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 2

ABSTRACT 47 

Background: Streptococcus agalactiae (Group B Streptococcus, GBS) is a commensal 48 

Gram-positive bacterium found in the human gastrointestinal and urogenital tracts. 49 

Much of what is known about GBS relates to the diseases it causes in pregnant people 50 

and neonates. However, GBS is a common cause of disease in the general population 51 

with 90% of GBS mortality occurring in non-pregnant people. There are limited data 52 

about the predisposing factors for GBS and the reservoirs in the body. To gain an 53 

understanding of the determinants of gastrointestinal GBS carriage, we used stool 54 

samples and associated metadata to determine the prevalence and abundance of GBS 55 

in the gut microbiome of adults and find risk factors for GBS status. 56 

 57 

Methods: We used 754 stool samples collected from adults in Wisconsin from 2016-58 

2017 to test for the prevalence and abundance of GBS using a Taqman probe-based 59 

qPCR assay targeting two GBS-specific genes: cfp and sip. We compared the 60 

microbiome compositions of the stool samples by GBS status using 16S rRNA 61 

analysis. We compared associations with GBS status and 557 survey variables 62 

collected during sample acquisition (demographics, diet, overall health, and 63 

reproductive health) using univariate and multivariate analyses.  64 

 65 

Results: We found 137/754 (18%) of participants had detectable GBS in their stool 66 

samples with a median abundance of 104 copies per nanogram of starting DNA. There 67 

was no difference in GBS status or abundance based on gender. Beta-diversity, Bray-68 

Curtis and Unweighted UniFrac, was significantly different based on carrier status of the 69 
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participant. Prior to p-value correction, 59/557 (10.6%) survey variables were 70 

significantly associated with GBS carrier status and 11/547 (2.0%) variables were 71 

significantly associated with abundance (p-value<0.05). After p-value correction, 2/547 72 

(0.4%) variables were associated with GBS abundance: an increased abundance of 73 

GBS was associated with a decreased frequency since last dental checkup (p<0.001) 74 

and last dental cleaning (p<0.001). Increased GBS abundance was significantly 75 

associated with increased frequency of iron consumption (p=0.007) after p-value 76 

correction in multivariate models.  77 

 78 

Conclusions: GBS is found in stool samples from adults in Wisconsin at similar 79 

frequencies as pregnant individuals screened with rectovaginal swabs. We did not find 80 

associations between risk factors historically associated with GBS in pregnant people, 81 

suggesting that risk factors for GBS carriage in pregnancy may differ from those in the 82 

general population. We found that frequency of iron consumption and dental hygiene 83 

are risk factors for GBS carriage in Wisconsin adults. Given that these variables were 84 

not assayed in previous GBS surveys, it is possible they also influence carriage in 85 

pregnant people. Taken together, this work serves as a foundation for future work in 86 

developing approaches to decrease GBS abundance in carriers.  87 

 88 

Keywords: Human gut microbiome, cross-sectional population-based study, 89 

Streptococcus agalactiae, Group B Streptococcus 90 

 91 

 92 
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BACKGROUND 93 

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-94 

positive commensal bacterium in the gastrointestinal (GI) and urogenital (UG) tracts of 95 

humans [1,2]. While GBS typically colonizes asymptomatically at these body sites, it 96 

can cause illnesses such as bacteremia, pneumonia, meningitis, and soft tissue 97 

infections especially in adults and children with co-morbidities [3–5].  98 

 99 

Much of what is known about GBS is related to diseases in pregnant individual, fetuses, 100 

and infants. GBS colonization rates of pregnant people as detected by rectovaginal 101 

swabs range from 10-35%, globally, with rates in the United States ranging from 10-102 

30% [6,7]. Based on selective culturing of rectovaginal swabs and urine samples, the 103 

risk factors for GBS colonization are history of tobacco use, hypertension, black race, 104 

and younger age [8]. This colonization can result in urinary tract infections, 105 

chorioamnionitis, post-partum endometritis, and bacteremia in pregnant people [9,10]. 106 

Invasive disease has been associated with pregnancy loss, stillbirth, and preterm 107 

delivery [11]. GBS can vertically transmit to the neonate during vaginal delivery or infect 108 

in utero, where it causes early onset GBS disease (0-6 days of life) and is a risk factor 109 

for late onset GBS disease (7-89 days of life), which are the leading causes of neonatal 110 

sepsis and meningitis [12–16]. In these contexts, GBS causes over 400,000 111 

symptomatic maternal, fetal, and infant cases globally per year [11]. Historically, it has 112 

been accepted that the GI tract is the reservoir for GBS leading to vaginal colonization 113 

in pregnant people and work in nonpregnant females has shown that rectal colonization 114 

is a strong predictor of vaginal colonization [17,18]. 115 
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 116 

While much of what is known about GBS and human disease is in the context of 117 

pregnancy, GBS presents a significant disease burden in non-pregnant adults by 118 

causing bacteremia, sepsis, and soft tissue infections [3–5]. GBS disease in 119 

nonpregnant adults has steadily increased from 3.6 cases per 100,000 in 1990 to 7.3 in 120 

