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Abstract

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-positive

bacterium isolated from the vaginal tract of approximately 25% of women. GBS colonization

of the female reproductive tract is of particular concern during pregnancy as the bacteria

can invade gestational tissues or be transmitted to the newborn during passage through the

birth canal. Infection of the neonate can result in life-threatening pneumonia, sepsis and

meningitis. Thus, surveillance of GBS strains and corresponding virulence potential during

colonization is warranted. Here we describe a panel of GBS isolates from the vaginal tracts

of a cohort of pregnant women in Michigan, USA. We determined that capsular serotypes III

and V were the most abundant across the strain panel, with only one isolate belonging to

serotype IV. Further, 12.8% of strains belonged to the hyper-virulent serotype III, sequence

type 17 (ST-17) and 15.4% expressed the serine rich repeat glycoprotein-encoding gene

srr2. Functional assessment of the colonizing isolates revealed that almost all strains exhib-

ited some level of β-hemolytic activity and that ST-17 strains, which express Srr2, exhibited

increased bacterial adherence to vaginal epithelium. Finally, analysis of strain antibiotic sus-

ceptibility revealed the presence of antibiotic resistance to penicillin (15.4%), clindamycin

(30.8%), erythromycin (43.6%), vancomycin (30.8%), and tetracycline (94.9%), which has

significant implications for treatment options. Collectively, these data provide important

information on vaginal GBS carriage isolate virulence potential and highlight the value of

continued surveillance.

Introduction

GBS is commonly isolated from the lower gastrointestinal tract or the female reproductive

tract. Though normally an asymptomatic colonizer in these environments, this opportunistic
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pathogen can cause invasive disease, including pneumonia, sepsis, and meningitis [1]. The

newborn is one of the primary populations at risk for the development of GBS invasive disease,

with infection occurring through vertical transmission from the mother either by ascending

bacterial infection in utero or during passage of the fetus through the colonized birth canal.

Neonatal invasive disease is classified into two distinct categories: early-onset disease (EoD),

or late-onset disease (LoD) [2, 3]. Early-onset infections typically occur in the first week of life,

presenting acutely with pneumonia and respiratory failure complicated by bloodstream infec-

tion, septicemia, and sometimes meningitis. In contrast, GBS LoD occurs in infants up to 7

months of age, with more indolent symptom progression related to bacteremia and a high

incidence (~50%) of meningitis [4]. As a result of the high risk of infection in the neonate,

implementation of late gestational screening and prescription of prophylactic antibiotics have

become common practice in the US for expectant mothers during late stages of pregnancy or

at delivery [5]. Colonized women are typically administered penicillin as a first-line drug, but

in the case of allergy or suspected resistance, are instead treated with clindamycin, erythromy-

cin or in some cases vancomycin [1]. Despite the initial effectiveness of the antibiotic treat-

ment in decreasing GBS EoD in 2002, the rate of overall EoD increased during 2003–2005,

reflecting increases in incidence among Black infants [6]. The Center for Disease Control

reports that as of 2017, GBS remains a leading cause of neonatal sepsis and meningitis, with a

national estimate approaching 1000 live births annually (0.22/1000) in the United States devel-

oping early-onset meningitis [7].

GBS possesses an arsenal of virulence factors, which contribute to host cell attachment,

invasion, colonization and progression of invasive disease [8]. The sialylated GBS capsular

polysaccharide (CPS) represents one of the most critical virulence factors and, thus far, ten

capsular serotypes have been identified (Ia, Ib and II–IX). Of the 10 different GBS serotypes

described, Ia, Ib, II, III, and V are more commonly associated with disease and account for the

majority of cases worldwide [9]. GBS has also been classified by sequence type (ST) based on

an allelic profile of seven different loci [10]. Serotype III strains belonging to the ST-17 back-

ground represent a hyper-virulent lineage, which causes a disproportionately high incidence

of neonatal invasive disease and meningitis [11]. Additional well-studied GBS virulence factors

include the β-hemolysin/cytolysin (β-H/C) [12–14], serine-rich repeat surface glycoproteins

(Srr1/2) [15–19], pilus proteins [20–24], and surface adhesins known to interact with extracel-

lular matrix components [18, 25]. However, the contribution of these virulence factors to GBS

colonization of the vaginal tract is still being elucidated.

In this study, we characterized a panel of 39 GBS clinical isolates collected from the vaginal

tracts of pregnant women at the Detroit Medical Center in Detroit, Michigan [19]. In order to

characterize the disease potential of our strain panel, we assessed capsular serotype by PCR or

flow cytometry and the hyper-virulent sequence type (ST-17) in serotype III strains. We also

assessed virulence potential by determining vaginal cell adherence, hemolysis, and susceptibil-

ity against five of the most clinically relevant antibiotics within the U.S. health care system:

penicillin, clindamycin, erythromycin, vancomycin, and tetracycline.

