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ABSTRACT Group B Streptococcus (GBS) is an important bacterial pathogen during
pregnancy, colonizing up to 35% of pregnant people recto-vaginally. Intrauterine GBS
infection during pregnancy can cause preterm labor, early membrane rupture, and, if the
fetus gets infected, stillbirth or early-onset disease (EOD) following birth. Intrapartum
antibiotics are recommended to treat GBS-colonized pregnant patients during labor to
prevent these outcomes, particularly EOD. However, persistent GBS colonization has
been observed despite antibiotic treatment. One strategy employed by bacteria to
promote survival and antibiotic tolerance is the production of membrane vesicles (MVs).
To understand how GBS MVs are affected by antibiotics and influence bacterial survival,
we exposed a clinical GBS strain recovered from a pregnant patient with persistent
colonization to antibiotics and examined the impact on MV production and composition.
Using nanoparticle tracking analysis, microscopy, and proteomics, antibiotic treatment
of GBS was found to significantly increase the production of MVs relative to untreated
GBS (control) regardless of the antibiotic class (ampicillin; P = 4.2 x 107, erythromycin;
P = 0.01). Moreover, antibiotic exposure yielded MVs with different protein composition
compared to the untreated control, with 21 and 19 proteins unique to the ampicillin-
and erythromycin-treated GBS, respectively. Increased abundance of antibiotic-specific
protein targets was observed in the respective antibiotic-treated MVs, suggesting a
mechanism for evading antibiotic-mediated killing. Together, these data suggest that
antibiotic treatment alters both the production and composition of MVs, which can
promote GBS survival in such conditions.

IMPORTANCE GBS colonization during pregnancy can lead to invasive disease in
neonates. Although antibiotics are given to GBS-positive pregnant patients during
labor, some of these individuals remain colonized with GBS after treatment. Persistent
GBS colonization is a public health concern, threatening the effectiveness of antibi-
otics and increasing the risk of GBS disease, especially for subsequent pregnancies.
Although mechanisms linked to persistent colonization and antibiotic tolerance are
poorly understood in GBS, MV production has been shown to promote bacterial survival
in other species with and without antibiotic exposure. Herein, we demonstrated that
two different antibiotics trigger changes in the production and composition of MVs in a
persistent GBS colonizing strain, providing insight into the mechanisms used by GBS to
rebound following antibiotic prophylaxis. Knowledge gained from this study can guide
efforts in the development of more targeted and effective treatments for GBS disease.

KEYWORDS Group B Streptococcus, Streptococcus agalactiae, membrane vesicles,
antibiotic use, proteomics

BS is an opportunistic pathogen that causes disease in pregnant people and their
neonates. While vaginal GBS colonization is typically asymptomatic, it can lead to
preterm birth, stillbirth, or sepsis if transferred to the fetus or neonate (1). During the
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late third trimester, rectovaginal GBS colonization affects 11%-35% of patients though
variation has been reported by geographical region (2). Global estimates from 2015
indicate that 319,000 babies develop GBS infections each year (1).

Prevention of GBS disease involves screening for rectovaginal colonization at 36-37
weeks’ gestation and administering intrapartum antibiotic prophylaxis (IAP) to GBS-posi-
tive patients (3). B-Lactam antibiotics like penicillin and ampicillin are recommended for
IAP, but macrolides are recommended for patients reporting severe penicillin allergies
(3). IAP has successfully reduced rates of neonatal early onset disease (EOD), which
presents as bacteremia, pneumonia, or meningitis within the week following birth (4, 5).
However, IAP has not reduced rates of preterm births, stillbirths, or late onset disease
(LOD), which results in bacteremia or meningitis 1 week to 3 months after birth (4,
5). Increasing frequencies of clindamycin- and erythromycin-resistant GBS have been
reported (6) as well as persistent vaginal colonization for up to 6 weeks postpartum
despite antibiotic treatment (7), which both threaten the effectiveness of IAP.

The polysaccharide capsule is critical for virulence (8) and is used to classify GBS into
1 of 10 (la, Ib, II-IX) capsule (cps) types (serotypes). Strains with cps type Ill account for
61.5% of invasive GBS disease cases worldwide (9). Additional classification methods,
such as multilocus sequence typing (MLST), have led to the discovery of a hypervirulent
lineage, sequence type (ST)—17, which mostly comprises cps lll strains and predominates
among neonatal disease cases relative to other STs (10-12). Hypervirulence is partly due
to their enhanced ability to adhere to and invade host cells, resist phagosomal stress,
and escape antibiotic-mediated killing (13, 14). Furthermore, ST-17 strains were more
likely to persist in patients with vaginal colonization after IAP and childbirth (15, 16),
demonstrating their resiliency even in the presence of antibiotics.

To evade common stressors, many Gram-negative and -positive bacteria release
membrane vesicles (MVs) that contain multiple components including toxins, virulence
factors, nucleic acids, lipoproteins, and enzymes (17, 18). These MVs are biologically
active and have been shown to upregulate pro-inflammatory immune responses and
initiate the disease process in the absence of live bacterial cells (18). We and oth-
ers have described the production of MVs in GBS (19-22), demonstrating that they
contain virulence components involved in attaching to and invading host cells, reducing
oxidative killing, and eliciting pro-inflammatory host responses. We further demonstra-
ted that MVs varied across STs; MVs from a ST-17 strain had a higher concentration of
virulence factors (20).