2007 and 10.9 cases per 100,000 in 2016 with even higher incidences observed among 121 

those over the age of 65 years old [3,19]. These clinical data support that the current 122 

GBS disease burden is predominantly in non-pregnant people, which is likely due to 123 

widely implemented prophylactic strategies to reduce pregnancy-related transmission of 124 

GBS to neonates [20–22]. 125 

 126 

Risk factors for GBS disease in the general population include obesity, diabetes, 127 

increased age, and black race [3,23]. Despite this morbidity and mortality, little is known 128 

about the factors that dictate GBS colonization. GBS has been documented in the GI 129 

and UG tracts of non-pregnant adults, where between 9-32% of healthy adults have 130 

detectable GBS via oral swab, urine sample, or anorectal swab [24–28]. Although GBS 131 

can be found at these body sites, it is unclear what the risk factors are for colonization 132 

at these body sites in the general population. Taken together with the diseases caused 133 

by GBS in pregnant people, fetuses, and neonates, there is a need to better understand 134 

the reservoirs of GBS and risk factors for its asymptomatic carriage, which can inform 135 

our understanding of invasive disease and transmission to at-risk patient populations. 136 

Considering the profound consequences of GBS infections in pregnant patients and 137 

neonates, characterizing the presence of GBS in the general population will aid in our 138 
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understanding of a possible reservoir and mode of transmission of GBS to pregnant 139 

patients. 140 

 141 

To gain an understanding of the determinants of gastrointestinal GBS carriage in the 142 

general adult population, we used stool samples collected by Survey of Health of 143 

Wisconsin (SHOW) for the Winning the War on Antibiotic Resistance (WARRIOR) 144 

project to determine the frequency and prevalence of GBS in the gut microbiomes of 145 

adults in Wisconsin [29]. The samples from the WARRIOR study are from a 146 

representative cross section of adults in Wisconsin. The study collected extensive data 147 

from the participants on demographics, health, and diet. Understanding the prevalence 148 

of GBS in the general population and factors that may be associated with a higher 149 

abundance of GBS will further our understanding of the pathophysiology of GBS and 150 

inform new therapeutic options. Using samples from the general population will help us 151 

identify risk factors for GBS carriage that can inform our understanding of GBS ecology 152 

and help guide alternative approaches to coping with this pathogen in a variety of at-risk 153 

human populations.  154 

 155 

METHODS 156 

Stool samples 157 

Human stool samples were previously collected and banked by SHOW from 2016-2017 158 

as part of the WARRIOR project, which was reviewed and approved by the University of 159 

Wisconsin-Madison Institutional Review Board (Protocol #2013-0251) [29,30]. For our 160 

study, we used 754 WARRIOR stool samples from participants who agreed to have 161 
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their samples used in future research. Our study was reviewed and approved by the 162 

University of Wisconsin-Madison Institutional Review Board (Protocol #2021-0025). 163 

 164 

DNA extractions from stool 165 

Two methods were used to extract DNA from the stool samples. A subset of samples 166 

(455/754, 60%) had DNA remaining from a previous extraction and were used in this 167 

study [29]. Briefly, DNA was extracted using a bead-beating protocol with additional 168 

enzymatic lysis containing mutanolysin, lysostaphin, and lysozyme to help lyse Gram-169 

positive bacterial cell walls. For the remaining 299 stool samples, in order to complete 170 

extractions in a high throughput manner, we extracted DNA using the DNeasy 171 

PowerSoil Pro kit (Qiagen) following the manufacturer’s instructions, starting with 50-172 

250 mg stool and using a TissueLyzer II at 4°C for the homogenization followed by 173 

elution of DNA in 75 μL of solution C6.  174 

 175 

DNA extractions from bacterial cultures 176 

For positive controls for quantitative PCR (qPCR) assays, we grew three strains of S. 177 

agalactiae in tryptic soy broth (Neogen NCM0004A) aerobically overnight at 37°C, 178 

including: S.agalactiae COH1, S. agalactiae 10/84, and S. agalactiae A909 (obtained 179 

from Katy Patras, Baylor College of Medicine). For a negative control, we grew 180 

Clostridioides difficile 630 in brain heart infusion broth (Neogen NCM0016A) 181 

anaerobically overnight at 37°C. One milliliter of each overnight culture was pelleted and 182 

the supernatants were removed. The DNA from the remaining cell pellets were 183 
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extracted using the DNeasy Blood and Tissue kit (Qiagen) according to the 184 

manufacturer’s instructions for Gram-positive bacteria. 185 

 186 

DNA quantification 187 

All DNA used in qPCR assays was quantified in duplicate on 96 well plates using the 188 