Materials and methods

Bacterial strains and cell lines

Streptococcus agalactiae (GBS) clinical isolate strains used in this study were A909 [26],

CJB111(ATCC BAA-23) [27], CNCTC10/84 [28], COH1 [29], H36B [30] and the β-H/C-defi-

cient COH1ΔcylE [13]. GBS strains isolated from the vaginal tracts of pregnant women were

purchased from the Detroit Medical Center, Detroit, Michigan; thus, no patient history infor-

mation is known. Strains were grown on Chrome indicator Agar for GBS (CHROMagar
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StrepB SB282) as well as confirmed by latex test to confirm the presence of the Group B carbo-

hydrate (Remel Streptex R30950701) [19]. Immortalized human vaginal epithelial cells (VK2/

E6E7, ATCC CRL-2616) were maintained in keratinocyte serum-free media (Life Technolo-

gies) with the addition of 0.1 ng/mL human recombinant epidermal growth factor and 0.05

mg/mL bovine pituitary extract at 37˚C in 5% CO2 as described previously (18).

Serotyping by PCR and flow cytometric serotyping assay (FCSA)

Molecular serotyping was performed by PCR amplification using Taq DNA polymerase (New

England Biolabs, Massachusetts, USA) and primer sequences previously described by Poyart

et al. [31] (Table 1). Because the serotype III primer set has potential to cross-react with sero-

type Ia and II cps loci due to high sequence identity [31], these serotypes were confirmed by

flow cytometry using monoclonal antibodies specific for capsular serotypes Ia, II, or III. Since

an anti-Ib monoclonal antibody is also available, serotype Ib isolates were further confirmed

by flow cytometry, as described previously [32], with slight modifications. Monoclonal anti-

bodies specific to GBS serotypes Ia, Ib, II, and III were provided by John Kearney at the Uni-

versity of Alabama at Birmingham [33–36]. Serotypes IV and V were determined by PCR

alone as monoclonal antibodies specific to serotypes IV and V are not available. Briefly, bacte-

ria were grown to OD600nm = 0.4 and then normalized by to yield ~5x105 CFU/ well in HBC

buffer (1× HBSS without magnesium or calcium, 0.5% Bovine serum albumin, 2.2 mM CaCl2).

Monoclonal antibodies to serotypes Ia, Ib, II, and III were incubated with bacteria at predeter-

mined concentrations of 48 (Ia), 89 (Ib), 6.6 (II), and 77 ng/μL (III) respectively for 30 minutes

at 4˚C with shaking. Wells were washed two times with HBC and bacteria were incubated with

donkey anti-mouse IgM-AF647 (1:2000 final dilution) 30 minutes at 4˚C with shaking. Bacte-

ria were washed two times, resuspended in HBC, and analyzed by flow cytometry on a FACS-

Calibur flow cytometer. Flow cytometric data was analyzed by FlowJo (V10).

Table 1. Primer sequences.

Primer Name Sequence 5’! 3’

Serotype Ia Forward GGTCAGACTGGATTAATGGTATGC

Serotype Ia Reverse GTAGAAATAGCCTATATACGTTGAATGC

Serotype Ib Forward TAAACGAGAATGGAATATCACAAACC

Serotype Ib Reverse GAATTAACTTCAATCCCTAAACAATATCG

Serotype II Forward GCTTCAGTAAGTATTGTAAGACGATAG

Serotype II Reverse TTCTCTAGGAAATCAAATAATTCTATAGGG

Serotype III Forward TCCGTACTACAACAGACTCATCC

Serotype III Reverse AGTAACCGTCCATACATTCTATAAGC

Serotype IV Forward GGTGGTAATCCTAAGAGTGAACTGT

Serotype IV Reverse CCTCCCCAATTTCGTCCATAATGGT

Serotype V Forward GAGGCCAATCAGTTGCACGTAA

Serotype V Reverse AACCTTCTCCTTCACACTAATCCT

hvgA Forward ATACAAATTCTGCTGACTACCG

hvgA Reverse TTAAATCCTTCCTGACCATTCC

srr1 Forward AGTGTCTGATACTGAAATGTTAGGTA

srr1 Reverse TAGATTCCCAAGTCCTGATGCGA

srr2 Forward GTTCCGAGTCAGTATCAATGAG

srr2 Reverse AATCCTGCACCTAACAGACC

https://doi.org/10.1371/journal.pone.0226699.t001
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Determination of hemolytic activity

To determine β-hemolytic activity, strains were grown overnight at 37˚C and 10 μL was spot-

ted onto sheep blood agar plates (Remel R01200) and incubated overnight at 37˚C with 5%

CO2 [37]. The hemolytic activities of vaginal isolates were compared to reference strains

COH1ΔcylE (-), COH1 (+), A909 (++), and CNCTC10/84 (+++) via blind scoring by two indi-

viduals for three biological replicates. Phenotypes from overnight cultures were confirmed

using cultures grown to OD600nm 0.4.

Molecular identification of factors contributing to colonization

Isolates were confirmed by PCR for the presence of the genes encoding serine-rich repeat gly-

coproteins 1 and 2 (ssr1, srr2) [19]. Additionally, all serotype III vaginal isolates were assessed

for hyper-virulent sequence type 17 (ST-17) lineage based on detection of the hvgA gene

(gbs2018C) [38]. Primer sequences used throughout this study are listed in Table 1.