Prior studies of Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus
have shown that antibiotics enhance the production of MVs (23-28). Moreover, MVs
secreted by methicillin-resistant S. aureus after 3-lactam antibiotic exposure contained
proteins linked to antibiotic degradation (29), a result that was also observed in E.
coli (28). These findings along with the identification of MVs within biofilms in P.
aeruginosa (30) highlight their potential impact on bacterial adaptation and survival
during antibiotic stress. No studies, however, have been conducted in GBS to determine
how exposure to antibiotics that are routinely used for IAP can impact MV production.
Our findings demonstrate that antibiotics induce MV biogenesis and alter their protein
composition, highlighting a potential role for MVs in adaptation and survival during
antibiotic stress.

MATERIALS AND METHODS
Bacterial growth conditions

The postpartum GBS isolate, GB00112 (31) was used for all experiments following culture
in Todd-Hewitt broth (THB) or on Todd-Hewitt agar (THA) (BD Diagnostics, Franklin Lakes,
New Jersey, USA) and an overnight incubation at 37°C with 5% CO,. Colony-forming
units (CFUs) were quantified by serially diluting samples in 1x phosphate-buffered saline
(PBS) and plating on THA with an Eddy Jet spiral plater (IUL Instruments, Barcelona,
Spain) in logarithmic mode. CFUs were enumerated from plate images in Microsoft
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PowerPoint v16.66.1 using the spiral plater counting grid overlay. The absorbance or
optical density (ODggpg) and CFUs were measured every hour for a total of 8 and 6 h,
respectively, for GB0O0112 grown with and without ampicillin (2.5 pg/mL) or erythromycin
(10 pg/mL); assays were performed in triplicate.

Membrane vesicle isolation and purification

Isolation of MVs was performed as described (20) with some modifications. Briefly,
overnight cultures of GB00112 were back diluted 1:50 and grown to early/mid-log phase
(ODggg 0.35-0.45). Following centrifugation at 2,000 x g for 10 min, the cells were
resuspended in 100 mL of fresh THB with ampicillin, erythromycin, or no antibiotics
(untreated control) and incubated for 4 h. Next, the cultures were centrifuged at 2,000
x g for 20 min at 10°C to pellet bacterial cells. The supernatant was subjected to further
centrifugation, filtration, and concentration followed by ultracentrifugation to pellet the
MVs. Each pellet was resuspended in a final volume of 100 uL of 1x PBS and stored at
—80°C until use.

To isolate the MVs, the Problock Gold Bacterial Protease Inhibitor Cocktail (GoldBio,
St. Louis, MO, USA) was added to the concentrated supernatants to prevent protein
degradation. Following ultracentrifugation, resuspended samples were purified using
qEV1 size exclusion columns (IZON Science, Christchurch, New Zealand) according to the
manufacturer’s instructions. The qEV1 size exclusion columns have a minimum cutoff size
of 35 nm, which is appropriate to capture GBS MVs that were found to be no less than
40 nm in crude MV preparations from GBS grown in normal culture conditions without
antibiotics (20). These columns were chosen to ensure capture of bacterial MVs rather
than other fragments or particles found within the supernatant, which could result in
an overestimate of MV production. The resulting fractions were further concentrated
using Amicon Ultra-4 (10 kDa cutoff) centrifugal filters (Millipore Sigma) to a final volume
of ~100-200 pL. More protease inhibitor was added to the concentrated MV fractions,
which were also stored at —80°C.

Electron microscopy of bacterial cells and membrane vesicles

Scanning electron microscopy (SEM) was performed on bacterial samples collected after
the 4 h antibiotic treatment and prepared as described in our prior study (20) with some
modifications. All resting and washing times were performed for 10 min, and samples
were coated with osmium of ~5 nm thickness. Samples were imaged using a JEOL 7500F
scanning electron microscope (JEOL Ltd., Tokyo, Japan).

Bacterial cells were also visualized by thin-section transmission electron microscopy
(TEM). Samples were collected after the 4 h antibiotic treatment, pelleted, and fixed
with 2.5% glutaraldehyde solution in phosphate-buffered saline (PBS). Samples were
then washed with 0.1 M phosphate buffer, postfixed with 1% osmium tetroxide in
0.1 M phosphate buffer, dehydrated in a gradient series of acetone, and infiltrated
and embedded in Spurr. A Power Tome Ultramicrotome (RMC, Boeckeler Instruments,
Tucson, AZ) was used to obtain 70 nm thin sections that were post stained with uranyl
acetate and lead citrate. TEM was also performed on the MVs to confirm purity; 5 pL
samples from each treatment were fixed with 2.5% glutaraldehyde in PBS and prepped
as described (20). Both MV and thin-sectioned bacterial samples were imaged using a
JEOL 1400 Flash Transmission Electron Microscope (Japan Electron Optics Laboratory,
Japan) at an accelerating voltage of 100 kV.