Quant-iT double stranded DNA broad range kit (Invitrogen) with a standard curve from 0 189 

ng/μL – 100 ng/μL DNA. Fluorescent signal was read with Synergy HTX plate reader 190 

with excitation of 485/20 and emission of 528/20 and an auto-gain setting. Final DNA 191 

quantities in the samples were determined against the standard curve and by averaging 192 

duplicate readings.  193 

 194 

qPCR to quantify GBS prevalence and abundance in stool samples 195 

We developed a multiplexed Taqman-based qPCR approach targeting two GBS-196 

specific genes, cfb and sip. These genes were previously used in qPCR protocols to 197 

identify the bacterium [31–34] and the assay we developed was based on a protocol 198 

previously created for sip [35].  199 

 200 

For sip, we used the primers: 5’-CAG CAA CAA CGA TTG TTT CGC C-3’ and 5’-CTT 201 

CCT CTT TAG CTG CTG GAA C-3’, targeting a 171 base pair region. The Taqman 202 

probe for sip was: 5’-FAM-AGA CAT ATT - ZEN - CTT CTG CGC CAG CTT TG-3IAkfQ-203 

3’. For cfb, we used the primers: 5’-GAA ACA TTG ATT GCC CAG C-3′ and 5′.-AGG 204 

AAG ATT TAT CGC ACC TG-3′, targeting a 99 base pair region. The Taqman probe for 205 

cfb was 5’-HEX-CCA TTT GAT AGA CGT TCG TGA AGA G-3BHQ-1 -3'. We ran each 206 
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reaction in triplicate with both sip and cfb probes and included positive controls (DNA 207 

from three GBS strains), a negative control (DNA from C. difficile), and we created a 208 

standard curve for each gene from 5x10-3 ng/µL to 5x10-11 ng/µL using serial dilutions of 209 

synthetic copies of target genes (gBlocks, IDT). All reactions totaled 19.25 µL and 210 

included 5 µL of DNA (either extracted from cultures of bacteria, extracted from stool 211 

samples, or synthetic DNA for the standard curve), 7.5 µL TaqPath qPCR Master Mix, 212 

CG, 0.75 µL of  a 10 µM stock each primer (1 reverse and 1 forward for each gene 213 

target for 4 total primers), 0.3 µL of a 10 µM stock of each probe, and 3.15 µL water. 214 

Samples were held at 96°C for 5 minutes followed by 50 cycles of 96°C for five 215 

seconds, 58°C for 10 seconds, and 72°C for 20 seconds [35]. All qPCR was performed 216 

on an Applied Biosystems QuantStudio 7 instrument.  217 

 218 

We determined GBS status by comparing the threshold cycle of each sample to the 219 

negative control. Samples with threshold cycles below the negative control for both sip 220 

and cfb were considered negative for GBS. Samples with threshold cycles above the 221 

negative control for both genes were positive for GBS and the abundance was 222 

determined by comparing cycle threshold against the standard curve.  223 

 224 

 225 

16S rRNA marker gene analysis  226 

We used 16S rRNA marker gene data previously generated for the WARRIOR samples 227 

[29]. Briefly, the V4 region of the 16S rRNA gene was sequenced on an Illumina MiSeq 228 

using 2 × 250 paired-end reads at the University of Wisconsin Biotechnology Center. 229 
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Negative controls were included during each step of extraction and amplified and 230 

sequenced with the same protocol as described above.  231 

 232 

The resulting fastq files were processed with the software QIIME 2 v2021.4 [36]. 233 

Demultiplexed raw sequences were imported using the Casava 1.8 format and 234 

denoised using DADA2 [37] (via qiime-dada2 plugin) to generate a feature table 235 

containing amplicon sequence variants (ASV). ASVs were aligned with MAFFT to 236 

construct a phylogenetic tree with fasttree [38]. Taxonomy was assigned using the 237 

classify‐sklearn naive Bayes taxonomy classifier [39] against the Silva_138 database for 238 

16S rRNA genes [40]. A feature and a taxonomy table, together with the phylogenetic 239 

tree were imported in R 4.1.2 as a phyloseq object [41] for further analysis. A total of 240 

756 samples, including 29 negative controls and 727 stool samples, were processed 241 

with R. Contaminationwas accounted for by eliminating features based on the 242 

prevalence of ASVs in the negative controls using the  Decontam package [42], and by 243 

removing eukaryotic, chloroplast, mitochondrial or unassigned sequences. Finally, 244 

samples without GBS-associated data or with less than 5000 reads were removed. The 245 

resulting 693 samples were processed as follows.  246 

 247 

For the alpha and beta diversity analysis, samples were rarefied to an even depth of 248 

8396, corresponding to the minimum read count in the dataset. Alpha diversity metrics 249 

(Shannon, inverse Simpson, and total observed ASVs) metrics were calculated with 250 

Phyloseq.  Beta diversity was used to quantify the dissimilarities between the samples. 251 

First, we calculated 3 different types of distance matrices (Bray-Curtis, weighted and 252 
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unweighted UniFrac and then plotted the ordinations using a principal component 253 

analysis (PCoAs). PCoAs were plotted for GBS carrier status, and the logarithmic 254 

transformation of the average copy number of GBS. Moreover, to confirm our findings, 255 

we extracted the distances for each matrix and plotted the average distance between 256 

and within sample types. Average distances were plotted as box plots and significant 257 

differences based on the carrier status of GBS were tested using a one-way ANOVA 258 

and Tukey’s HSD post-hoc test. 259 

 260 

Linear correlations with GBS prevalence 261 

To evaluate associations with alpha diversity, simple linear regressions were calculated 262 

for prevalence and copy number against the Inverse Simpson’s, Observed features, and 263 