Bacterial adherence assay

GBS adherence to VK2/E6E7 was determined as described previously [17, 19, 39, 40]. Briefly,

vaginal epithelial cells were seeded into tissue culture treated 96-well plates and grown to 90–

100% confluence. Clinical isolates were grown to OD600nm 0.4 in Todd-Hewitt broth and inoc-

ulated onto vaginal cell monolayers at 1x104 CFU, MOI = 1. Plates were centrifuged at 1000

RPM (169 x g) for 5 minutes and incubated at 37˚C with 5% CO2 for 30 minutes. Following

incubation, plates were rinsed five times with PBS to remove non-adherent bacteria. Vaginal

cells were then detached with 0.25% trypsin-EDTA and lysed with 0.025% Triton-X-100 in

phosphate-buffered saline. Lysates were diluted and plated to quantitate adherent CFU. Assays

were performed in triplicate wells in biological triplicate experiments.

Antibiotic sensitivity profiling

Overnight cultures of GBS strains were spread on Todd Hewitt agar. Discs impregnated with

antibiotics at the following concentrations were added and plates were incubated overnight at

37˚C (Penicillin 10 U, Clindamycin 2 mg, Erythromycin 15 mg, Vancomycin 30 μg, and Tetra-

cycline 30 μg) [41]. Following overnight incubation, zones of inhibition surrounding antibiotic

discs were measured. Disc diffusion was performed two times for each strain and antibiotic

tested. Zones of inhibition were characterized as susceptible, intermediate, or resistant based

on the following measurement determinations: Penicillin (Resistant�23 mm, Susceptible�24

mm), Clindamycin (Resistant�15 mm, Intermediate 16–18 mm, Susceptible�19 mm),

Erythromycin (Resistant�15 mm, Intermediate 16–20 mm, Susceptible�21 mm), Vancomy-

cin (Resistant�16 mm Susceptible�17 mm), and Tetracycline (Resistant�18 mm, Interme-

diate 19–22, and Susceptible�23 mm). As penicillin and vancomycin do not have an

intermediate range, zones measuring larger than the susceptible limit were deemed resistant.

Statistical analyses

Adherence assays performed in this study were conducted three times independently with

triplicate samples. Data are displayed as averages from the three independent experiments and

analyzed by one-way ANOVA with Sidak’s multiple comparisons. All analyses were conducted

with α = 0.05 and statistical significance determined as p< α. All statistical analyses were per-

formed using GraphPad Prism 7 and R Studio.
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Results

Serotype distribution and virulence potential of vaginal clinical isolates

Molecular serotype was determined by PCR using primers specific to various serotypes’ cps
loci as described in Poyart et al. [31] (Table 2). Serotypes Ia, Ib, II, and III were confirmed by

flow cytometry, utilizing monoclonal antibodies against GBS capsule (S1 Fig). Serotypes V and

III constituted over half of the colonizing isolates at 28.2% (11/39) and 25.6% (10/39), respec-

tively (Table 2). The remaining isolates were identified as serotype II (15.4%, 6/39), Ia (12.8%,

5/39), Ib (15.4%, 6/39), and IV (2.6%, 1/39) (Table 2). In addition to capsular serotype, GBS

strain background is also known to contribute to virulence potential. In particular, strains

belonging to sequence type 17 (ST-17) are hyper-virulent and commonly associated with inva-

sive disease, specifically meningitis [10, 38]. Additional bacterial factors known to contribute

to virulence in GBS are the serine-rich repeat glycoproteins Srr1 or Srr2 [18, 19, 42, 43]. We

therefore assessed the presence of the hvgA gene (gbs2018C) (indicative of ST-17) and srr1/srr2
genes within our strain panel by PCR. We confirmed that 50% of our serotype III strains

belonged to the ST-17 lineage and encoded srr2 (Table 2). The sole serotype IV strain within

our panel also encoded srr2 whereas the remaining 31/33 (94%) GBS vaginal isolates encoded

srr1.

Hemolytic activity

GBS hemolytic activity is associated with increased virulence [12–14]; thus, we assessed hemo-

lytic activity of the vaginal clinical isolates as described in the Methods. We compared the

observed hemolytic activity of GBS vaginal isolates to reference GBS strains COH1ΔcylE (-),

COH1 (+), A909 (++), and CNCTC10/84 (+++). The majority of vaginal isolates exhibited

hemolysis at levels similar to invasive isolates COH1 (19/39, 48.7%) and A909 (16/39, 41%)

(Table 3, S2 Fig). However, we also identified two non-hemolytic isolates (similar to the

COH1ΔcylE strain) and two hyper-hemolytic isolates (similar to the CNCTC10/84 strain).

Table 2. Clinical isolate serotype distribution.

Serotype Ia Ib II III IV V

Distribution 5/39

(12.8%)

6/39

(15.4%)

6/39

(15.4%)

10/39

(25.6%)

1/39

(2.6%)

11/39

(28.2%)

Strain numbers 5^

17^

48^

67^

68^

3^

10^

14^

30^

62^

63^

6^

16^

31^

54^

56^

64^

4�#

9�#

24�#

29

40�#

43^

52

59^

69�#

71^

51# 1^

2^

12^

15^

20^

27^

28^

33^

39^

41^

57^

The displayed symbols correlate with isolates of sequence type-17 (ST-17) (�) or isolates expressing srr1 (^) or srr2 (#).

https://doi.org/10.1371/journal.pone.0226699.t002

Table 3. Clinical isolate hemolytic activity.

