as well as other important processes that mediate bac-
teria interactions with other bacteria, the host and the environ-
ment (Buschow et al. 2010, Schlatterer et al. 2018, Tartaglia et al.
2020). Therefore, the study of EV core proteomes might elucidate
the roles of specific proteins, and enable a whole set of applica-
tions, including biomarker discovery (Sarshar et al. 2020, Schou et
al. 2020, Urabe et al. 2020, Park et al. 2021, Useckaite et al. 2021),
vaccines production (Jiang et al. 2019, Li et al. 2022), drug deliv-
ery (Yang et al. 2018, Gan et al. 2021, Zhuang et al. 2021), and im-
munotherapy (Gilmore et al. 2021, Holay et al. 2021, Jahromi and
Fuhrmann 2021).

In our previous studies, we showed that the probiotic P. freuden-
reichii CIRM-BIA129 produces EVs with anti-inflammatory activity
toward cultured human intestinal epithelial cells via NF-«B path-
way modulation (Rodovalho et al. 2020) and that bacterial growth
media (UF versus YEL) impact the protein composition and the
anti-inflammatory activity of EVs (Rodovalho et al. 2021). Yeast
extract lactate (YEL) is the gold-standard laboratory medium for
propionibacteria, while ultrafiltrate (UF) medium was developed
to mimic their growth conditions in Swiss-type cheeses after fer-
mentation of the cheese curd by lactic acid bacteria (Malik et al.
1968, Cousin et al. 2012). These two media were chosen because
they differentially impact the physiology of the bacterium, no-
tably its growth parameters, the pH of the extracellular medium
at the end of stationary phase, and cell viability after stress chal-
lenges (Gaucher et al. 2020b, Cousin et al. 2012). In those studies
showing that the culture medium in which the bacteria are grown
could be used as a lever to modulate the properties (i.e. protein
composition and biological functions) of EVs, we employed size-
exclusion chromatography (SEC) as a purification method. How-
ever, to better understand the relationship between the composi-
tion and functions of EVs and to optimize the growth conditions
as a tool to modulate the properties of EVs, a robust characteri-
zation of their protein content is required. We thus hypothesized
that a comparative proteomics study, including another EV purifi-
cation method would allow a robust characterization of the EV
core proteome.

In this study, we applied density gradient ultracentrifugation
(UC) as an alternative method to purify EVs from the concen-
trated supernatants of P. freudenreichii CIRM-BIA129 cultures in
both UF and YEL media. Then, shotgun proteomics was carried
out to elucidate EVs protein content. The comparison with SEC-
purified EVs from our previous studies allowed the identification
of a vesicular core proteome of 308 proteins, indicating that some
functional aspects were potentially conserved in P. freudenreichii-
derived EVs obtained in four different conditions. The conserved
functional categories associated with the core proteome included
carbon metabolism, peptidoglycan biosynthesis, ribosome, pro-
tein export, quorum sensing, and immunomodulation. The EV
core proteome also showed highly interacting proteins and com-
positional biases regarding specific amino acids and other bio-

chemical parameters when compared to the whole cellular pro-
teome. In addition to broadening the toolset for the purification of
P. freudenreichii-derived EVs, this study also identifies a robust rep-
resentative vesicular proteome for this relevant probiotic strain,
providing several candidates for biomarkers of purification qual-
ity. Furthermore, it enumerates representative EV proteins and
protein features, which could provide insights into mechanisms
of EV biogenesis and cargo sorting for future studies.

Material and methods

Culture conditions

The strain P. freudenreichii CIRM-BIA129 (equivalent to the ITG
P20 strain, provided by CNIEL) was supplied by the CIRM-BIA
Biological Resource Center (Centre International de Ressources
Microbiennes-Bactéries d’Intérét Alimentaire, INRAE, Rennes,
France). Propionibacterium freudenreichii was cultured either in cow
milk UF (Cousin et al. 2012) or in YEL (Malik et al. 1968), both con-
taining 100 mM sodium lactate and 5 g L' casein hydrolysate.
Cultures were maintained at 30°C, without agitation, until the
beginning of the stationary phase (2 x 10° bacteria mL~! for
UF and 3 x 10° bacteria mL~! for YEL), under microaerophilic
conditions.

Purification of EVs

Bacterial cultures were centrifuged (6000 x g, 15 min) and super-
natants were filtered (0.22 mm, Nalgene top filters, Thermo Scien-
tific) at room temperature. Cell-free supernatants were then con-
centrated in successive centrifugations using Amicon ultrafiltra-
tion units (100-fold, cutoff 100 kDa, 2500 x g). The concentrated
supernatants were then submitted to a series of 3 ultracentrifu-
gation rounds: (1) the first one to pellet EVs and discard the su-
pernatant containing contaminant proteins (150000 x g, 120 min,
4°C), (2) the second one for a higher-quality density-based sepa-
ration, with the application of the resuspended pellets onto the
top of a discontinuous sucrose gradient (8%-68%) (100000 x g,
150 min, 4°C), and (3) a third washing step to eliminate the ex-
cess of sucrose from pooled EV-containing fractions (150000 x g,
120 min, 4°C) (Tartaglia et al. 2018, 2020). The final samples were
then resuspended in TBS buffer (150 mM NaCl; 50 mM Tris-Cl, pH
7.5) and used immediately or stored at 20°C.