Shannon’s indices. For these analyses, we included only the samples where GBS was 264 

detectable via qPCR. 265 

 266 

Differential taxonomic abundance 267 

Differential taxonomic abundance was obtained using the ANCOM-BC package in R 268 

using default parameters and Benjamini-Hochberg procedure for P-value corrections 269 

[43]. Linear discriminant analysis effect size (Lefse) [44] was done using the R package 270 

microbiomeMarker [45]. Finally, the QCAT package was used to evaluate microbiome 271 

markers using copy numbers as it allows for continuous variables [46].   272 

 273 

Random forest classification 274 
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To identify taxa that discriminate between the presence and absence of GBS, we used 275 

a random forest classifier algorithm from the random forest R package [47]. In 276 

summary, we trained and tested our model using the "out of bag" (OOB) error to 277 

estimate our model error. The number of trees was set to 1000 and only ASVs with 278 

relative abundances�≥ 0.01% were included as input. The classifier was trained on a 279 

random selection of 70% of the database composed of 693 samples and 1099 ASVs 280 

and validated using the remaining 30%. Finally, prediction performance was measured 281 

by the OOB error rate and the mean decrease in Gini coefficient, a measure of how 282 

each variable contributes to the homogeneity of the nodes and leaves in the resulting 283 

random forest, for each ASV. 284 

 285 

Metadata variable acquisition and selection 286 

We acquired participant metadata from SHOW, which biobanks the samples and 287 

manages the data repository associated with the samples. For our analysis of all 288 

samples, we selected relevant variables that fit into three categories: demographics, 289 

health, and diet. For participants who identified as female, we also analyzed data on 290 

reproductive health. Data were collected for some study participants across multiple 291 

years, we selected variables relevant for the years the stool samples were collected 292 

(2016-2017). 293 

 294 

Analysis of WARRIOR study metadata 295 

Differences in GBS outcome by self-identified gender 296 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2023. ; https://doi.org/10.1101/2023.08.17.553755doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.17.553755
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13

To determine differences in carriage of GBS by self-identified gender, we used 297 

Pearson's Chi-squared test with Yates' continuity correction. To determine differences in 298 

abundance of GBS by self-identified gender and for those individuals with detectable 299 

GBS, we used Welch’s two sample t-test with unequal variances. We used R version 300 

4.2.2 to run these comparisons.  301 

 302 

Binary outcome 303 

To determine associations between a binary outcome of GBS (presence or absence of 304 

GBS in the stool) and other predictors, we used a logistic regression model and 305 

reported odds ratios and confidence intervals. We conducted a univariate analysis first 306 

(each predictor in a bivariate analysis), then significant predictors from the independent 307 

models were used to construct three multivariate (adjusted) logistic models. Model 1 308 

examined significant predictors from the univariate analysis, model 2 examined 309 

predictors commonly associated with GBS carriage or disease risk, as shown in the 310 

literature (African American, Type 2 Diabetes Mellitus, and smoking status)[8], and 311 

model 3 combined predictors from models 1 and 2.  Odds ratio plots were created using 312 

log transforms of the odds ratios and 95% confidence intervals. Variables with missing 313 

data were addressed using the complete case analysis method. In this instance, any 314 

subject with no observations was removed from the specific analysis being conducted. 315 

After adjusting for missing data, a total of 555 variables were used for the binary 316 

outcome comparisons All analyses were conducted using STATA version 17 317 

(StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: 318 

StataCorp LLC). 319 
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 320 

 321 

Continuous outcome 322 

Predictors associated with the abundance of GBS for participants with detectable GBS 323 

were examined using a linear regression model with coefficient estimates and 95% 324 

confidence intervals. We used a similar approach used above see Binary outcome 325 

above. Each predictor was independently tested and determined to either be fit for a 326 

multivariate model or not included in the model. We constructed the same three models 327 

specified above for the binary outcome. We constructed odds ratio plots as described 328 

above. Variables with less than 5% missing data were negligible and used as is, 329 

variables with up to 40% missing data were inputted using multiple imputation methods 330 

and variables with greater than 50% missing data were excluded from the analysis 331 

altogether. After adjusting for missing data, a total of 547 variables were used for the 332 

continuous outcome comparisons. All analyses were conducted using STATA version 333 

17 (StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: 334 

StataCorp LLC). 335 

 336 

 337 

Subgroup analysis 338 

A sub-group analysis in females was conducted using the same statistical tests for 339 

either the binary outcome or the continuous outcome with the same independent 340 

variables for each outcome. All analyses were conducted using STATA version 17 341 
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(StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: 342 

