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Abstract 

Background Less than one-third of sub-Saharan Africans have access to improved water sources. In US, Indian, 
and African studies, Bacterial vaginosis (BV) is increased among women with poor water, sanitation, and hygiene 
(WASH). We examined water source, sanitation (latrine type), and rainfall in relation to the vaginal microbiome (VMB).

Methods In a cluster randomized controlled trial of menstrual cups and cash transfer, we measured the impact 
of cups on VMB via 16S rRNA gene amplicon sequencing in a subset of 436 adolescent girls. We analyzed how self-
reported water source and latrine type at home related to VMB over 18-months, examining community state type 
I (CST-I, L. crispatus dominant) vs. other CST; alpha diversity; targeted taxa (coliform and other water-related patho-
gens); and non-targeted taxa via machine learning approaches. Mixed effects multivariable longitudinal models were 
adjusted for intervention arm, age, socioeconomic status, sexual activity, and cluster-level school WASH and rainfall (in 
millimeters).

Results Adjusting for all covariates in all models: (1) the odds of CST-I were increased among participants with piped 
water (vs. pond), and decreased with traditional pit latrine vs. flush toilet. (2) Alpha diversity varied by water source 
and latrine type without consistent trends. (3) Coliform bacteria relative abundance (RA) was higher among par-
ticipants with traditional pit or ventilated improved pit latrines vs. flush toilet, and higher among participants rely-
ing on stream vs. pond water. Streptococcus agalactiae RA was higher among participants with non-flush toilets, 
while Bacteroides fragilis RA was lower with non-flush toilets. (4) Key taxa from non-targeted analyses associated 
with water source and latrine type included typical vaginal bacteria, opportunistic pathogens, and urinary tract 
pathobionts. (6) Increased rainfall was associated with decreased odds of CST-I.
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Introduction
Access to clean water and sanitation is essential for health 
and wellness, and is particularly challenging in sub-
Saharan Africa (SSA) where 32% of people lack access to 
improved water sources [1]. Bacterial contamination of 
water sources is a known risk factor for numerous human 
diseases [2, 3], but its link to reproductive health is less 
well established.

Bacterial vaginosis (BV) is the most common gyneco-
logic infection [4], affecting approximately 20% of women 
worldwide and 20–50% of women living in SSA [5, 6]. In 
addition to causing distressing symptoms, BV increases 
the risk of acquiring HIV and other STIs [7] and expe-
riencing adverse pregnancy outcomes [8]. In meta-
analyses, consistent risk factors for BV include sexual 
exposures [9] and intravaginal washing [10]. Changes 
in the vaginal microbiome (VMB) from a Lactobacillus 
crispatus predominant state to one with a diverse range 
of bacteria is associated with development of BV [11]. 
The VMB composition has been characterized by com-
munity state types (CST), with CST-I representing a 
Lactobacillus crispatus dominant composition, CST-II 
representing a L. gasseri dominated composition, CST-III 
representing a L. iners dominated composition, and CST-
IV representing more diverse compositions [12]. CST-I 
is considered optimal and is associated with lower rates 
of BV and STIs, while CST-IV is considered non-optimal 
and associated with greater rates of BV, vaginal mucosal 
inflammation and increased risk of HIV acquisition [13].

Non-optimal CST-IV has been associated with greater 
sexual exposure, having an uncircumcised male sexual 
partner, vaginal hygiene practices such as douching, and 
menstrual hygiene (e.g. type of material used) [14, 15]. 
While water, sanitation, and hygiene (WASH) condi-
tions may contribute to BV risk, studies of water source 
in relation to VMB composition are lacking. In one study 
among United States military women, poorer WASH 
conditions were associated with higher rates of genitouri-
nary infections including BV, urinary tract infections, and 
vulvovaginal candidiasis [16]. Both availability and water 
quality are likely to impact genitourinary health. One 
study in India found that body washing more than twice 
per day was associated with 1.5-fold increased odds of 
BV [17]; while not addressed in the study, more frequent 
washings may lead to an increased exposure of the VMB 
to waterborne organisms. Interestingly, this finding dif-
fered from a prior study by the same authors in a similar 
setting which found that increased frequency of bathing 