Clinical Isolate Hemolytic Activity

- + ++ +++

Reference Strain COH1ΔcylE COH1 A909 NCTC 10/84

Vaginal Isolates 29, 52 1, 2, 4, 12, 16, 17, 24, 28, 31, 33, 39, 40, 41, 51, 54, 56, 57, 64, 69 3, 5, 6, 9, 14, 15, 20, 27, 30, 43, 59, 62, 63, 67, 68, 71 10, 48

https://doi.org/10.1371/journal.pone.0226699.t003
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Collectively, a wide range of hemolytic activity was observed across our isolate panel, with

most strains displaying detectable but low hemolytic activity. (Table 3, S2 Fig)

Adherence of clinical isolates to vaginal epithelial cells

We have shown previously that GBS disease isolates are capable of adhering to human vaginal

epithelial cells [17, 19, 39, 40]. To determine the ability of these colonizing isolates to adhere to

vaginal epithelium, all strains were incubated with the human vaginal epithelial cell line VK2/

E6E7 and adherent bacteria were recovered as described in the Methods. GBS vaginal isolates

revealed a wide range of adherence (5–45% of the original inoculum, Fig 1A), levels similar to

those of disease isolates of the same serotype: A909 (Ia), COH1 (III), and CJB111 (V) (denoted

by the diamond symbols, Fig 1B).

Because ST-17 strains are commonly associated with invasive disease we assessed whether

isolates of this strain background would exhibit increased attachment to VK2/E6E7 monolay-

ers. Indeed, ST-17, serotype III strains adhered significantly better to vaginal epithelium

compared to non-ST-17 serotype III strains (32.2% and 12.5%, respectively, p< 0.0001), sug-

gesting that the ST-17 background confers an adherence advantage in serotype III strains (Fig

1B). Serotype III, ST-17 strains were significantly more adherent than serotypes Ia, Ib, II, and

V (p< 0.0001), but exhibited similar adherence as the serotype IV strain as this strain also

expressed Srr2 (Fig 1B). Additionally, no significant differences in adherence were detected

across serotypes Ia, Ib, II, III non-ST-17, IV, and V (Fig 1B). As expected, we observed that

Srr2-positive strains (which are typically of ST-17 lineage [44, 45]) exhibited increased adher-

ence compared to Srr1-positive isolates (p< 0.0001) (Fig 1C).

Antibiotic sensitivity profiling of clinical isolate panel

Rising antibiotic resistance has been reported in the literature in pathogens and commensal

microbiota. As antibiotic prophylaxis during delivery is the primary measure taken to prevent

Fig 1. Vaginal epithelial cell adherence. A) Adherence of GBS clinical isolates to human vaginal epithelial cells (VK2/

E6E7) at MOI = 1. Data represent the average of three independent experiments, each performed with three technical

replicates. B) Adherence separated by serotype along the x-axis and compared to invasive isolates COH1, A909, and

CJB111, denoted by diamonds. Open symbols represent isolates belonging to the hyper-virulent sequence type 17 (ST-

17) lineage. Data were analyzed by a one-way ANOVA with Sidak’s multiple comparisons test, with each serotype

compared to all others. Non-ST-17 samples (Ia, Ib, II, III, IV, and V) were compared to serotype III, ST-17 strains, ����

p< 0.0001. No significant differences were detected between non-ST-17 samples. C) Adherence percentages separated

by the presence of serine-rich repeat glycoproteins (Srr1 or Srr2). Symbol colors in panels B & C indicate capsular

serotype. Data were analyzed by a one-way ANOVA with Sidak’s multiple comparisons test, ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0226699.g001
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GBS ascending infection and transmission to the neonate, it is imperative to monitor effective

antibiotic treatment regimens. Currently, penicillin is the first-line antibiotic for pregnant

women testing positive for GBS by rectovaginal swabs. In the case of penicillin allergy, women

are prescribed clindamycin, erythromycin, or, vancomycin [1]. To determine the efficacy of

these clinically relevant antibiotics against this panel of colonizing isolates, we used an antibi-

otic disc diffusion assay. Of the 39 isolates in this panel, 15.4% (6/39) were resistant to the first-

line antibiotic, penicillin, 30.8% (12/39) were resistant to clindamycin, and 30.8% (12/39) were

resistant to vancomycin (Table 4, Fig 2). Further, 59% (23/39) of isolates exhibited either resis-

tance (17/39) or intermediate susceptibility (6/39) to erythromycin. Lastly, 94.9% (37/39) of

strains were identified as tetracycline resistant with only 5% (2/39) displaying an intermediate

resistance phenotype. Collectively all 39 strains were not susceptible to tetracycline; however,

Table 4. Antibiotic sensitivity distribution by serotype.