Biophysical characterization of EVs

The size and concentration of EVs were evaluated by nanopar-
ticle tracking analysis (NTA), using a NanoSight NS300 instru-
ment (Malvern Panalytical, Worcestershire, UK), equipped with
a sCMOS camera and a Blue488 laser. All measures were per-
formed at 25°C, in constant flux, with a syringe pump speed of
50. For each sample, 5 videos of 60 s were recorded, under camera
level 15. Other parameters were adjusted accordingly to achieve
image optimization (Vestad et al. 2017, Rodovalho et al. 2020).
Transmission electron microscopy (TEM) was used to evaluate the
morphology, homogeneity, and integrity of EVs, as previously de-
scribed (Tartaglia et al. 2018, Rodovalho et al. 2020). Briefly, glow-
discharged formvar-coated copper EM grids were used for the ap-
plication of a drop of EV solution and the negative staining was
conducted with the application of 2% uranyl acetate to the grid.
Between these steps, the grids were blotted with filter paper to
remove the excess of solution. After drying, the grids were im-
aged using a Jeol 1400 TEM (JEOL Ltd., Tokyo, Japan) operating
at 120 kv.



Mass spectrometry and protein identification

The protein cargo in EVs samples was quantified with Qubit Pro-
tein Assay Kit (Fisher Scientific, USA) and equal amounts of EV
proteins were loaded onto gels and separated with 12% SDS-PAGE
(Laemmli 1970). Electrophoresis was interrupted after proteins
entered 5 mm of separating gel, which was fixed and silver-stained
(Switzer et al. 1979). Gel pieces corresponding to each sample were
then cut and subjected to in-gel trypsinolysis, peptide extrac-
tion, and nano liquid chromatography tandem mass spectrometry
(nano-LC-ESI MS/MS) analysis, as previously described (Gagnaire
et al. 2015, Huang et al. 2016, Gaucher et al. 2020a, Rodovalho
et al. 2020). The software X! TandemPipeline was used to iden-
tify peptides from MS/MS spectra (Langella et al. 2017) and the
searches were performed against the proteome of P. freudenreichii
CIRM-BIA129 (Accession: NZ_HG975455). The database search pa-
rameters included trypsin cleavage, peptide mass tolerance set at
10 ppm for MS and 0.05 Da for MS/MS. Phosphorylation of ser-
ine and threonine residues, and methionine oxidation were set as
variable modifications. The E-value threshold for peptide identifi-
cation was set to 0.05 and a minimum of two peptides per repli-
cate was required for protein identification, resulting in a false dis-
covery rate (FDR) of < 0.15%. For each experimental condition, 3
biological replicates were investigated and the proteins were con-
sidered present if they were identified in at least 2 out of 3 repli-
cates. The mass spectrometry proteomics data can be found at
https://doi.org/10.57745/ANDSGP.

Protein sequences analysis

Propionibacterium freudenreichii CIRM-BIA129 protein sequences
were retrieved from NCBI GenBank (Accession: NZ_HG975455).
Ortholog-based annotation was obtained with eggNOG-mapper
(Huerta-Cepas etal. 2017, 2019), including the assignment to Clus-
ters of Orthologous Groups (COG) categories and KEGG Pathways
terms. Proteomic data for UC-purified EVs were achieved within
this study. Proteomic data for SEC-purified EVs were retrieved
from our previous publication (Rodovalho et al. 2021). Subcellular
localization and lipoprotein signals were predicted with Cello2GO
(Yu et al. 2014) and PRED-LIPO (Bagos et al. 2008), respectively.
Analysis and visualization with Venn diagrams and donut plots
were achieved with Python libraries Pandas (McKinney 2010, The
Pandas Development Team 2020), Seaborn (Waskom et al. 2017),
Matplotlib_venn, and Venn; whereas bubble plots were generated
with R library ggplot2 (Wickham 2016).

Functional enrichment analysis

Functional enrichment analysis was performed with g: profiler
(Raudvere et al. 2019, Reimand et al. 2019), as previously de-
scribed (Rodovalho et al. 2021), using KEGG terms and adopting
a significance threshold (adjusted P-value) of 0.05. Enrichment re-
sults were represented as an enrichment network, where enriched
pathways were represented as the nodes and the overlaps among
them (common proteins) as edges. The enrichment network was
constructed from g: profiler results and visualized with Enrich-
mentMap (Merico et al. 2010) and Cytoscape (Shannon et al. 2003).
For the network construction, a node FDR g-value threshold of
0.05 was applied for functional category filtering and a thresh-
old of 0.375 was applied for the representation of the similarity
between functional categories as edges.