was associated with decreased rates of BV, though the 
prior study used the less sensitive Amsel criteria for BV 
diagnosis, rather than Nugent’s criteria used in the later 
study [18]. In a longitudinal study of women and girls 
aged 14–39 years in Rakai, Uganda, those using unpro-
tected water (rainwater, pond, lake, or stream) for bath-
ing had a greater risk of BV compared to those collecting 
water from a protected water (well, tap, or borehole) sup-
ply, adjusted for sexual practices, use of soap and water 
for vaginal washing, age, socioeconomic status, and HIV 
status [19]. While diarrheal and other waterborne dis-
eases are known to fluctuate with seasonal rainfall [20], 
the effect of precipitation in relation to VMB is unknown 
and will become particularly important as the changing 
climate causes more extreme rainfall patterns [21].

Given the lack of data regarding the impact of water 
source and latrine type on the VMB, and scale of the 
potential exposure based on the high percent of peo-
ple worldwide living with unimproved water source and 
limited sanitation facilities, we sought to examine water 
source, latrine type, and rainfall in relation to VMB in a 
cohort of adolescent schoolgirls in rural western Kenya. 
Better understanding the factors which affect the VMB 
among adolescents is critically important to targeting 
interventions which may have a lifelong impact on health 
including, but not limited to, risks of HIV/STI acquisition 
and maternal/fetal health. Intersecting with this, women 
in low resource settings are disproportionately adversely 
impacted by poor WASH. Generating understanding on 
these reproductive tract impacts can inform WASH that 
is tailored to women’s needs, opportunities for integrated 
health programming, and reducing gender inequalities 
[22].

Methods
This study was approved by the Institutional Review 
Boards of the Kenya Medical Research Institutes (#3215), 
Liverpool School of Tropical Medicine (#15 − 005), and 
University of Illinois at Chicago (#2017 − 1301).

Study setting
This study used data and specimens from Cups and 
Community Health (CaCHe), a prospective cohort study 
of adolescent secondary school girls in Siaya County, 
Kenya. The CaCHe study was nested in the Cups or Cash 
for Girls (CCG) Trial, a large cluster randomized con-
trolled trial assessing the impact of menstrual cup and 
cash transfer interventions on a composite outcome of 
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school dropout, HIV and HSV-2 [23] (ClinicalTrials.gov 
NCT03051789, February 14, 2017).

Siaya County is a largely rural area positioned 400 km 
west of Nairobi, adjacent to Lake Victoria. From the 
2022 Kenya Demographic and Health Survey, 48.5% of 
the Siaya County population reported having access to 
basic services for drinking water, defined as having an 
improved water source within their residence or within 
a 30-minute round trip collection time (versus 98.6% in 
Nairobi and 67.9% nationally); 54.7% reported house-
hold excreta connected to sewers or was safely disposed 
of on-site or removed off-site (versus 91.6% in Nairobi 
and 65.9% nationally) [24]. According to 2017 data, the 
prevalence of HIV among adult men and women in Siaya 
County is the highest in the country at 21.0% (22.4% 
among women and girls and 19.4% among men and 
boys), compared to 4.9% in Kenya nationally [24].

Data collection
Participants self-completed a tablet-based survey in their 
language of choice (English or Dholuo) using Open Data 
Kit (v2.0.5) to obtain socio-demographic information 
and to assess sexual and menstrual hygiene management 
practices. Socio-demographic data included age and 
assessment of household amenities for socioeconomic 
status (SES) estimation following health and demographic 
surveillance system (HDSS) household survey questions. 
Construction of the SES score followed an absolute index 
method [25], following details published in [26]. Quin-
tiles of SES were dichotomized as poorer (quintiles 1 to 
2) vs. wealthier (quintiles 3 to 5). School-level WASH 
score was assessed and analyzed as previously described 
[26], dichotomized as better school WASH conditions 
vs. worse conditions. At each study visit, ever having 
sexual intercourse was assessed via two questions cap-
turing coerced or forced sex and willing sexual activity, 
and transactional intercourse was assessed via a series of 
questions regarding sex in exchange for money, goods, or 
favors.