Antibiotic Susceptible Intermediate Resistant

Composite

N = 39

Penicillin 33 (84.6%) NA 6 (15.4%)

Clindamycin 27 (69.2%) 0 12 (30.8%)

Erythromycin 16 (41.0%) 6 (15.4%) 17 (43.6%)

Vancomycin 27 (69.2%) NA 12 (30.8%)

Tetracycline 0 2 (5.1%) 37 (94.9%)

Serotype Ia

N = 5

Penicillin 5 (100%) NA 0

Clindamycin 5 (100%) 0 0

Erythromycin 2 (40%) 0 3 (60%)

Vancomycin 4 (80%) NA 1 (20%)

Tetracycline 0 0 5 (100%)

Serotype Ib

N = 6

Penicillin 6 (100%) NA 0

Clindamycin 5 (83%) 0 1 (17%)

Erythromycin 3 (50%) 0 3 (50%)

Vancomycin 5 (83%) NA 1 (17%)

Tetracycline 0 0 6 (100%)

Serotype II

N = 6

Penicillin 4 (67%) NA 2 (33%)

Clindamycin 1 (17%) 0 5 (83%)

Erythromycin 2 (33%) 0 4 (67%)

Vancomycin 3 (50%) NA 3 (50%)

Tetracycline 0 1 (17%) 5 (83%)

Serotype III

N = 10

Penicillin 10 (100%) NA 0

Clindamycin 8 (80%) 0 2 (20%)

Erythromycin 4 (40%) 3 (30%) 3 (30%)

Vancomycin 9 (90%) NA 1 (10%)

Tetracycline 0 1 (10%) 9 (90%)

Serotype IV

N = 1

Penicillin 0 NA 1 (100%)

Clindamycin 1 (100%) 0 0

Erythromycin 1 (100%) 0 0

Vancomycin 0 NA 1 (100%)

Tetracycline 0 0 1 (100%)

Serotype V

N = 11

Penicillin 8 (73%) NA 3 (27%)

Clindamycin 7 (64%) 0 4 (36%)

Erythromycin 4 (36%) 3 (27%) 4 (36%)

Vancomycin 6 (55%) NA 5 (45%)

Tetracycline 0 0 11 (100%)

https://doi.org/10.1371/journal.pone.0226699.t004
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this is unsurprising as high tetracycline resistance in GBS has been observed historically [46].

To determine if capsular serotype is associated with GBS susceptibility to antibiotics, vaginal

isolates were grouped by serotype (Table 4) and analyzed using Fisher’s exact test. We

observed that resistance to penicillin and clindamycin were significantly associated with sero-

type (p = 0.03 and p = 0.04, respectively), with the majority of penicillin- and clindamycin-

resistant strains belonging to serotypes II and V.

Discussion

Herein we have characterized 39 GBS isolates obtained from the vaginal tracts of pregnant

women. We have evaluated the serotype and antibiotic susceptibility of these isolates to front-

line drugs and have functionally assessed isolates for parameters important for vaginal coloni-

zation, including adherence to human vaginal epithelial cells and hemolytic activity. We found

that the most abundant serotypes in this collection were serotype V and III, with the order of

most abundant to least abundant serotype being V> III> II > Ia/Ib > IV. The serotype

Fig 2. Antibiotic sensitivity of isolate panel. Antibiotic suscpetibility profiles (determined by disc diffusion

measurement) displayed in a heat map with blue boxes indicating susceptible isolates, gray boxes indicating

intermediate isolates, and red boxes indicating resistant isolates. Antibiotic discs were used at the following

concentrations: penicillin 10 U, clindamycin 2 mg, erythromycin 15 mg, vancomycin 30 μg, and tetracycline 30 μg.

https://doi.org/10.1371/journal.pone.0226699.g002
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distribution of our panel supports previous literature as either serotype V or III have been

reported as the most prevalent serotype in 18 of 23 studies conducted on GBS colonizing iso-

lates since 2007 (Table 5). Serotypes Ia, Ib, and II have also been reported among the top three

most prevalent serotypes in these studies (Table 5). Serotype IV appears to be relatively rare as

it was seldom seen in vaginal isolates across all studies, including the isolate cohort presented

here. Although some studies of clinical isolates from Africa or Asia reported increased preva-

lence of more recently discovered serotypes VI, VII, and VIII, we did not identify any of these

serotypes in our cohort.

In addition to serotyping, we functionally assessed our panel of isolates for hemolytic activ-

ity and the ability to adhere to human vaginal epithelial cells. When plated on blood agar, low

levels of hemolysis (similar to that of COH1 and A909 strains) were detected in 35/39 vaginal

isolates. Although there were some isolates that exhibited either non-detectable levels of hemo-

lysis (similar to the COH1ΔcylE strain) (2/39) or high levels of hemolysis (similar to the hyper-

hemolytic strain CNCTC10/84) (2/39) (Table 3). Previous studies have shown that GBS strains

producing the β-H/C have an advantage in vaginal colonization as well as placental invasion

compared to strains deficient in β-H/C [70, 71]. Since the majority of the vaginal isolates in

Table 5. Serotype and antibiotic resistance profiles across relevant literature.