StataCorp LLC). 343 

 344 

 345 

Diagnostics and missing data 346 

We ran collinearity diagnostics to identify independent variables with significant relations 347 

as this is disruptive to models. We used a variance inflation factor (VIF) to measure the 348 

tolerance of variance. Variables with a VIF value greater than 10 were removed from 349 

the models. Secondary pairwise correlations were conducted to supplement our 350 

decision to remove collinear variables. We corrected for multiple comparisons effect on 351 

the p-value using a false discovery rate (FDR) using the Benjamini-Hochberg (BH) 352 

procedure. All p-values were assigned a rank within the outcome group and a critical 353 

value using the BH procedure was calculated using false discovery rates of 5% and 354 

10% to discover which worked best for the data. Critical values less than the significant 355 

original p-values were also regarded as significant. We graphed the odds from the 356 

multivariate analysis using coefficient plots with confidence intervals. All analyses were 357 

conducted using STATA version 17 (StataCorp. 2021. Stata Statistical Software: 358 

Release 17. College Station, TX: StataCorp LLC). 359 

 360 

RESULTS 361 

Participant Demographics 362 

For this study, we used stool samples from 754 unique individuals across the state of 363 

Wisconsin, collected between 2016-2017. Our samples came from 432 (57%) self-364 
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identified females and 322 (43%) self-identified males with ages ranging from 18 to 57 365 

(Table 1).  366 

 367 
Table 1. Baseline demographics of participants.  368 

Characteristic n(%) 
Total 
participants 
= 754 

Self-Identified 
Gender 

 

Female 432 (57%) 

Male 322 (43%) 

Age (years)  

Minimum 18 

Maximum 94 

Median 57 

 369 
GBS is present in gut microbiomes of at widely variable abundances 370 

Using a qPCR-based method, we found that 137/754 (18%) of all participants had 371 

detectable GBS in their stool samples with 79/432 (18%) of self-identified females and 372 

58/322 (18%) of self-identified males having detectable GBS (Figure 1A). There was no 373 

significant difference in proportion of either gender based on GBS status. For samples 374 

with detectable GBS, we quantified the amount using a standard curve. The samples 375 

contained between 5 to 6,800,532 copies of GBS target DNA per starting nanogram of 376 

total DNA (Figure 1B). There was no difference in abundances of GBS in the stool 377 

based on the gender of the study participants.  378 
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 379 
Figure 1. Carriage of GBS and abundance by self-identified gender. A. Presence or 380 

absence of GBS in stool samples as determined by qPCR. No significant difference was 381 
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found in the prevalence of GBS between genders as indicated by “n.s.” as determined 382 

by Chi-squared tests.  B. Abundance of GBS in stool samples with identifiable GBS as 383 

determined by qPCR. Each colored point represents GBS abundance in an individual 384 

sample, diamonds represent the mean copies of GBS for each gender and the box plots 385 

represent median, interquartile ranges of GBS abundance, and standard deviation for 386 

each gender. The median copy number of GBS per starting amount of DNA was 104 387 

and the average was 66,856. The median copy number for self-identified females was 388 

98, with a mean of 97,621, a standard deviation of 768,659 and an interquartile range 389 

(IQR) of 605. For males, the median copy number was 126, mean 24,951, standard 390 

deviation of 178,687, and an IQR of 898. No significant difference was found in GBS 391 

abundance among male and female carriers as indicated by “n.s.” as determined by 392 

Welch’s two sample t-test with unequal variances. 393 

 394 

 395 

Differences in gut microbiome composition of WARRIOR study participants 396 

based on GBS carrier status  397 

Of the 754 samples, 693 (92%) had available 16S rRNA marker gene sequencing 398 

performed in a previous study [29]. In this subset of samples, no significant correlations 399 

were found between GBS presence or abundance and alpha diversity metrics (Inverse 400 

Simpson, observed ASV, or Shannon) using linear regression analysis (Table 2).  401 

 402 

To evaluate differences in bacterial communities we used a PCoA with different 403 

distance matrices (Bray-Curtis, Weighted and Unweighted UniFrac) grouped by GBS 404 
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carriage and copy number (Table 2). Using a PERMANOVA test, we found that the 405 

bacterial communities were significantly different according to the presence/absence of 406 

GBS in PCoAs with the Bray-Curtis and Unweighted UniFrac distance matrices. 407 

Moreover, we found that bacterial communities were significantly different for the 408 

abundance of GBS with the log transform for the PCoAs with the Bray-Curtis 409 

dissimilarity matrix (Table 2).  410 

  411 

Additionally, we determined differences in the average beta diversity distance by group 412 

based on GBS carrier status. We found statistically significant differences in the 413 

average Bray-Curtis, Weighted and Unweighted UniFrac distances across the three 414 

comparisons: intragroup distance between all samples with GBS compared to 415 

intragroup distance for samples without GBS (p<0.001 in all three indices), intergroup 416 

distance differences for samples with and without GBS compared to intragroup 417 

distances between samples without GBS (p<0.001 across all three indices), and finally 418 

intergroup distance differences for samples with and without GBS compared to 419 

intragroup distances between samples with GBS (p≤0.001 across all three indices) 420 