Prediction of protein-protein interactions

Protein-protein interactions across the whole bacterial theoreti-
cal proteome were predicted by interolog methodology, as previ-
ously described (Folador et al. 2014). Briefly, the whole bacterial
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proteome was aligned against the proteins in Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database (Szklar-
czyk et al. 2021) using Basic Local Alignment Search Tool (Altschul
et al. 1990) to find reciprocal hits representing homolog proteins,
with a threshold of 0.36 for the product of alignment identity and
coverage. Interactions from the STRING database were filtered to
a minimum quality score of 400 and were then transferred to cor-
responding homolog proteins in the bacterial dataset. Interactions
network was visualized and analyzed with Cytoscape (Shannon et
al. 2003) and Python’s libraries Pandas (The Pandas Development
Team 2020) and Seaborn (Waskom et al. 2017).

Machine learning and features importance

In order to evaluate which aspects of EV core proteins were dis-
tinct from other proteins, we developed a machine learning model
based on protein sequences. Initially, proteins were represented
as diverse types of sequence features, such as those generated
with the package Biopython, including molecular weight (M.W),
isoelectric point (I.P)), aromaticity, instability, and gravy indices,
secondary structure tendency for helix (ss_helix), turn (ss_turn)
or sheet (ss_sheet), and the molar extinction coefficient, consid-
ering either reduced (molar_extinction_redC) or bonded cysteines
(molar_extinction_oxC) (Cock et al. 2009). The package iLearn was
also used to generate features corresponding to amino acid com-
position (AAC), di-peptide composition, grouped amino acid com-
position, and grouped di-peptide composition (Chen et al. 2020).
The codon adaptation index (C.A.I) was calculated with the pack-
age CAI (Lee 2018). A total of 456 sequence-related features were
included in the beginning of the analysis for each protein. Pro-
teins with features consisting of missing values were removed
from analysis.

Next, sequences of bacterial proteins that were present in the
EV core proteome were considered the positive class (label 1).
The other proteins of the bacterial whole proteome that were
absent in any of the four conditions were considered the neg-
ative class (label 0). The number of proteins in the classes was
balanced with random under-sampling of the majority class us-
ing Python’s package imbalanced-learn (Lemaitre et al. 2017). The
protein dataset was then divided into training (80%) and test (20%)
datasets. The machine learning model was encapsulated in a
pipeline of 3 steps: (1) univariate feature selection with f_classif
(from 456 to 114 features); (2) recursive feature selection with 3-
fold cross validation and Random Forest Classifier (from 114 to
102 features); and (3) an optimized Random Forest Classifier (us-
ing the best 102 features). The training dataset was fitted to the
pipeline and evaluated with 5-fold cross-validation, with the con-
struction of a receiver operating characteristic (ROC) curve and
the measure of the area under the curve (AUC). The test dataset
(containing unseen data by the model) was used to make pre-
dictions and comparisons with the correct (experimental) labels,
using the confusion matrix representation to inspect true/false
negatives/positives. These tasks were accomplished with differ-
ent functionalities of Python’s machine learning package Scikit-
learn (Pedregosa et al. 2011). Finally, the importance of protein fea-
tures for the model output was analyzed by computing the Shap-
ley values with the package SHAP (SHapley Additive exPlanations)
(Lundberg and Lee 2017, Lundberg et al. 2020).

Statistical analysis

All experiments were performed at least in triplicate and the
numerical results are expressed as mean =+ standard deviation,
unless specified otherwise. For significance evaluation, one-way
ANOVA was performed with Tukey’s multiple-comparison test.
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Results

EVs concentration and size distribution vary
according to purification methods and culture
media

In this study, we evaluated the properties of UC-purified P.
freudenreichii-derived EVs. The samples obtained after a series of
UC steps were analyzed by TEM and NTA, confirming the purifi-
cation of EVs with typical spherical shape (Fig. 1A) and nanomet-
ric size distribution (Fig. 1B). The properties of UC-purified EVs
were then compared with those of SEC-purified EVs, reported in
our previous study (Rodovalho et al. 2021). Therefore, we com-
pared four conditions: UF-derived EVs purified by UC (UC_UF),
YEL-derived EVs purified by UC (UC_YEL), UF-derived EVs purified
by SEC (SEC_UF), and YEL-derived EVs purified by SEC (SEC_YEL).
EVs obtained by both purification methods (UC and SEC) and
from both culture media (UF and YEL) presented similar monodis-
persed size distributions, although with different concentrations
and modal diameters (Fig. 1B). Although all EV groups presented
modal diameters in the range 75-90 nm, EV modal diameter was
significantly higher for SEC_YEL EVs, notably when compared
to the UC_YEL group (Fig. 1C). The yield (the ratio between the
amount of recovered EVs and bacterial cells count at sampling
time) was lower for UC_UF EVs, thus all other groups values were
normalized in relation to this group. The relative yield was 8.3
times higher for SEC_UF and 2.5 times higher for SEC_YEL, and
not significatively different for UC_YEL (Fig. 1D). This comparison
showed that the purification methods can impact the yield but
also the type of recovered EVs.