Membrane vesicle quantification

Isolated MVs were quantified via nanoparticle tracking analysis using a NanoSight NS300
(Malvern Panalytical, Westborough, MA, USA) as described previously (20) to make
comparisons across treatment groups (n = 6 replicates). Samples were diluted in PBS
(1: 1,000-1:10,000) for each replicate, and the data were averaged across five technical
replicates of nanoparticle tracking videos per biological replicate for each treatment
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group. Raw output was exported as a .csv file and analyzed in R v4.1.2 (https://www.r-
project.org/) using the tidyNano package (32). MV counts were normalized to the total
culture volume used for preparation and the final volume used for resuspension. Values
outside of the interquartile range x 1.5 were deemed outliers.

Membrane vesicle proteomics

Purified MV fractions (n = 4 biological replicates per treatment) were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and protein concentrations
were quantified using the Pierce Bicinchoninic Acid (BCA) Assay (Thermo Fisher Scientific,
Waltham, MA, USA) following the microplate procedure with 10 yL sample volumes
according to the manufacturer’s instructions. Fractions were supplemented with 2% SDS
in water to reduce excess background signal from lipids, and 0.5 pg of MV protein
for each sample was loaded into 4-20% Tris-Glycine SDS-PAGE gels (BioRad, Hercules,
CA, USA) and concentrated into single bands that were fixed, stained, and excised as
described (20).

For proteolytic digestion, gel bands were digested in-gel as we described in our prior
study with minor modifications (20). For LC-MS/MS, an injection of 5 pL was automati-
cally made using a Thermo EASYnLC 1000 onto a Thermo Acclaim PepMap RSLC 0.1 mm
x 20 mm C18 trapping column and washed for ~5 min with buffer A. Bound peptides
were eluted over 35 min onto a Thermo Acclaim PepMap RSLC 0.075 mm x 250 mm
resolving column with a gradient of 5%B to 40%B in 24 min, ramping to 90%B at 25 min
and held at 90%B for the duration of the run (Buffer A = 99.9% Water/0.1% Formic Acid,
Buffer B = 80% Acetonitrile/0.1% Formic Acid/19.9% Water) at a constant flow rate of
300 nL/min. Column temperature was kept constant at 50°C using an integrated column
oven (PRSO-V1, Sonation GmbH, Biberach, Germany), and eluted peptides were sprayed
into a ThermoScientific Q-Exactive mass spectrometer using a FlexSpray spray ion source.
Survey scans were taken in the Orbi trap (35,000 resolution, determined at m/z 200),
and the top 15 in each scan was subjected to automatic higher energy collision-induced
dissociation (HCD) with fragment spectra acquired at 17,500 resolution.

The resulting MS/MS spectra were converted to peak lists using Mascot Distiller,
v2.8.2, and searched against a protein database containing all sequences available for S.
agalactiae. These sequences were downloaded from Uniprot (https://www.uniprot.org/)
and appended with common laboratory contaminants (https://www.thegpm.org/, cRAP
project) using the Mascot searching algorithm v2.8.0.1 (33). Mascot output was analyzed
with Scaffold, v5.1.2 to validate protein identifications; assignments with a 1% false
discovery rate (FDR) confidence filter were considered true. Mascot parameters were
as follows; allow up to two missed tryptic sites, fixed modification of Carbamido-
methyl Cysteine, variable modification of Oxidation of Methionine, peptide tolerance
of £10 ppm, MS/MS tolerance of 0.02 Da, and FDR calculated using randomized database
search.

Data analysis

All raw data were wrangled, visualized, and analyzed using R v4.1.2 (https://www.r-
project.org/) in RStudio. Specifically, data wrangling was performed using devtools v2.4.5
(https://devtools.r-lib.org/) as well as dplyr v1.1.3 (https://dplyr.tidyverse.org/), purr v1.0.2
(https://purrr.tidyverse.org/), readr v2.1.4 (https://readr.tidyverse.org/), and tidyr v1.3.0
(https://tidyr.tidyverse.org/) through tidyverse (34). Data were visualized using Enhan-
cedVolcano v1.13.2 (doi: 10.18129/B9.bioc.EnhancedVolcano), ggplot2 (35), ggbees-
warm v0.7.2 (https://cran.r-project.org/package=ggbeeswarm), VennDiagram v1.7.3 (36),
and viridis v0.6.4 (https://cran.r-project.org/web/packages/viridis/vignettes/intro-to-viri-
dis.html) packages. For proteomics, total spectrum counts were exported from spectrum
identification files via Scaffold v5.1.2 with the following filters: 95% protein threshold,
1.0% FDR peptide threshold, and a minimum of 2 peptides.