(Figure 2). 421 

 422 

We compared differential abundances of microbiome members at different taxonomic 423 

levels as a function of GBS carrier status. We found no differences at the phylum or 424 

ASV level, however at the genus level, we found that the relative abundance of two 425 

genera, Ruminococcus (p=0.0003 uncorrected, p=0.055 corrected) and Monoglobus 426 

(p=0.00057 uncorrected, p=0.057 corrected) trended towards being significantly 427 
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differentially abundant when GBS is present, specifically both genera trended toward 428 

being more abundant when GBS is present. 429 

 430 

To gain additional insights into microbes that differentiate GBS carriers from non-431 

carriers, we ran random forest classifiers to identify community signatures predictive of 432 

GBS carrier status. This analysis could reliably predict GBS negative individuals, but not 433 

GBS positive individuals (error rates = 0.0035 and 0.992, respectively; Supplemental 434 

Table 1). Several taxa were identified through the random forest classification as good 435 

predictors of GBS status, including Anaerostripes , Ruminococcus ,Collinsella, Dorea, 436 

Agathobacter, Blautia,  Faecalibacterium, Bacteriodes, and  Anaerostripes. 437 

(Supplemental Table 1). 438 

 439 
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Figure 2. Beta diversity distance differences between GBS groups. Beta diversity 441 

distances for inter and intra group comparisons are plotted for three beta diversity 442 

indices. Plotted are the intragroup distances for samples without GBS (- -) intragroup 443 

distances for samples with GBS (+ +), and the intergroup distances for samples with 444 

and without GBS (+ -). The average distance for each of the three groups were 445 

compared to test for differences in beta diversity. The three beta diversity indices used 446 

were: A. Bray-Curtis, B. Weighted UniFrac, and C. UniFrac. The diamonds indicate the 447 

mean for each category. *** indicates a p-value ≤ 0.001.  448 

 449 
Table 2. Correlations between alpha and beta diversity metrics and GBS carriage 450 
or abundance. 451 
Diversity Metric Presence or Absence  

p-value 
Abundance 
p-value 

Alpha Diversity   
Inverse Simpson 0.449 0.999 
Observed ASV 0.949 0.220 
Shannon 0.785 0.636 

Beta Diversity   
Bray-Curtis 0.046* 0.176 

Log transform   0.013* 
Weighted UniFrac 0.205 0.810 

Log transform  0.290 
Unweighted UniFrac 0.049* 0.183 

Log transform  0.064 
*indicates p-value<0.05 452 
 453 
 454 
Differences in characteristics of WARRIOR study participants based on GBS 455 

presence and abundance  456 

We completed univariate and multivariate analyses on study participant metadata to 457 

understand which host characteristics were associated GBS carriage and which host 458 

characteristics were correlated with GBS abundance in carriers. For our analysis, we 459 
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selected relevant variables that fit into three categories: demographics, health, and diet. 460 

For participants who identified as female, we also analyzed data on reproductive health 461 

which were not collected for participants who identified as male. The median and 462 

interquartile range for all variables considered in our multivariate statistical analysis are 463 

listed in Supplemental Table 2.  464 

 465 

From our univariate analysis for carrier status (GBS present or absent in the stool), we 466 

found 59/557 (10.6%) variables were significantly associated with GBS carrier status (p-467 

value < 0.05), but no variables were significantly associated after p-value corrections 468 

with FDR (Supplemental Table 3). Similarly, for our three multivariate models, we 469 

found no significant associations after p-value correction (Figure 3, Supplemental 470 

Table 4).  471 

 472 

For the univariate analysis of the abundance of GBS from participants with detectable 473 

GBS in their stool, we found 11/547 (2.0%) variables were significantly associated with 474 

GBS abundance (p-value < 0.05) prior to FDR correction. After FDR correction, we 475 

found 2/547 (0.4%) variables associated with GBS abundance: an increased 476 

abundance of GBS was associated with an increased time since last dental checkup 477 

(p<0.001) and last dental cleaning (p<0.001) (Supplemental Table 5). For the 478 

multivariate analysis, we found that in model 1, which included all the variables that 479 

were significant from the univariate analysis prior to p-value correction, higher GBS 480 

abundance was significantly associated with an increased frequency of iron 481 

consumption (p=0.007) after p-value correction. No other variables were significantly 482 
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associated with GBS abundance in any of the other multivariate analyses (Figure 4, 483 

Supplemental Table 6). 484 

 485 

Subgroup Analysis of Associations of GBS for Self-Identified Females  486 

Since GBS has historically been studied in pregnant people, we performed a univariate 487 

sub-group analysis of all self-identified females to investigate if there was a difference in 488 

the sub-population that were not present in the general population. Similar to the 489 

general population, in self-identified females, we tested for variables that differentiate 490 