Percentages of Antibiotic Resistance, n (%)

Reference Location Prevalent

Serotype

Penicillin 10

U

Vancomycin

30 μg

Erythromycin

15 μg

Clindamycin

2 μg

Tetracycline

30 μg

Present Study Michigan, USA V, 11/39 (28.2) 6/39 (15) 12/39 (31) 17/39 (44) 12/39 (31) 37/39 (95)

A’Hearn-Thomas [47] Botswana V, 24/53 (45.3) ___ ___ ___ ___ ___

Belard et al. 2015 [48] Gabon, Africa V, 33/109 (30.3) 0/109 (0) ___ 0/109 (0) 0/109 (0) ___

Botelho et al. 2018 [49] Brazil Ia, 257/689 (37.3) ___ 0/689 (0) 97/689 (14) 14/689 (2) 592/689 (86)

Chukwu et al. 2015 [50] South Africa III, 38/128 (29.7) ___ ___ ___ ___ ___

Correa et al. 2011 [51] Brazil Ia, 20/60 (33.2) 0/60 (0) 0/60 (0) 8/60 (13) 10/60 (17)% 49/60 (82)

Dutra et al. 2018 [52] Brazil Ia, 120/434 (27.6) ___ ___ 18/434 (4) 13/434 (3) 420/434 (97)

El Aila et al. 2009 [53] Belgium III (20.8) ___ ___ 11/40 (28) 3/40 (8) ___

Eskandarian et al. 2015
[54]

Malaysia VI, 23/103 (22.3) 0/103 (0) ___ 24/103 (23) 18/103 (18) 74/103 (72)

Florindo et al. 2010 [55] Portugal III, 35/100 (35) 0/100 (0) 0/100 (0) 19/100 (19) ______ ___

Hannoun et al. 2009 [56] Lebanon III, 15/76 (19.7) 0/76 (0) ___ 12/76 (16) 9/76 (12) 66/76 (87)

Ji et al. 2017 [57] China III, 84/153 (54.9) 0/153 (0) 0/153 (0) 99/153 (65) 80/153 (52) ___

Khatami 2019 [58] New York, USA III, 12/25 (48) ___ ___ ___ ___ ___

Khodaei et al. 2018 [59] Iran III, 62/90 (68.9) 0/90 (0) 1/90 (1) 27/90 (30) 89/90 (99) 89/90 (99)

Liakopolous et al. 2014

[60]

Greece III, 17/26 (65.4) 0/26 (0) 0/26 (0) 22/26 (84.6) 21/26 (82) 26/26 (100)

Mavenyengwa et al. 2010

[61]

Zimbabwe III, 47/121 (38.8) ___ ___ ___ ___ ___

Pinto et al. 2018 [62] Portugal III, 15/67 (22.4) ___ ___ ___ ___ ___

Sadeh et al. 2016 [63] Iran III, 50/100 (50) ___ ___ ___ ___ ___

Seo et al. 2010 [64] Korea III, 112/376

(29.8)

___ ___ ___ ___ ___

Slotved et al. 2017 [65] Ghana VII, 44/108

(40.7)

___ ___ ___ ___ ___

Smith et al. 2007 [66] Michigan & Texas,

USA

Ia, 101/421 (24) ___ ___ ___ ___ ___

Teatero et al. 2017 [67] USA & Canada III, 26/102 (25.5) 0/102 (0) 0/102 (0) 37/102 (36) 25/102 (25) 91/102 (89)

Ueno et al. 2012 [68] Japan V, 72/376 (19.1) 0/376 (0) 0/376 (0) 48/376 (13) 34/376 (9) 175/376 (47)

Usein et al. 2014 [69] Bucharest V, 20/55 (36.4) 0/43 (0) ___ 19/43 (44) 19/43 (44) 43/43 (100)

https://doi.org/10.1371/journal.pone.0226699.t005
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our panel exhibit low levels of hemolytic activity, our data suggest that strains producing high

levels of β-H/C may be selected against during colonization of the vagina. This is supported by

our previous observations that hyper-hemolytic strain CNCTC10/84 resulted in increased

pro-inflammatory cytokine production in vaginal epithelial cells and more rapid clearance

from the murine vaginal tract [72]. The global regulator CovR regulates β-H/C, specifically

repressing its expression in acidic environments, such as that of the vaginal mucosa [73, 74].

We therefore hypothesize that during vaginal carriage, CovR may suppress β-H/C expression

resulting in decreased inflammation and more persistent GBS colonization. Alternatively, in

neutral environments such as the chorioamniotic membrane, β-H/C may be expressed, poten-

tiating invasion by hyper-hemolytic GBS strains [37].

Adherence to epithelial barriers promotes successful GBS colonization the vaginal tract. All

strains in this cohort were able to adhere to vaginal epithelial cells, though adherence capabili-

ties varied greatly across strains (Fig 1A). We observed that 5–45% of the original bacterial inoc-

ulum attached to VK2/E6E7 monolayers. Serotype III isolates exhibited the highest level of

adherence compared to the isolates of the remaining serotypes tested. Of the serotype III iso-

lates, ST-17 and Srr2 were associated with increased adherence compared to non-ST-17 strains,

which typically express Srr1 (Fig 1B & 1C). Strains belonging to the hyper-virulent ST-17 back-

ground exclusively express serotype III capsule [75, 76] and are significantly associated with

LoD and meningitis [75, 77, 78]. The propensity of ST-17/serotype III strains to cause invasive

meningeal disease has been attributed to expression of ST-17 associated factors, such as hyper-

virulent GBS adhesin (HvgA) and serine-rich repeat (Srr) glycoprotein Srr2 [11, 15, 38, 43, 76].