We obtained rainfall data from IMERG (Integrated 
Multi-satellitE Retrievals for GPM) [27] and CHIRPS 
(Climate Hazards group Infrared Precipitation with Sta-
tions) [28]. Data were extracted via application program-
ming interface (API) calls based on date of study visit 
and the latitude and longitude of participants’ school, 
as we did not collect any home addresses. IMERG esti-
mates precipitation via active and passive microwave 
satellite observations via Global Precipitation Measure-
ment (GPM). CHIRPS data is obtained based on satellite-
derived rainfall combined with rain-gauge data. IMERG 
has performed well over Lake Victoria in relation to cap-
turing diurnal cycle magnitude and temporal variation in 
precipitation [27] CHIRPS also has accurate performance 

for spatial and temporal coverage of precipitation for East 
Africa [28]. Therefore, we assessed both rainfall variables 
in analyses.

Characterization of the vaginal microbiome
Specimen collection has been detailed elsewhere [26]. At 
each study visit, participants provided self-collected vagi-
nal swabs for assessment of VMB. Swabs for amplicon 
sequencing (collected using OMNIgene vaginal (OMR-
130, DNA Genotek, Ontario, Canada), were transported 
to the UNIM Research and Training Centre laboratory in 
Kisumu and placed at − 80 °C until shipment to Chicago 
for processing.

We sequenced the V3-V4 region of the microbial 
16 S rRNA genes by employing a two-stage PCR proto-
col and primers 341  F and 806R to generate amplicon 
libraries, followed by sequencing on an Illumina MiSeq 
instrument, implementing V3 chemistry (600 cycles), as 
described elsewhere [29]. DNA extraction, library prepa-
ration, and sequencing were performed by the Genome 
Research Core at the University of Illinois Chicago. 
Annotation and community state types (CSTs) were con-
ducted by University of Maryland Institute for Genomic 
Science [30], generating a biological observation matrix 
at the lowest taxonomic level identifiable. Vaginal CSTs 
were identified in a reference dataset using nearest cen-
troid classification [31]. Among 1,655 observations, the 
median read count was 28,564; n = 23 (1.4%) observations 
had < 5,000 total sequence reads and were excluded from 
analyses for potentially poor read depth.

Following removal of putative contaminants via decon-
tam, data were filtered to retain taxa that contributed at 
least 100 total sequence reads, resulting in the retention 
of 580 vaginal taxa (from 1,345 taxa in the initial observa-
tion matrix). Next, we filtered taxa based on having suf-
ficient non-zero observations, and retained those which 
had at most 98% zeroes, resulting in 219 taxa for analy-
ses. Raw sequence data (FASTQ files) were deposited 
in the National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA), under BioProject 
identifier PRJNA746243.

Targeted taxa analysis
Specific taxa were selected based on known associations 
with water source contamination, colonization of the 
gastrointestinal or genital tract, and/or relation to Lake 
Victoria. PubMed Title and Abstract fields were searched 
for manuscripts related to water source contamination, 
vaginal microbiome or microbiota, and Kenya or Lake 
Victoria. Additional searches were performed as needed 
to clarify species and clinical significance of broader 
taxa. Primarily, the studies were concerned with identify-
ing putative pathogens and those with impact on human 
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health, and are summarized in Supplemental Table  1. 
Results of the literature review were used to group 181 
taxa into 20 variables for analysis (Supplemental Table 2). 
The mean RA of targeted taxa was 3.4% and median 1.0% 
(Supplemental Table 3), with 90% of observations having 
less than 10% of total RA of the VMB attributed to these 
targeted taxa.