GBS carrier status and for GBS abundance in the subset of female study participants 491 

with detectable GBS. For carrier status, we found 6/556 (1.1%) variables associated 492 

with GBS presence or absence prior to p-value correction and we did not find any 493 

significant associations after p-value correction with FDR (Supplemental Table 7). We 494 

found 10/497 (2.0%) variables associated with GBS abundance prior to p-value 495 

correction and 2/497 (0.40%) significantly associated after p-value correction 496 

(Supplemental Table 8). For abundance, similar to the analysis with all participants, an 497 

increased abundance of GBS was associated with a decreased frequency since last 498 

dental checkup (p<0.001) and last dental cleaning (p<0.001), after p-value correction 499 

(Supplemental Table 8). Unlike in the general population, we did not observe a 500 

correlation with GBS abundance and frequency of iron consumption.  501 

 502 

 503 
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Figure 3. Odds ratios for multivariate models comparing presence or absence of 505 

GBS and participant characteristics. The diamonds indicate the odds ratios for each 506 

variable with error bars for the 95% confidence interval. A. Model 1 compared 507 

significant predictors from the univariate analysis prior to FDR correction with GBS 508 

presence or absence. B. Model 2 compared predictors commonly associated with GBS 509 

from previous studies and GBS presence or absence. C. Model 3 combined predictors 510 

from Models 1 and 2 with GBS carrier status. **indicates p-value ≤ 0.001 after FDR 511 

correction  512 

 513 

 514 

 515 
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Figure 4. Odds ratios for multivariate models comparing GBS prevalence and 517 

participant characteristics. The diamonds indicate the odds ratios for each variable 518 

with error bars for the 95% confidence interval. A. Model 1 compared significant 519 

predictors from the univariate analysis prior to FDR correction with GBS prevalence. B. 520 

Model 2 compared predictors commonly associated with GBS from previous studies 521 

and GBS prevalence. C. Model 3 combined predictors from Models 1 and 2 with GBS 522 

prevalence. **indicates p-value <0.01 after FDR correction  523 

 524 

DISCUSSION 525 

In this study, we used a biobank of 754 stool samples and associated data collected 526 

from adults in Wisconsin to better understand the host and microbiome-based factors 527 

that influence gastrointestinal GBS carriage.  528 

 529 

We found that GBS is present in the stool from a representative cross-sectional 530 

sampling of adults in Wisconsin at rates like what is seen in pregnant individuals via 531 

rectovaginal swabs. We found that the abundance of GBS varied by orders of 532 

magnitude between individuals with GBS and there was no difference in the carrier 533 

frequency or abundance based on gender. These data indicate that GBS is common in 534 

the distal GI tracts of the general population, providing further evidence that the distal GI 535 

tract is an important reservoir for GBS in the human body [17,28].  536 

 537 

We carried out 16S rRNA marker gene analysis of the samples in the context of GBS 538 

colonization and found that regardless of index used (Bray-Curtis, Weighted UniFrac, 539 
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Unweighted UniFrac), beta-diversity was significantly different based on GBS carrier 540 

status. We did not find robust correlations between alpha-diversity or individual 541 

microbes that predicted GBS carriage or GBS abundance in individuals with GBS. It is 542 

possible that multiple microbiome configurations or functionally redundant microbiome 543 

members influence GBS carriage or that transient GBS carriage, as has been observed 544 

for pregnant people, obscures this assessment [48].  545 

 546 

In addition, to identify host-centric variables that influence GBS carriage, we leveraged 547 

the extensive participant metadata collected as part of the WARRIOR study. While we 548 

did not find many statistically significant variables that correlated with GBS carrier 549 

frequency or abundance after p-value correction, prior to p-value correction, there were 550 

59/557 (10.6%) variables for GBS carrier status and 11/547 (2.0%) for GBS abundance 551 

that were statistically significant (p<0.05). The two most robust associations we found 552 

after p-value corrections were between lack of dental care and higher iron consumption 553 

and increased GBS abundance. Streptococci are known inhabitants of the upper GI 554 

tract, including the oral cavity [28,49]. Our finding that a lack of dental care is associated 555 

with higher GBS burdens in the stool implies that poor dentition leads to an increase in 556 

Streptococci in the oral cavity, which can subsequently be observed more distal in the 557 

GI tract [50]. Iron is an essential nutrient for almost all living organisms, including 558 

bacteria, which have evolved strategies to scavenge environmental iron. These 559 

strategies enable bacteria to compete with other microbes within microbiomes and have 560 

been demonstrated to be important to overcome human immune defenses [51]. In 561 

particular, GBS encodes siderophores which aid in environmental iron acquisition [52] 562 
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and elevated oral iron consumption may favor siderophore-dependent iron acquisition 563 

by GBS and increased GBS fitness in the distal GI tract. Alternatively, it is possible that 564 

iron indirectly impacts GBS fitness by influencing the abundance of microbes that 565 

compete or cooperate with it in the distal GI. Supportively, oral iron consumption has 566 

been previously shown to increase the amount of iron available to the gut microbiome 567 

and influence its composition [53,54]. 568 

 569 

Of note, we did not find associations between variables historically associated with GBS 570 