EVs protein content varies according to
purification methods and culture media

In order to see whether the EV purification method can also
impact their composition, UC-purified EVs were then biochemi-
cally analyzed, regarding their protein content. A total of 598 pro-
teins were identified in UC-purified EVs, 560 of which were shared
among UF- and YEL-derived EVs. The resulting dataset was then
compared with the one previously obtained from SEC-purified EVs
and available at https://doi.org/10.15454/Q6PPXY (Rodovalho et
al. 2021). Comparative proteomics of UC- and SEC-purified EVs
showed that although some proteins were exclusive to one or
more conditions, 308 proteins were identified in all four condi-
tions, comprising the EV core proteome (Fig. 2A). Likewise, 302
proteins were identified in more than one condition, but not in all
conditions, comprising the accessory proteome; and 42 proteins
were restricted to one of the conditions, comprising the exclusive
proteome (Fig. 2B). A greater difference of protein content was as-
sociated to EVs purification method, since a great number of pro-
teins was exclusively found in EVs purified by UC (n = 261) and
by SEC (n = 54). A smaller number of proteins was exclusive to
EVs recovered from specific culture media: SEC_UF_only (n = 7),
SEC_YEL_only (n = 1), UC_UF_only (n = 32),and UC_YEL_only (n =
2) (Fig. 2A). Altogether, the purification methods selected different
subpopulations of EVs that differ by their protein content.

Major differences in the characteristics of EV
proteins are associated to the purification
method

As the comparative proteomics analysis showed that EVs purifi-
cation method had a dramatic impact on the protein content, par-
ticularly regarding EVs_UC_only (n = 261) and EVs_SEC_only (n =
54) groups, we analyzed the functional and subcellular localiza-

tion characteristics of those proteins that were exclusive to each
purification method. Regarding subcellular localization, most pro-
teins were predicted to be cytoplasmic, although some of them
were predicted to be extracellular in UC_only group (n = 10), or
membrane proteins in UC-only (n = 26) and SEC-only (n = 11)
groups (Fig. 3A). Lipoprotein signals were identified in UC_only
group (n = 5), although secretory and transmembrane signals
were also identified in UC_only and SEC_only groups (Fig. 3B).
Regarding COG categories, these groups contained proteins that
were assigned to multiple categories, with UC_only proteins being
well distributed among most of these categories (Fig. 3C). There-
fore, the proteins associated to each group showed specific fea-
tures, although UC_only was a larger and more diverse group.

The core proteome of P. Freudenreichii-derived
EVs is mainly related to metabolic functions

In order to understand what are the conserved features of EVs
protein content, we further analyzed their core proteome. The as-
signment of COG categories showed that almost half of the core
proteins were related to metabolic processes, although some were
related to cellular processes, like cell envelope biogenesis; and
information storage and processing, including replication, tran-
scription, and translation (Fig. 4A). Regarding subcellular localiza-
tion, almost three quarters of these proteins were predicted to be
cytoplasmic (70.5%), although membrane (17.5%) and extracellu-
lar (12%) proteins were also identified (Fig. 4B). Lipoprotein signals
were present in only 8.1% of the core proteins, whereas trans-
membrane (12.7%) and secretion (7.5%) signals were also iden-
tified (Fig. 4C). Functional enrichment analysis with KEGG terms
demonstrated these proteins were mainly related to central car-
bon metabolism, but also implicated in peptidoglycan biosynthe-
sis, ribosome, protein export, and quorum sensing (Fig. 4D).

Furthermore, some of the proteins identified in the EV core pro-
teome were previously identified as immunomodulatory in stud-
ies with strains of P. freudenreichii (Table 1).

Finally, some of the proteins within the EV core proteome
were predicted to be membrane-localized (Cello2GO) and con-
tain transmembrane signals (LIPO-PRED) (Table 2). These proteins
could be further studied as potential markers of purification qual-
ity, since they are surface-accessible and consistently present in
EVs.

The predicted bacterial interactome shows that
EVs proteins tend to interact more than other
proteins