To test for normality, Shapiro-Wilk tests were performed using the R stats package.
For non-normally distributed data, Kruskal-Wallis and Dunn’s tests were used with the
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asbio v1.9-6 (https://rdrrio/cran/asbio/) and rstatix v0.7.2 (37) packages, respectively.
The one-way ANOVA and Tukey’s Highly Significant Difference (HSD) test were applied
to normally distributed data using rstatix. Comparisons were made between each
treatment group relative to the control group separately at a given time point to detect
differences in bacterial growth (ODgqg), bacterial quantity (CFUs/mL), and MV protein
abundance (spectral counts). Vegan v2.6-4 (https://cran.r-project.org/web/packages/
vegan/) was used for the Principal Coordinates Analysis (PCoA) using Euclidean distance
metrics on MV protein spectral counts. A permutational multivariate analysis of variance
(PERMANOVA) test with 999 permutations was performed on the resulting PCoA distance
matrix using vegan::adonis2 and pairwiseAdonis v0.4.1 (https://github.com/pmartinezar-
bizu/pairwiseAdonis). P-values < 0.05 were considered significant.

RESULTS
Viable cells exist after antibiotics

Since IAP guidelines recommend antibiotic administration for a minimum of 4 h before
birth (3), we quantified growth of GBS strain GB00112 following exposure to 10x
the minimum inhibitory concentration of ampicillin and erythromycin. GB00112 was
sequenced previously (31) and is susceptible to both antibiotics (7). The ODggg and
CFUs were measured hourly for 8 and 6 h, respectively. Ampicillin treatment rapidly
reduced absorbance 1-h post-treatment, while erythromycin treatment had a delayed
growth reduction (Fig. 1A). Similarly, a significant reduction in CFUs was observed for
both treatments when each was compared to the control group at 1 h (Fig. 1B).

SEM of the GBS cultures detected intact cells along with the presence of extracellular
particles in all samples regardless of treatment (Fig. S1). The ampicillin-treated cultures
had more extracellular particles compared to the control and erythromycin-treated
cultures. Based on the identification of MVs produced by the same strain in our prior
study when grown in THB without antibiotics (20), we hypothesized that these abundant
extracellular particles are also MVs.

MV production increases during antibiotic stress

To confirm that the extracellular particles were MVs, a previously established protocol
was used to isolate MVs from antibiotic-treated GBS (20). Use of TEM detected MVs,
which are shown by the presence of dark, electron-dense circles enclosed by a bright
membrane of ~100-150 nm, in all cultures regardless of treatment (Fig. 2).

Next, we sought to quantify the abundance of MVs produced with and without
antibiotics. Use of nanoparticle tracking analysis uncovered three highly similar MV sizes
(nm) with variable average particle counts in each treatment group (Fig. 3A). The most
abundant sizes measured 122.5 nm, 127.5 nm, and 118.5 nm, for the ampicillin-treated,
erythromycin-treated, and control groups, respectively. Plotting the percentage of the
total particles by particle size (nm) further confirmed a slight difference in size per
treatment group (Fig. S2). Importantly, the total number of MVs differed significantly
between the three treatment groups (Fig. 3B). When compared to the untreated control
cultures, which had an average of 4.6 x 10° MVs per sample, the ampicillin-treated
cultures had an average of 3.5 x 10" MVs per sample (Tukey’s HSD test P = 4.2 x 10°).
The erythromycin-treated cultures had an average of 1.5 x 10'° MVs per sample, which
also differed from the control cultures (Tukey’s HSD test P = 0.01). In addition, the
number of MVs in the ampicillin-treated cultures was significantly greater than the
number recovered from the erythromycin-treated cultures (Tukey’s HSD test P = 0.002).

Distressed membranes provide insight into the mechanism of excess MV
production

Since enhanced MV production was observed with both antibiotic treatments, thin-
section TEM was used to visualize the effect of each antibiotic on bacterial cell integrity
and to ensure that the cells were still viable despite treatment. In all treatment groups,
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FIG 1 Antibiotics impact GBS growth. The average (A) absorbance (ODggg) and (B) viable colony-forming units (CFUs)/mL following treatment with ampicillin

(turquoise) or erythromycin (blue) is shown relative to untreated cells (control; black). Error bars reflect standard error for each timepoint (n = 4 biological
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Fig 1 (Continued)

replicates). Antibiotics were added to cultures after 4 h of growth, which represented as time point 0 (circled on the x-axis). (A) ODggp measurements (y-axis)
were taken every hour for 8 h (x-axis), whereas (B) CFUs were determined 1 h before the treatment period (—1). The data at the following time points were not
normally distributed: 3, 4 (ODggo), 5, 6, 7, and 8 (CFU/mL). For non-normally distributed data, the Kruskal-Wallis and Dunn’s tests were used to test for differences
in the mean of each treatment group (“A” = ampicillin, “E” = erythromycin) relative to the mean of the control group separately at each time point. The data from
the remaining time points were normally distributed, and thus, a one-way ANOVA and Tukey’s HSD test were applied. The treatments (A or E) with significant
differences are indicated in the figure and P-values <0.05, <0.01 and <0.001 are noted by *, **, and ***, respectively.

the images show dark, electron-dense viable cells (Fig. 4; Fig. S3). Non-viable cells were
also detected in each treatment group though the antibiotic-treated cultures had less
electron dense cells throughout and more empty “ghost” cells. Ghost cells were previ-
ously described in S. aureus upon exposure to quinupristin/dalfopristin (38). In the
untreated cultures, most of the bacterial cells were surrounded by an intact and distinct
membrane and had a visible septum structure in the dividing bacteria. By contrast, the
ampicillin-treated cells had a less-distinct cell membrane with a distressed appearance.
Areas of potential MV formation appear as blebs on the cell surface; these blebs were
absent in the untreated cells but were observed in the ampicillin-treated cells. Although
the erythromycin-treated cells had a more distinct and intact membrane than the
ampicillin-treated cells, they still differed in appearance relative to the untreated cells.
Cells exposed to erythromycin appear to have large membrane gaps and a thickened cell
wall, which was demonstrated previously in S. aureus and may be indicative of defective
cell division due to disruptions in protein synthesis (39).