HvgA, a cell-wall anchored surface protein, has been implicated in colonization and invasion of

both the intestine and the blood brain barrier, and detection of the hvgA gene (gbs2018C) is the

basis for the ST-17 PCR used in this study and others [38]. The contribution of HvgA to GBS

colonization of the female reproductive tract has not been demonstrated, but HvgA expression

may contribute to the increased adherence by ST17/serotype III isolates to vaginal epithelium

compared to other isolates observed in this study (Fig 1B). In addition to HvgA, ST-17 strains

exclusively express Srr2 (instead of Srr1), which has been shown to promote virulence in vivo
[15] and adherence to vaginal epithelium, in vitro [17]. Indeed, in the present study strains har-

boring the srr2 gene exhibited increased adherence to vaginal epithelium compared to other iso-

lates (Fig 1C). Previous studies have also shown that both Srr1 and Srr2 interact with host

fibrinogen [18, 19, 43]; however, Srr2 specifically is more abundant on the bacterial cell surface

and binds fibrinogen with an increased affinity compared to Srr1 [42, 43]. We therefore hypoth-

esize that the increased epithelial adherence potential of these Srr2-expressing strains may pro-

mote increased transmission to the neonate and subsequently contribute to the development of

neonatal infections [10, 79]. Previous literature indicates that bacterial hemolytic activity may

also contribute to GBS adherence to host cells; yet, this association remains controversial [40,

80]. Our data suggest that hemolytic activity did not impact the ability of GBS to adhere to vagi-

nal epithelium (S3 Fig). This has similarly been reported byWhidbey et al. [37].

Upon assessment of antibiotic susceptibility, we found that this set of clinical isolates exhib-

ited various levels of antibiotic resistance. Specifically, we observed that 30.8% of isolates were

resistant to clindamycin, 43.6% to erythromycin, and 94.9% to tetracycline (Fig 2, Table 4).

High percentages of tetracycline resistance have been detected in GBS clinical isolates and

reported since 1975 [46]. Of specific interest within our data set was an increased resistance to

penicillin in roughly 15% of strains in our panel. This was particularly striking when penicillin

resistance was broken down by serotype. Serotype II and V strain groups harbored all penicil-

lin resistant isolates, exhibiting 33% and 27% penicillin resistance, respectively. Though the

first GBS isolates displaying reduced penicillin susceptibility were detected in sputum samples

in 2008 [81], penicillin resistance was not reported in GBS vaginal isolates until 2014 by
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Crespo-Ortiz et al. [82]. More recently, reports have detected reduced sensitivity to β-lactam

antibiotics in GBS isolates collected from pregnant women [83, 84]. Our study and others indi-

cate that not only is penicillin-resistance among vaginal isolates rising, but it may be localized

to particular serotypes [83, 84]. Because of this, future GBS serotyping may be integral to effec-

tively treating GBS-positive pregnant women before delivery. Additionally, many isolates in

this collection were found to be vancomycin-resistant (Table 4), which has not been com-

monly reported in previous studies of vaginal GBS isolates. Although vancomycin-resistant

isolates were found in every serotype present in our cohort, vancomycin resistance was

enriched in serotypes II and V (50% and 45% resistant, respectively). Additionally, three iso-

lates in our panel were resistant to all antibiotics tested. This poses a significant public health

risk as antibiotics are the only current therapeutic for GBS infection.

In conclusion, here we have characterized a GBS clinical isolate cohort collected from the

vaginal tracts of pregnant women by means of molecular and capsular serotyping, antibiotic

susceptibility profiling, and assessing the virulence potential. The serotype prevalence and

resistance of erythromycin, tetracycline and clindamycin within our cohort match other epide-

miological studies in the literature for colonizing GBS isolates. We describe an emergence of

vancomycin-resistant and penicillin-resistant strains, especially within serotypes II and V and

describe three isolates that are resistant to all of the front-line antibiotics for GBS. Finally, our

study confirms the importance of GBS surface protein Srr2 and ST-17 in successful GBS

adherence to the vaginal epithelium. This collection of isolates will be a useful tool in testing

strain heterogeneity in models of GBS colonization.

Supporting information

S1 Fig. Serotyping of vaginal clinical isolates by flow cytometry using anti-capsule mono-

clonal antibodies. Histograms display binding by various anti-capsular monoclonal antibod-

ies (identified by color: serotype Ia, green; serotype Ib, orange; serotype II, red; serotype III,

blue). The y-axis indicates number of events normalized to the mode and the x-axis indicates

fluorescent intensity. Isotype control monoclonal antibodies against non-cognate capsule were

utilized as negative controls and are indicated by the light gray histograms. All serotype Ia, Ib,

II, and III isolates designated by molecular means (PCR) were tested by FCSA from two inde-

pendent cultures in two independent experiments.