As the EV core proteome provided a robust set of proteins consis-
tently loaded into EVs, we used this dataset to investigate poten-
tial protein interactions as a relevant feature to determine protein
sorting into EVs. Therefore, we used a homology-based method
to predict protein-protein interactions between members of the
whole bacterial proteome. These predictions resulted in a net-
work with 2092 nodes, 86 317 edges, 7 connected components,
and a network diameter of 8. Among the interacting proteins,
those belonging to the EV core proteome showed generally cen-
tral positions in the network (Fig. 5A). The number of interactions
per protein, i.e. their degree, showed a typical power-law distribu-
tion, as expected for biological networks (Fig. 5B). When analyzed
over different proteins groups, the degree distribution showed
great variability, but the median degree was higher for those pro-
teins belonging to EVs (EVs_core, EVs_SEC_only, EVs_UC_only, and
EVs_other) than for those not belonging to EVs (Not EVs) (Fig. 5C).
Therefore, these results show that higher degree centrality could
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Figure 1. Biophysical characteristics of P. freudenreichii-derived EVs. (A) Transmission electron microscopy of EVs purified from YEL (upper panel) and
UF (lower panel) medium with UC method at two magnifications. (B) Size distribution of UF- and YEL-derived EVs purified with UC and SEC methods.
Shown are curves of a representative biological triplicate. (C) Modal diameter of UF- and YEL-derived EVs purified with UC and SEC methods. (D) Ratio
between the amount of recovered EVs and bacterial cells (CFU counting) at sampling time, normalized relative to UF-derived EVs. Each data point
corresponds to a biological replicate, dashed line represents mean and solid line indicates standard deviation. Data from SEC-purified EVs were
extracted from our previous study for comparison (Rodovalho et al. 2021). Ordinary one-way ANOVA followed by Tukey’s multiple-comparison test was
performed. Only comparisons with P value less than or equal to 0.05 (indicated by *) were represented.
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Figure 2. Proteins distribution according to condition of EV obtention. (A) Venn diagram presenting the number of proteins per condition and
intersections. (B) Heatmap representing the presence (colored) or absence (white) of all the analyzed proteins in each condition of EV obtention. Core:
core proteome, proteins present in all four conditions. Accessory: accessory proteome, proteins present in 2 or 3 conditions. Exclusive: exclusive
proteome, proteins present in only one condition. (A)-(B) UC_UF: UF-derived EVs purified by UC. UC_YEL: YEL-derived EVs purified by UC. SEC_UF:
UF-derived EVs purified by SEC. SEC_YEL: YEL-derived EVs purified by SEC. Data from UC-purified EVS were achieved in this study and data from
SEC-purified EVs were recovered from our previous study (Rodovalho et al. 2021).

Table 1. Proteins from the EV core proteome that were identified as immunomodulatory in other studies with strains of P. freudenreichii.

Lipoprotein signal

Protein GI Description COG Localization prediction
Enol 659917660 Enolase 1 G Cytoplasmic Other
Acn 659918109 Aconitase C Cytoplasmic Other
GroL2 659917458 60 kDa chaperonin 2 0O Cytoplasmic Other
SIpE 659917805 Surface layer protein E O Extracellular Sec
SlpB 659918413 Surface layer protein B O Extracellular Sec
PFCIRM129_10785 659917415 Hypothetical protein ? Membrane Lipo

Legend: Sec: secretion signal peptide, Lipo: lipoprotein signal peptide, TM: transmembrane, Other: no signals found, ?: unknown. References: Deutsch et al. (2017),
Do Carmo et al. (2017, 2019).
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Figure 3. Comparison of vesicular proteomes’ characteristics according to condition of EV obtention. (A) Proteins subcellular localization, as predicted
by Cello2GO. (B) Lipoproteins signals prediction by LIPO-PRED. Sec: secretion signal peptide. Lipo: lipoprotein signal peptide. TM: transmembrane.
Other: no signals found. (C) COG categories assignment. SEC_only: proteins retrieved in SEC-purifed EVs, but not in UC-purified EVs. SEC_UF_only:
proteins exclusive to SEC-purified UF-derived EVs. SEC_YEL_only: proteins exclusive to SEC-purified YEL-derived EVs. UC_only: proteins retrieved in
UC-purifed EVs, but not in SEC-purified EVs. UC_UF_only: proteins exclusive to UC-purified UF-derived EVs. UC_YEL_only: proteins exclusive to

UC-purified YEL-derived EVs.
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be an important feature of the EV core proteome, with potential
implications on protein-mediated cargo sorting.

A random forest model unveils important
sequence features of the EV core proteome

Finally, we built a random forest model comparing proteins that
were present or absent in the EV core proteome, in the aim to eval-
uate relevant sequences features, including amino acid composi-
tion and other properties. The total dataset was balanced, to avoid
biases; and divided into different datasets to avoid data leakage

during the distinct phases of model development (training and
test). The ROC curve resulting from the 5-fold cross-validation of
training phase showed an AUC of 0.83 + 0.02, indicating a rea-
sonable performance (Fig. 6A). The confusion matrix for model
predictions with the test dataset showed a good proportion of cor-
rectly labeled predictions in the main diagonal (Fig. 6B), with AUC
of 0.8, weighted average f1-score of 0.8, and MCC of 0.6 for the test
dataset (Table 3). The summary plot of features importance and
features effects unveiled which sequences features were the most
relevant for the model output, including the composition of cer-
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Table 2. Proteins from the EV core proteome that are potential markers of purification quality.