MV protein composition differs by treatment

The protein composition of GBS MVs was evaluated using LC-MS/MS; 417 distinct
proteins were identified among all MVs. The MVs from the untreated GBS had the most
proteins (n = 330), followed by those from the erythromycin- (n = 319) and ampicillin-
treated (n = 276) cells (Fig. 5A). Nearly half of the proteins (n = 201, 48.2%) were shared
among all MVs, and 47 were shared between the antibiotic-treated MVs. Twenty-one
proteins were unique to the MVs from ampicillin-treated GBS, whereas 19 were unique to
the erythromycin-treated MVs and 70 were unique to the untreated MVs. Data reduction
and visualization by PCoA using Euclidean distance revealed clustering of MV proteomes
by treatment group (PERMANOVA P = 0.001; Fig. 5B). There was significant dissimilarity (P
=0.001) across samples and differences in

protein composition for ampicillin-treated vs control MVs (P = 0.031), erythromycin-
treated vs control MVs (P = 0.033), and ampicillin- vs erythromycin-treated MVs (P =
0.029).

Among the 47 proteins unique to the antibiotic-treated MVs (Table S1), several are
well-known virulence proteins like CylA, which is needed for hemolysin production.
Hyaluronate lyase, an immune modulation factor, and DItS, an environmental sensor,
were also detected. Other notable proteins shared between the antibiotic-treated MVs
include transport proteins (n = 10), cell division proteins (n = 4), ribosomal proteins (n =
4), transferases (n = 5), membrane proteins (n = 3), and polysaccharide biosynthesis
proteins (n = 2).

The 21 proteins unique to MVs recovered from the ampicillin-treated cultures
included key virulence and stress proteins such as an antitoxin protein, a Gls24 protein,
and a universal stress protein (Table S2). Comparatively, unique proteins detected in the
MVs from erythromycin-treated cultures included virulence and stress-associated
proteins such as the toxic anion resistance protein, alkaline shock protein, and the signal
recognition particle receptor (FtsY). An even larger number of proteins were unique to
the MVs from the untreated (control) cells and include those that are important for
normal cell function such as GTPases, tRNA ligases, and DNA topoisomerases.

July 2025 Volume 13 Issue 7 10.1128/spectrum.03223-24 7

Downloaded from https://journals.asm.org/journal/spectrum on 21 July 2025 by 124.155.206.90.


https://doi.org/10.1128/spectrum.03223-24

Research Article

Control

Ampicillin
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FIG2 TEM shows the presence of MVs. MVs were isolated from GBS cultures grown without antibiotics (control, top) and after
4 h treatment with ampicillin (middle) or erythromycin (bottom). Scale bars represent 500 nm and 100 nm for 10,000x (left)
and 80,000x (right) magnifications, respectively. MVs are identified by their spherical shape with a dark, electron-dense center
surrounded by a bright membrane. Blue arrows point to representative MVs.

Shared MV proteins were differentially enriched across treatment groups

To compare the abundance of proteins packaged within the MVs, pairwise comparisons
were performed using the average spectral counts of proteins shared between the
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ampicillin-treated and control MVs (n = 208), erythromycin-treated and control MVs (n =
253), or both antibiotic-treated MVs (n = 248). Significant differences in protein abun-
dance, defined as a >1.5 log,-fold-change (FC) with a P-value < 0.05, were observed for
50 proteins (Table S3).

Ampicillin induced the most robust alterations in MV protein composition with 22
differentially enriched proteins relative to the untreated control (Fig. 6A). These proteins
included virulence factors, such as the serine protease, capsule (CpsD), stress response
protein Gls24, an endolytic murein transglycosylase, and penicillin-binding proteins
(Pbp2A, Pbp2B, and Pbp2X) that were detected in all three treatment groups. Other
proteins including transport, cell division, and regulatory proteins were also more
abundant in the ampicillin-treated MVs relative to the control MVs. By contrast, MVs from
the erythromycin-treated cells had 10 differentially expressed proteins as compared to
the control; these proteins included the chaperone protein DnaK, a stress response
protein, and the 50S ribosomal subunit RplF (Fig. 6B).