Statistical analyses
We examined the association of main water source 
and latrine type at home as reported at each visit with: 
(1) CST, (2) alpha diversity metrics, (3) targeted taxa of 
hypothesized importance, and (4) non-targeted taxa. This 
analysis makes use of data collected from baseline (May 2 
– July 6, 2018) through 18-month (October 3–24, 2019) 
study visits. The 24-month visit (planned April 2020) was 
missed due to the COVID-19 pandemic. Thus, data from 
study visits subsequent to 18-months were excluded from 
analysis to avoid the potential confounding introduced by 
the pandemic.

Multivariable modeling
Modeling of CST, alpha diversity, and specific taxa rela-
tive abundances employed longitudinal mixed effects 
modeling, with random effects for cluster (school) and 
participant, and with robust variance estimation. CST 
was dichotomized as CST-I vs. other CSTs, and modeled 
with binomial distribution and logit link. Alpha diver-
sity was analyzed using Shannon diversity index and 
richness, with Gaussian distribution. The relative abun-
dance (RA) of targeted taxa and selected non-targeted 
taxa were modeled with Poisson distribution and log link 
with robust variance estimation to estimate the preva-
lence rate ratio [32]. Taxa distributions were truncated at 
the 99.5th percentile to exclude observations with overly 
high influence and obtain robust results.

Multivariable models were adjusted for: assigned inter-
vention status (menstrual cup arm or control arm), base-
line SES, baseline school WASH score, and time-varying 
age, sexual activity, having transactional sex, having a 
boyfriend, cluster-level rainfall, and study visit. Because 
having a boyfriend, sexual activity, and transactional sex 
were highly correlated, selection among these variables 
was according to minimized Akaike’s information crite-
rion (AIC) and p-value. A similar approach was used to 
select between the two available values for rainfall (i.e., 
CHIRPS or IMERG). These mixed effects models were 
conducted in Stata/SE v17 using meglm for modeling 
CST, alpha diversity, and relative abundances of taxa.

Selection of non‑targeted taxa via stability selection
Among the 219 taxa, we applied a machine learn-
ing approach called  L0L2 regression within L0Learn R 

package [33], and Lasso regression within the stabs [34] 
package in R. L0Learn is advantaged to parsimoniously 
select predictors in low signal-to-noise settings, and was 
applied to 250 bootstrapped subsets of the data. Each 
subset underwent  L0L2 regression, resulting in six logistic 
models corresponding to seven water categories (bore/
lake/pipe/rain/river/stream vs. pond); for latrine type, 
there were 3 models corresponding to four categories 
(bush/traditional pit/ventilated improved pit vs. flush toi-
let). Taxa were selected using a cutoff p-value < 0.10, and 
occurrence in at least one multinomial model in more 
than 75% of the subsets. We then applied Lasso regres-
sion within stability selection, using 250 bootstrapped 
subsets of taxa and water source or latrine type, using a 
selection probability ≥ 0.85 for each taxon. We report the 
taxa common to both selection approaches to improve 
confidence in robustness of findings.

Results
Characteristics of the study sample
CaCHe enrolled a total of 436 participants, with 223 
(51.1%) in the control arm and 213 (48.9%) receiving 
menstrual cups (Table  1). Reporting piped water in the 
home was uncommon (5.3%), with a plurality reporting 
lake (19.5%), rainwater (19.3%), river (18.6%), borehole 
(16.0%), pond (14.2%) or stream (7.0%) as the main water 
source. Among latrine types at home, the most com-
mon was traditional pit (45.7%) followed by ventilated 
improved pit (39.7%), flush toilet (11.6%), and bush/field 
(2.1%). Across 1,653 observations, unspecified responses 
for latrine type (n = 4) or water source (n = 6) were 
excluded from subsequent analyses.