Subcellular Lipoprotein
Protein GI Description COG category localization signal
CbiM 659918653 Cobalt transport protein p Membrane ™
CbiM
CbiN 659918654 Cobalt transport protein CbiN p Membrane ™
CodB 659916960 Permease for F Membrane ™
cytosine/purines, uracil,
thiamine,allantoin
CstA 659917091 Carbon starvation protein T Membrane ™
CycAl 659916913 D-serine/D-alanine/glycine E Membrane ™
transporter
Dac 659916853 carboxypeptidase M Membrane ™
(serine-type D-Ala-D-Ala
carboxypeptidase) (D-alanyl-
D-alanine-carboxypeptidase)
FtsW2 659916822 Cell division protein D Membrane ™
GlpT 659917186 Glycerol-3-phosphate G Membrane ™
transporter
IolT3 659917518 i0lT3 (myo-inositol EGP Membrane ™
transporter iolT3)
LepB 659919139 Signal peptidase I U Membrane ™
MetQ 659916945 ABC-type transport systems, P Membrane ™
periplasmic component
PFCIRM129_00555 659917047 Sugar transporter EGP Membrane ™
PFCIRM129_02060 659916840 Hypothetical protein S Membrane ™
PFCIRM129_02885 659918305 Hypothetical secreted and T Membrane ™
membrane protein
PFCIRM129_05605 659917786 Hypothetical protein NU Membrane ™
PFCIRM129_07390 659918769 Hypothetical protein S Membrane ™
PntB 659916763 NADH dehydrogenase C Membrane ™
SdhC1 659918268 Succinate dehydrogenase C Membrane ™
subunit C
SdhC2 659919143 Succinate dehydrogenase S Membrane ™
cytochrome B-558 subunit
SecD 659918024 Protein-export membrane U Membrane ™
protein secD
SecF 659918023 Protein-export membrane U Membrane ™
protein secF
SlgT 659918370 Sodium/glucose E Membrane ™
cotransporter (Na(+)/glucose
symporter) 2.A.21.3.2
Ydfj 659917797 Drug exporters of the RND P Membrane ™
superfamily
YihN 659917150 Membrane protein, G Membrane ™
Transporter, MFS superfamily
Table 3. Performance metrics in training and test phases of the classification model development.
Performance metrics Training dataset
(n=316) Test dataset
(n=280)
AUC 0.83 £ 0.02 (5-fold) 0.80
MCC n.a. 0.60
Precision (weighted avg) n.a. 0.80
Recall (weighted avg) n.a. 0.80
fl-score (weighted avg) n.a. 0.80

Legend: n.a.: not applicable, AUC: area under the ROC curve; MCC: Matthews correlation coefficient; weighted avg: class-weighted average.

tain amino acids, such as lysine (K) and asparagine (N), as well as polar amino acid duos, C.A.L, and molecular weight) had a posi-
other sequence-related properties, such as C.A.I. and molecular tive impact on model output; whereas for other features (e.g. PD
weight (Fig. 6C). The summary plot also shows that higher values dipeptides), lower values had a positive impact on model output

of some features (e.g. lysine, asparagine and serine content, non- (Fig. 6C).
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Figure 6. Model performance and features importance of the protein
sequences belonging to the EV core proteome (1) or not (0). (A) Receiver
operating characteristic (ROC) curve for the 5-fold cross-validation of
the model with the training dataset (n = 396). (B) Confusion matrix for
the model on the test dataset (n = 100). The matrix rows correspond to
class predictions and the columns correspond to the actual classes. The
matrix shows the percentage of proteins that are predicted to be of one
class and are either correctly labeled or mislabeled by the model. Class 1
corresponds to proteins that are present in the EV core proteome and
class 0 corresponds to proteins that are absent. (C) Summary plot of
features importance and features effects, showing different features
ordered according to decreasing importance (Y-axis) and their impact on
model output as Shapley values (X-axis). Colors represent feature values
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Discussion

We previously purified P. freudenreichii-derived EVs from cultures
in UF and YEL using SEC (Rodovalho et al. 2020, 2021). In this
study, we report their purification using another method (UC),
both from cultures, in UF and YEL media. UC-based purification
uses high-speed centrifugation to separate EVs and contaminants
by differential sedimentation, whereas SEC is based on the differ-
ential elution of EVs and contaminants through a porous poly-
meric matrix with specific molecular weight cut-off (Klimentova
and Stulik 2015, Monguié-Tortajada et al. 2019, McNamara and
Dittmer 2020). SEC is an approach of rising relevance, scalable
and fast, that preserves EV structure and activity, although it has
limitations in sample volume and co-purification of particles of
similar sizes, such as viruses (Nordin et al. 2015, Benedikter et al.
2017, Mol et al. 2017, Monguié-Tortajada et al. 2019, McNamara
and Dittmer 2020). At the same time, UC is time-consuming and
operator-dependent, with risks of inducing EV aggregation and
damaging, although it results in reliable high-purity EV samples,
being the most used approach for bacterial EV recovery (Mol et al.
2017, Monguié-Tortajada et al. 2019). Each method presents ad-
vantages and drawbacks, and its application should account for
the complex tradeoff between higher EV yields and less amounts
of contaminants (Dauros Singorenko et al. 2017). Anyhow, as con-
firmed by TEM images and NTA measurements, it was possible to
recover EVs of typical nanometric sizes and spherical cup-shaped
morphology using UC-based purification, similarly to what we
previously described for SEC-based purification.