Among the shared MV proteins from the cells treated with both antibiotics, 19 were
differentially enriched among the ampicillin- and erythromycin-treated groups (Fig. 6C),
demonstrating the distinct effects that these antibiotics have on MV composition. Most
proteins were more abundant in the MVs produced by the erythromycin-treated cells,
including a cell-wall associated protein (PcsB) and 10 ribosomal proteins (Fig. S4). The
remaining seven proteins were more abundant in the MVs from the ampicillin-treated
cells and were also linked to virulence. These included CAMP factor, cell wall integrity
proteins (e.g., LytR-cpsA-psr [LCP] domain-containing protein), and penicillin-binding
protein (PBP) 1B.
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FIG 4 Thin section TEM images of GBS in the presence and absence of antibiotic treatment. GBS cultures were treated with
erythromycin (bottom) and ampicillin (middle) for comparison to untreated cultures without an antibiotic (control, top). Scale
bars represent 2.0 pm and 200 nm for 3,000x (left) and 20,000x (right) magnifications, respectively. The red arrows show the
non-viable “ghost cells,” the blue arrows show septa, pink arrows show thickened cell walls, and yellow arrows point to areas
showing non-intact or distressed membranes and potential “blebs.”’
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FIG 5 Distinct proteins are found in MVs from each treatment group. (A) Venn diagram showing the distribution of 417 distinct proteins detected among MVs

from ampicillin- (turquoise) and erythromycin-treated (blue) cells as well as untreated control cells (black). The number of proteins identified in MVs from each

treatment group is shown in parentheses, whereas the numbers within the Venn diagram highlight the shared proteins as well as those that are unique to each

group. (B) A principal coordinate analysis (PCoA) with Euclidean distance shows the dissimilarities in MV protein content across ampicillin (turquoise), control

(black), and erythromycin (blue) treatment groups. Individual points represent biological replicates (n = 4), while ellipses represent 95% confidence intervals of

clustering. Points that are closer together are more similar.

Increased abundance of antibiotic-specific targets highlights a protective
role of MVs

Penicillin-binding proteins (PBPs) are not only important for peptidoglycan synthesis but
are also the main targets for f-lactam antibiotics. In addition to the four PBPs that were
significantly more abundant in the ampicillin-treated MVs (Fig. 7A), PBPTA and FibA, a B-
lactam resistance factor, were also highly abundant in MVs recovered from all three
treatment groups. Of note, a sixth penicillin-binding protein, PBP4, was detected in MVs
from both

antibiotic-treated groups, but not in the control MVs. Increased abundance of these
PBPs along with the presence of notable cell-wall associated proteins demonstrates the
protective potential of MVs against cell-wall targeting antibiotics, like ampicillin.

In contrast, erythromycin acts to inhibit protein synthesis by targeting the 50S
ribosomal subunit. Although 22 50S ribosomal-related proteins were identified in MVs
from all sample groups, two of these proteins, RpIX and RpmL, were exclusive to the
erythromycin-treated MVs. Of those that were identified in MVs from all three treatment
groups (n = 12), five were significantly more abundant in erythromycin MVs relative to
the control and/or ampicillin MVs (Fig. 7B). The abundance of 50S ribosomal proteins in
the MVs from erythromycin-treated cells indicates a protective function of MVs against
antibiotics like the macrolides, which inhibit protein translation.

DISCUSSION

Prior studies of GBS MVs isolated following growth in standard broth conditions have
highlighted their role in inducing inflammation and reducing oxidative killing while
promoting preterm birth and neonatal death in vivo (19, 21). Studies in other bacterial
pathogens also have demonstrated that antibiotic treatment exacerbates MV production
(23-28), which may promote antibiotic tolerance (28, 30). Through the experiments
presented herein, we have demonstrated that exposure to two antibiotics commonly
used for GBS IAP affects the quantity and protein composition of MVs produced by GBS,
thereby impacting virulence and protection from antibiotic-mediated killing.

The significant increase in MV production observed in both ampicillin- and erythro-
mycin-treated cultures relative to the untreated control suggests that antibiotic stress,
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abundance with P-values shown on the y-axis (-Log1q scale); a P-value < 0.05 was significant. Log; fold change values of mean spectral counts (x-axis) are shown

relative to the first treatment group listed. For example, the fold change for the “Ampicillin vs. Control” (A) group was relative to the mean spectral counts of

ampicillin MVs such that a Log,-fold-change >1 represents proteins that are upregulated in ampicillin-treated cultures. A log; fold change cutoff of +1.5 (vertical

dashed lines) and P-values < 0.05 (horizontal dashed line) identified differentially abundant proteins (purple, with ID labels).

regardless of the antibiotic type, affects MV production in GBS. Although other studies in
both Gram-positive and Gram-negative species have reported increases in MV produc-
tion during antibiotic exposure (23-28), the exact mechanisms that drive MV biogenesis
in the presence of specific antibiotics are unclear. It has been suggested that increased
production is due to weakening and/or lysis of the bacterial cell wall, DNA damage,
and/or a general response to stress (40).