(TIF)

S2 Fig. Hemolytic activity of colonizing clinical isolate panel. Hemolytic zone of clearance is

shown for vaginal clinical isolates and for reference strains COH1ΔcylE (-), COH1 (+), A909

(++), and CNCTC10/84 (+++) after inoculation onto sheep blood agar plates.

(TIF)

S3 Fig. Correlation of hemolytic activity with vaginal epithelial cell adherence. Adherence

of GBS clinical isolates to human vaginal epithelial cells (VK2/E6E7) is shown separated by

hemolytic activity (score of -, +, ++, +++ as determined in Table 3) along the x-axis. Symbol

colors indicate capsular serotype assigned in Table 2. Data were analyzed by a one-way

ANOVA with Sidak’s multiple comparisons test, NS = not significant.

(TIF)
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31. Poyart C, Tazi A, Réglier-Poupet H, Billoët A, Tavares N, Raymond J, et al. Multiplex PCR assay for

rapid and accurate capsular typing of group B streptococci. Journal of clinical microbiology. 2007; 45

(6):1985–8. https://doi.org/10.1128/JCM.00159-07 PMID: 17376884

32. Geno KA, Saad JS, Nahm MH. Discovery of Novel Pneumococcal Serotype 35D, a Natural WciG-Defi-

cient Variant of Serotype 35B. J Clin Microbiol. 2017; 55(5):1416–25. https://doi.org/10.1128/JCM.

00054-17 PMID: 28202800

Virulence potential of GBS colonizing isolates

PLOS ONE | https://doi.org/10.1371/journal.pone.0226699 December 18, 2019 13 / 16

https://doi.org/10.1086/338475
http://www.ncbi.nlm.nih.gov/pubmed/11807693
https://doi.org/10.1172/JCI17335
http://www.ncbi.nlm.nih.gov/pubmed/12952922
https://doi.org/10.1128/JB.00094-11
http://www.ncbi.nlm.nih.gov/pubmed/21984789
https://doi.org/10.1371/journal.ppat.1002947
http://www.ncbi.nlm.nih.gov/pubmed/23055927
https://doi.org/10.1093/infdis/jiu151
http://www.ncbi.nlm.nih.gov/pubmed/24620021
https://doi.org/10.1128/JB.01153-06
https://doi.org/10.1128/JB.01153-06
http://www.ncbi.nlm.nih.gov/pubmed/17041051
https://doi.org/10.1096/fj.07-093963
https://doi.org/10.1096/fj.07-093963
http://www.ncbi.nlm.nih.gov/pubmed/18198218
https://doi.org/10.1038/ncomms1474
http://www.ncbi.nlm.nih.gov/pubmed/21897373
https://doi.org/10.1126/science.1111563
http://www.ncbi.nlm.nih.gov/pubmed/15994549
https://doi.org/10.1111/j.1365-2958.2006.05190.x
http://www.ncbi.nlm.nih.gov/pubmed/16796677
https://doi.org/10.1016/s0378-1135(03)00206-2
http://www.ncbi.nlm.nih.gov/pubmed/14516712
http://www.ncbi.nlm.nih.gov/pubmed/1702759
https://doi.org/10.1128/mBio.00870-14
http://www.ncbi.nlm.nih.gov/pubmed/24846378
http://www.ncbi.nlm.nih.gov/pubmed/408376
https://doi.org/10.1093/infdis/152.2.323
http://www.ncbi.nlm.nih.gov/pubmed/2993435
http://www.ncbi.nlm.nih.gov/pubmed/319062
https://doi.org/10.1128/JCM.00159-07
http://www.ncbi.nlm.nih.gov/pubmed/17376884
https://doi.org/10.1128/JCM.00054-17
https://doi.org/10.1128/JCM.00054-17
http://www.ncbi.nlm.nih.gov/pubmed/28202800
https://doi.org/10.1371/journal.pone.0226699


33. Wharton RE, Stefanov EK, King RG, Kearney JF. Antibodies generated against Streptococci protect in

a mouse model of disseminated aspergillosis. J Immunol. 2015; 194(9):4387–96. https://doi.org/10.

4049/jimmunol.1401940 PMID: 25821219

34. Pritchard DG, Gray BM, Egan ML. Murine monoclonal antibodies to type Ib polysaccharide of group B

streptococci bind to human milk oligosaccharides. Infection and immunity. 1992; 60(4):1598–602.

PMID: 1548081

35. Gray BM, Egan ML, Pritchard DGJPr. Specificity of monoclonal antibodies against group B streptococ-

cus type II and inhibition of their binding by human secretions. 1988; 24(1):68. https://doi.org/10.1203/

00006450-198807000-00017 PMID: 2457865

36. Egan ML, Pritchard DG, Dillon H, Gray BJJoEM. Protection of mice from experimental infection with

type III Group B Streptococcus using monoclonal antibodies. 1983; 158(3):1006–11. https://doi.org/10.

1084/jem.158.3.1006 PMID: 6193228

37. Whidbey C, Harrell MI, Burnside K, Ngo L, Becraft AK, Iyer LM, et al. A hemolytic pigment of Group B

Streptococcus allows bacterial penetration of human placenta. Journal of Experimental Medicine. 2013;

210(6):1265–81. https://doi.org/10.1084/jem.20122753 PMID: 23712433
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