Regarding the biophysical properties of UC-purified EVs, there
was no difference between UC_UF and UC_YEL EVs in terms of
modal diameter and only a subtle difference regarding EV abun-
dance relative to bacterial cells, yet not significant. Contrastingly,
our study with SEC-purified EVs had shown that SEC_YEL EVs
were larger and less abundant than SEC_UF EVs (Rodovalho et al.
2021). The observed disparities in abundance levels between the
two purification methods could potentially be attributed to the
varying effectiveness of each method in retrieving EVs. By elimi-
nating contaminant particles, which could include bioactive pro-
teins, nucleic acids, and metabolites, both methods strive to gen-
erate a predominantly EV-based preparation. The differences in
sizes could be due to the purification of different EVs subpopula-
tions by each method, with distinct biophysical and biochemical
properties (Dauros Singorenko et al. 2017, Gho and Lee 2017). An-
other possibility is that the purification methodologies could trig-
ger physical deformations, such as the aggregation reported for
UC-based methods (Mol et al. 2017, Mongui6-Tortajada et al. 2019).
Although the purification methods impacted on EVs biophysical
properties, there was no abnormal difference and EVs with typi-
cal biophysical properties were retrieved in all the four analyzed
conditions.

In line with what we previously verified for SEC-purified EVs,
bacteria growth conditions also modulated the protein content of
UC-purified EVs. There were 35 proteins exclusive to UC_UF EVs
and 3 proteins exclusive to UC_YEL EVs, although the majority of
560 proteins were common to both conditions of culture. In our
previous study with SEC-purified EVs, 32 proteins were exclusive
to SEC_UF EVs and 1 protein was exclusive to SEC_YEL EVs, with
358 proteins common to both conditions of culture (Rodovalho
et al. 2021). Therefore, although a similar distribution was veri-
fied among exclusive and common proteins, 50% more proteins
were identified in UC-purified EVs, in comparison to SEC-purified
EVs. Again, the reason could be the purification of distinct sub-
populations by the two methods, which would result in protein
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content variations (Dauros Singorenko et al. 2017, Gho and Lee
2017). Another possibility is that UC-based purification could be
less efficient for P. freudenreichii-derived EVs, thus resulting in the
co-purification of more contaminant proteins, when compared to
SEC-based purification (Mol et al. 2017). Further studies with the
optimization of parameters such as molecular weight cutoff for
SEC and density gradient composition for UC, as well as single EV
characterization, could elucidate the occurrence of EVs subpopu-
lations and critically evaluate the purity of the samples (Dauros
Singorenko et al. 2017, Gho and Lee 2017, Mol et al. 2017).

Nonetheless, 308 proteins were consistently identified in EVs
from both purification methods and growth conditions, indicat-
ing that a particular set of proteins—the EV core proteome—is
invariably present in P. freudenreichii-derived EVs, considering the
four analyzed conditions. This is a robust and representative set
of proteins to be used in further analysis of P. freudenreichii EV pro-
teome, since it is less susceptible to purification and growth bi-
ases. This core proteome comprises extracellular and membrane-
associated proteins, although the main composition correspond
to cytoplasmic proteins (more than 70%), which is consistent with
several proteomic analysis of EVs derived from Gram-positive bac-
teria (Lee et al. 2009, Brown et al. 2015, Kim et al. 2015, Briaud and
Carroll 2020).

Regarding the functional aspects of the core proteome, some
of the identified proteins were previously associated to im-
munomodulation in P. freudenreichii. Those included Enolase 1
(Enol), Aconitase (Acn), 60 kDa chaperonin 2 (Grol2), Surface-
layer proteins B (SlpB) and E (SIpE), and a hypothetical protein (
PFCIRM129_10785) (Deutsch et al. 2017; do Carmo et al. 2019). Im-
portantly, we demonstrated that SlpB was partly involved in the
immunomodulatory activity of SEC-purified EVs (Rodovalho et al.
2020), in accordance with its key role in the interaction with the
host that has been demonstrated for P. freudenreichii bacterial cells
as well (do Carmo et al. 2017, 2019). Whether UC-purified EVs also
exert an immunomodulatory activity should be further investi-
gated, but the identification of these proteins in the core proteome
is a promising indicator.