Since the strain (GB00112) used in our experiments is susceptible to both ampicillin
and erythromycin (7), cell death may partly contribute to the significant increase in MV
production observed following antibiotic exposure. Indeed, a significant reduction in
bacterial growth and viable CFUs was observed in cells treated with both antibiotics
relative to the untreated (control) cells. Although MV production requires metabolically
active bacterial cells (41), weakening and lysis of the cell wall is thought to be a mecha-
nism of MV release in Gram-positive species with a thick peptidoglycan layer (18).
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FIG 7 Quantity of proteins identified in MVs from cells treated with ampicillin (turquoise) or erythromycin (blue) or no treatment (control; black). Boxplots
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penicillin-binding proteins (Pbps) and B-lactam resistance factor (FibA) and the (B) 50S ribosomal proteins.

Ampicillin elicits antimicrobial activity by thinning and destroying the peptidoglycan cell
wall, which may explain the increased number of MVs detected in the ampicillin-treated
group. Treatment of S. aureus with ampicillin was also shown to result in a dose-depend-
ent increase in MV secretion in a prior study (29). Consistent with this explanation, thin-
section TEM showed distressed cell walls among the ampicillin-treated GBS as well as the
presence of completely lysed cells or non-viable “ghost cells.” A previous study of Bacillus
subtilis documented a similar increase in MV production following damage to the
peptidoglycan by an endolysin along with the detection of ghost cells (42). Nonetheless,
assessing cell viability with TEM has limitations, and hence, more imaging studies and
use of superior techniques, such as fluorescent dye staining are needed to confirm
viability (43) and estimate MV production solely from this cell population. It was
suggested that MV production is also a product of cell death with different routes of
formation in growing vs dying cells (24, 42). Although MVs secreted from dying cells can
still have functional effects, these effects may vary depending on the stressor. In our
assessment, more empty or partially empty cells were observed in the ampicillin-treated
GBS (Fig. 4; Fig. S3). It is possible that these distinct cell populations could contribute to
the functional differences observed in the proteomics analysis; however, additional
studies are needed to confirm this observation.

Ampicillin treatment also impacted several cell-wall proteins including MItG and
LytR-cpsA-psr (LCP), which were enriched in the MVs from ampicillin-treated GBS
compared to MVs from the untreated and erythromycin-treated cells, respectively. MItG,
an endolytic murein transglycosylase important for cell wall remodeling and peptidogly-
can metabolism, was shown to mediate antibiotic resistance and virulence in Strepto-
coccus mutans (44). Similarly, the LCP family proteins are important for cell division,
particularly cell envelope maintenance. When depleted, these proteins contributed to
decreased cell wall integrity and increased susceptibility of GBS to -lactam antibiotics
(45). Similar investigations in other species provide evidence linking cell-wall weakening
and MV release with B-lactam exposure (24, 46). Altogether, these findings indicate that
ampicillin treatment of GBS induces the release of MVs due to disruptions in the cell wall.
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Future studies, however, are needed to determine the mechanism and clarify whether
ampicillin increases the formation of MVs, induces the release of more MVs, or both.

Since erythromycin is not a cell-wall targeting antibiotic, the observed increase in
MV production in the erythromycin-treated cells relative to the untreated cells is less
clear. Evidence of cell lysis was observed in the thin-section TEMs of the erythromycin-
treated GBS as well as the identification of ghost cells, which may partly explain the
increase. Another possible explanation could be due to incomplete or stalled growth
at cell division septa because of the bacteriostatic effect of this antibiotic. Indeed, the
unique cell wall pattern observed in the thin-section TEM of the erythromycin-treated
GBS suggests abnormal cell division (39). Additional support for this suggestion comes
from a study of MVs in Salmonella that were released from cell division septa; these
MVs were larger in size containing different proteins compared to MVs released along
the cell body (47). Intriguingly, we identified several cell division proteins in the MVs
from all three treatment groups, some of which were highly abundant in the MVs from
both the ampicillin- and erythromycin-treated GBS. Larger particles were also seen along
the streptococcal chains in the SEM images of erythromycin-treated GBS (Fig. S1), which
could be indicative of MV release from cell division septa. Nonetheless, more comprehen-
sive microscopy analyses are needed to confirm this finding across samples exposed at
different timepoints and growth phases.

Another notable finding was the detection of stress-related proteins in the MVs
produced by the antibiotic-treated GBS, which could play a role in how the bacte-
rium responds to antibiotic stress. To survive in stressful conditions, GBS activates the
stringent response, which is designed to slow growth and limit non-essential processes
(48). MV production has been linked to stress responses in other species (49), and
therefore, it is not surprising that we identified several stress-associated proteins to be
enriched in the MVs from antibiotic-treated GBS. To facilitate a stringent response, it
is plausible that MVs play a role in expelling non-essential factors such as virulence-asso-
ciated proteins from the bacterial cell. Both CAMP factor and hyaluronate lyase, for
example, were enriched or detected exclusively in the MVs from antibiotic-treated GBS
relative to the untreated GBS herein. While antibiotic stress may trigger the export of
non-essential components to facilitate entry to a dormant survival state, the release of
these factors could also enhance cytotoxicity to host cells. Cytotoxic effects by MVs have
been observed in GBS and other bacterial species previously (19, 50); hence, these factors
may inadvertently impact virulence while promoting bacterial survival.