carriage in pregnant people in our study population. Specifically, neither GBS carriage 571 

nor GBS abundance in carriers was impacted by race, smoking status, age, or diabetes 572 

status (Figure 5). This challenges our current understanding of the risk factors for GBS 573 

carriage and highlights two possibilities for future study. First, it is possible that risk 574 

factors for GBS carriage in pregnancy are different than the risk factors in the general 575 

population. Second, it is possible that iron consumption and dental hygiene are risk 576 

factors for GBS carriage in pregnant people, but studies have not been done to address 577 

these connections. Therefore, further study of both pregnant and non-pregnant adults, 578 

informed by this work, will fill these important gaps in understanding relating to the life 579 

cycle of GBS. This understanding is a useful starting point developing new 580 

interventions, beyond antibiotics, to de-colonize GBS carriers and to prevent GBS 581 

infections in at-risk populations. These considerations are relevant given the rising 582 

incidence of antibiotic resistance in GBS and our emerging understanding of the 583 

collateral damage antibiotics have on human microbiomes [55–60].  584 
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 585 

Figure 5. Overview of associations found with GBS in stool from study 586 

participants. No associations were found with historically known risk factors for GBS in 587 

pregnant individuals including gender, race, Type 2 diabetes, age, or smoking status. A 588 

higher burden of GBS in the stool was associated with decreased dental hygiene and 589 

an increase in frequency of dietary iron supplements. We found a change in beta-590 

diversity of the gut microbiome was different depending on GBS carrier status. Two 591 

genera, Ruminococcus (p=0.0003 uncorrected, p=0.055 corrected) and Monoglobus 592 

(p=0.00057 uncorrected, p=0.057 corrected) trended towards being more abundant 593 

when GBS is present. Figure created with BioRender.com.  594 

 595 

31

in 
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Limitations of our study include lack of longitudinal samples and using retrospective 596 

data. Since we used a biobank, we were limited to the survey questions that were asked 597 

with the initial studies and not able to add our own. Our statistical analyses demonstrate 598 

correlations and we are unable to provide causation within this study. Our final p-values 599 

were penalized for the high number of metadata variables we investigated. Strengths of 600 

our work include the large number of participant samples (754) from a large age range 601 

and backgrounds. Another strength is the extensive amount of survey data we were 602 

able to compare to GBS carrier status and abundance. 603 

 604 

Our work provides a starting point to begin to understand risk factors for GBS carriage 605 

in the general population and in pregnant people using basic, translational, and clinical 606 

research approaches. Future work could expand on our findings including associations 607 

we found significant prior to p-value corrections. In addition, future work could use 608 

metabolomics-based approaches to identify microbiome-produced metabolites that 609 

correlate with GBS carriage. In addition, longitudinal sampling of study participants 610 

would provide important clues into the microbial and metabolic factors that influence 611 

transient carriage. Other future directions for this work include the use of experimental 612 

models to gain mechanistic insights into the associations we observe and impacts on 613 

GBS pathogenesis. This future work could include mouse models to determine the 614 

extent to which GBS colonizes distal GI and how dietary iron supplementation influence 615 

the abundance of GBS and other interacting microbiome members. Additional work 616 

could explore the extent to which transient distal GI colonization is influenced by oral 617 
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GBS colonization, considering previous observations of high prevalence of oral GBS 618 

colonization [28].  619 
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SUPPLEMENTARY TABLE LEGENDS 666 

 667 

Supplementary Table 1. Random forest classification results using the microbiome 668 

composition to predict GBS carrier status.  669 

Supplementary Table 2. Summary of variables included in multivariate modeling, 670 

including medians and interquartile ranges for each variable. Diet variables that are 671 

listed twice represent calculations from separate summary diet calculations. P-values 672 

denote differences between participants with GBS present and those without GBS for 673 

each variable. 674 

Supplementary Table 3. Univariate associations of GBS presence and absence with 675 

metadata variables, including false discovery rate corrections. 676 

Supplementary Table 4.  Multivariate associations of GBS presence and absence with 677 

metadata variables, including false discovery rate corrections. 678 

Supplementary Table 5. Univariate associations of GBS abundance with metadata 679 

variables, including false discovery rate corrections. Variables highlighted in green were 680 

statistically significant (p<0.05) after false discover rate correction using the Benjamini-681 

Hochberg procedure.  682 

Supplementary Table 6. Multivariate associations of GBS abundance with metadata 683 

variables, including false discovery rate corrections. Variables highlighted in green were 684 
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statistically significant (p<0.05) after false discover rate correction using the Benjamini-685 

Hochberg procedure. 686 

Supplementary Table 7. Subgroup analysis (females only) of univariate associations of 687 

GBS presence and absence with metadata variables, including false discovery rate 688 

corrections. 689 

Supplementary Table 8. Subgroup analysis (females only) of univariate associations of 690 

GBS abundance with metadata variables, including false discovery rate corrections. 691 

Variables highlighted in green were statistically significant (p<0.05) after false discover 692 

rate correction using the Benjamini-Hochberg procedure. 693 
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