Moreover, proteins with functions related to peptidoglycan
metabolism were identified in the core proteome, including
the transferases MurG ( 659917354, CDP49364.1) and MurA
( 659917556, CDP49091.1); endopeptidases such as the se-
creted cell-wall peptidase of the NIpC/P60 family ( 659918631,
CDP48034.1) and the hypothetical proteins PFCIRM129_03060
( 659918230, CDP48413.1) and PFCIRM129_10650 ( 659917426,
CDP49227.1); the transpeptidases cell division protein FtsI
( 659917360, CDP49370.1) and penicillin-binding protein A (
659916821, CDP49790.1); and a carboxypeptidase ( 659916853,
CDP49718.1). These identifications reinforce a hypothesis for EVs
biogenesis in Gram-positive bacteria, that involves cell-wall re-
modeling via enzymatic action (Toyofuku et al. 2017, Briaud and
Carroll 2020). The core proteome was also enriched in central
metabolism enzymes and ribosomes components, which could
have a role as public goods for the bacterial population, serving
as metabolic and structural complements for individual bacte-
rial cells (Rakoff-Nahoum et al. 2014, Valguarnera et al. 2018). In
other environments, such as dairy matrices with multiple strains
or the human gastrointestinal tract, the export of such proteins
might exert a crucial role in adaptation and interspecies interac-
tions (Rakoff-Nahoum et al. 2014, Liu et al. 2018). That is also true
for other enriched terms in the core proteome, such as protein
export and quorum sensing, which also mediate bacterial inter-
actions and comprise transporter and signal recognition proteins
with important roles in adaptation.

Our analysis of the EV core proteome also indicated
that it contains some highly interacting proteins, such as
Pyruvate-flavodoxin oxidoreductases (Nifj1, Nifj2), Inosine-5-
monophosphate dehydrogenases (GuaB1, GuaB3), Recombinase A
(RecA), Translation initiation factor IF-2 (InfB), and DNA-directed
RNA polymerase subunit beta (RpoB), which could function
as hubs in the bacterial protein interactome. Although these
proteins have evident roles in metabolism and information
processing, some of them have homologs listed as moonlighting
proteins at MoonProt database (Chen et al. 2021). This suggests
that they may play alternative roles, such as regulatory roles,
binding to mucins, macromolecular structures, and human cells
(Granato et al. 2004, Kesimer et al. 2009). Moreover, they could
benefit from their interaction capability to play other roles in
the vesicular context, related to the recruitment and selection
of protein content into EVs. Although their presence in the core
proteome and interactome patterns are good evidences, this
hypothesis should be addressed with further investigation in the
future.

Furthermore, our machine learning model showed that some
sequences features tend to be more common in EV core-
associated proteins than in other proteins of the bacterial pre-
dicted proteome. These features include higher lysine (K), as-
paragine (N) and serine (S) content, higher C.A.I, and higher
molecular weight (M.W.), among others. The specific favored
amino acid composition may be indicative of protein modifica-
tions that would direct proteins into EVs, such as lysine acety-
lation, asparagine N-glycosylation, and serine O-glycosylation
(Macek et al. 2019). However, instead of (or in addition to) pro-
tein modification, these differential patterns of AAC could be re-
lated to physicochemical properties, including charge, hydrogen
bonding, and molecular weight, which could also direct protein
pre-accumulation for loading into EVs (Xu et al. 2013). Addition-
ally, higher values of C.A.L. were also verified in proteins present
in EVs, which could indicate that highly expressed proteins are
preferentially loaded into EVs, since C.A.L is considered a proxy of
protein expression (Sharp and Li 1987, dos Reis 2003). Our results
are in accordance with our previous report regarding Staphylococ-
cus aureus-derived EVs, which also included proteins with higher
C.A.L values and also showed amino acids compositional biases,
including higher lysine content (Tartaglia et al. 2020). Although
our model showed reasonable performance, with AUC of 0.83 and
0.80 for cross-validation training and testing, respectively; there
is room for improvement. The encoding with other types of fea-
tures, including structural and evolutionary information, as well
as data from other omics sciences, could significantly improve the
performance of future versions of this model, together with the
implementation of other algorithmic strategies. Moreover, it is im-
portant to apply similar schemes to other species of bacteria to in-
vestigate if these findings are species-specific or if they generalize
to other Gram-positive bacteria.

Overall, we demonstrated that the UC purification method, ap-
plied to cultures of P. freudenreichii in UF and YEL media, also
yielded EVs of typical shape and size, similar to SEC-purified EVs.
Moreover, UC-purified EVs presented biophysical properties that
were less variable according to growth conditions than those of
SEC-purified EVs. Nonetheless, the protein content varied accord-
ing to growth conditions in UC-purified EVs, and it was more ex-
tensive than that of SEC-purified EVs. Finally, the combination of
the proteomic dataset from the four studied conditions allowed
the identification of 308 invariably occurring proteins. This core
proteome comprises a more representative dataset of the proteins
from P. freudenreichii-derived EVs and probably relates to their es-



sential roles, including immunomodulation, carbon metabolism,
peptidoglycan biosynthesis, ribosome, protein export, and quo-
rum sensing. This is consistent with the recognized role of EVs in
intercellular communication, in nutrition, and in probiosis. This
core proteome also showed relatively distinctive features, includ-
ing the presence of highly interacting proteins, specific amino
acids composition, molecular weight, and C.A.L. Further analy-
sis of this core proteome is promising for the elucidation of key
aspects of P. freudenreichii-derived EVs, including mechanisms of
biogenesis, cargo sorting and interactions with the host.
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