Prior studies have also shown that MVs mediate resistance to antibiotics by acting
as decoys carrying antibiotic targets away from the bacterial cell (24, 51). Based on
our detection of ampicillin- and erythromycin-targeting molecules in MVs produced by
antibiotic-treated GBS, it is likely that GBS MVs also offer protection from antibiotic-medi-
ated killing. Six PBPs, which are known targets of B-lactam antibiotics like ampicillin,
were identified in the MVs from the ampicillin-treated cells; five of these six PBPs were
most abundant in these MVs relative to the MVs from the control and erythromycin-trea-
ted cells. Similarly, 21 different 50S ribosomal proteins, known targets of erythromycin,
were detected in the GBS MVs. Two of these proteins were exclusive to the MVs from
erythromycin-treated GBS, and five shared proteins were most abundant in MVs from
the erythromycin-treated cultures. While studies in S. aureus have shown that MVs
can promote antibiotic resistance by transferring resistance to neighboring bacteria
(52) or carrying substances (e.g., B-lactamases) that degrade extracellular antibiotics
(29), we only detected one resistance determinant, FibA, in the GBS MVs. In Streptococ-
cus pneumoniae, fibA was shown to be necessary for peptidoglycan crosslinking and
resistance to B-lactam antibiotics (53). Altogether, our findings suggest that exposure
to ampicillin and erythromycin results in the production of GBS MVs that can serve
as decoys carrying antibiotic-specific protein targets outside the bacterial cell. These
decoys contribute to the evasion of antibiotic-mediated killing by providing disassoci-
ated protein targets to bind to the antibiotic instead of the bacterial cell. In turn, this
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extracellular binding can result in a reduction in the overall concentration of antibiotic
available as was shown for S. aureus (52).

As in all studies, our work has limitations worth noting. First, the use of a single ST-17
cps Il GBS strain (GB00112) limits the generalizability of our findings. This strain was
isolated from a rectovaginal swab culture collected at a 6 week postpartum visit from an
individual who had previously received IAP for prenatal colonization (7) with a strain of
the same ST and cps type (15). A genomic comparison of 1,368 GBS core genes detected
one silent mutation, or single-nucleotide polymorphism, in the postpartum GB00112
strain relative to the respective prenatal strain despite IAP; both strains had identical
virulence and resistance gene profiles (54). We also previously showed that GB00112
can escape antibiotic-mediated killing and produces MVs in the absence of antibiotics
with a greater abundance of virulence factors compared to other GBS strains (14, 20).
Although the data described herein could partially explain GBS persistence following IAP,
future studies are needed to determine if additional strains from persistently colonized
patients yield similar results. Another limitation worth noting is that we examined GBS
MVs in vitro after a 4 h exposure to very high antibiotic concentrations, which may
have overestimated the effects relative to those that occur in vivo during pregnancy
and IAP. Current IAP guidelines for GBS-positive patients recommend administering
antibiotics intravenously for a minimum of 4 h to reach adequate antibiotic levels in
the amniotic fluid, cord, and neonatal blood (3). In many patients, however, it is not
feasible to complete the 4 h treatment due to variable laboring and delivery times. Such
variation in antibiotic administration can impact the concentration of GBS in the vaginal
tract, thereby making it a difficult system to mimic in vitro. Future experiments should,
therefore, examine MV production and composition in response to a range of antibiotic
doses and treatment durations using a variety of model systems.

Since this is the first study to examine GBS MVs following antibiotic exposure, it
serves as a starting point for investigating these MVs in a clinical context. Indeed, our
findings have enhanced understanding of how GBS behaves in the presence of two
antibiotics commonly used for IAP. While antibiotic treatment contributed to enhanced
MV production, only a slight difference in the size of MVs produced by antibiotic-treated
and untreated cells was observed. Regardless, it is worth noting that smaller MVs may
not have been captured because of the gqEV1 size exclusion columns (<35 nm) used in
our study, causing us to underestimate the MV size range. Consistent with our findings
(Fig. 3A), our prior experiments recovered no GBS MVs < 40 nm during basal growth
without antibiotics, while another study of S. aureus MVs extracted without size exclusion
columns observed no difference in MV size among antibiotic-treated and untreated
cells (29). Antibiotic treatment also induced delivery of MVs carrying important proteins
that promote bacterial survival in the presence of antibiotics. While some proteins were
unique to MVs exposed to both antibiotics, others varied in abundance across treat-
ments. Hence, these findings demonstrate that the production and composition of GBS
MVs are dependent on the antibiotic class and highlight how GBS MVs are responsive to
and reflective of surrounding environmental factors and stressors.

Importantly, our study uncovered numerous antibiotic targets within MVs from the
antibiotic-treated GBS cultures. Many of these targets reveal a mechanism for GBS
escape of antibiotic-mediated killing that could promote persistent colonization of the
vaginal tract following IAP. Since both antibiotic resistance and persistent GBS coloni-
zation threaten the effectiveness of current GBS treatment and prevention methods
(6, 7), additional MV studies are necessary. Quantifying MVs from clinical strains of
varying genetic backgrounds following antibiotic exposure and exploring their impact
on growth and antibiotic tolerance in vitro as well as colonization in vivo is critical to
define their role in evasion and persistence.
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