Association of main water source and latrine type 
with community state type
Participants with piped water had the highest propor-
tion of L. crispatus dominated CST-I (52.2–75%) across 
all visits (Fig. 1). Among latrine types, flush toilet or ven-
tilated improved pit were associated with higher percent 
of observations with CST-I (35.6–55.3% and 44.4–45.8%, 
respectively), and use of bush/field consistently had the 
lowest number of participants with CST-I (22.2–40%, 
with three of the four visits < 30%). Participants using 
traditional pit latrines showed an intermediate percent 
of observations with CST-I (32.1–41.5%). In regression 
(Table  2), participants reporting piped water (vs. pond 
water) were more likely to have CST-I (OR = 2.94, 95% 
CI: 1.08–3.82), though this attenuated when adjusted 
for all covariates (aOR = 1.61; 95% CI: 0.92–1.80). Com-
pared to participants with a flush toilet, those with all 
other latrine types were 30–50% less likely to have CST-
I, though after adjustment this was significant only for 
those with traditional pit latrines (aOR = 0.51; 95% CI: 
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Table 1 Distribution of participant characteristics by study time point

a Not all cells sum to N due to missing data
b At the 6-month study visit, n = 45 surveys were lost due to tablet failure

Variablesa Baseline, N = 436
n (%)

6  Monthsb, N = 424
n (%)

12 Months, N = 395
n (%)

18 Months, N = 398
n (%)

Intervention status

 Control arm 223 (51.2) 219 (51.6) 202 (51.1) 207 (52.0)

 Menstrual cup arm 213 (48.8) 205 (48.4) 193 (48.9) 191 (48.0)

 Median age in years (SD) 17.0 (1.31) 17.4 (1.35) 18.0 (1.28) 18.3 (1.24)

 Baseline socioeconomic status, lower quintiles 127 (29.1) 123 (29.0) 118 (29.9) 116 (29.2)

Main source of water at home

 Pond 61 (14.2) 78 (20.7) 61 (15.6) 76 (19.3)

 Borehole 69 (16.0) 42 (11.1) 66 (16.8) 65 (16.5)

 Lake 84 (19.4) 88 (23.3) 82 (20.9) 85 (21.6)

 Pipe in house 23 (5.3) 12 (3.2) 20 (5.1) 14 (3.5)

 Rainwater 83 (19.3) 58 (15.4) 65 (16.6) 78 (19.8)

 River 80 (18.6) 67 (17.8) 75 (19.1) 62 (15.7)

 Stream 30 (7.0) 20 (5.3) 22 (5.6) 13 (3.3)

 Other 1 (0.2) 12 (3.2) 1 (0.3) 1 (0.3)

Latrine at home

 Flush toilet 50 (11.6) 35 (9.3) 47 (12.0) 46 (11.7)

 Bush/Field 9 (2.1) 10 (2.7) 8 (2.0) 11 (2.8)

 Traditional Pit 197 (45.7) 237 (62.9) 245 (62.5) 228 (57.9)

 VIP 171 (39.7) 95 (25.2) 91 (23.2) 109 (27.7)

 Other 4 (0.9) 0 (0.0) 1 (0.3) 0 (0.00)

IMERG rainfall:
Median, mm (IQR)

3.7 (1.2–13.4) 2.0 (0–4.6) 0.8 (0.1–13.8) 5.2 (2.1–11.7)

CHIRPS rainfall:
Median, mm (IQR)

7.0 (0–8.3) 4.4 (0–10.2) 4.5 (0–6.7) 4.7 (2.3–5.1)

Baseline School-Level Water, Sanitation, 
and Hygiene (WASH) score (higher)

262 (60.1) 253 (59.7) 233 (59.0) 235 (59.1)

Has a boyfriend

 No 410 (94.3) 409 (96.5) 302 (77.0) 290 (73.6)

 Yes 25 (5.7) 15 (3.5) 90 (23.0) 104 (26.4)

Reports being sexually active

 No 287 (66.6) 311 (82.5) 155 (39.5) 158 (40.1)

 Yes 144 (33.4) 66 (17.5) 237 (60.5) 236 (59.9)

Reports engaging in transactional sex

 No 379 (88.1) 360 (95.5) 346 (88.3) 358 (90.9)

 Yes 51 (11.9) 17 (4.5) 46 (11.7) 36 (9.1)

Bacterial vaginosis

 Negative (Nugent score 0–6) 387 (88.8) 385 (90.8) 338 (85.6) 342 (85.9)

 Positive (Nugent score 7–10) 49 (11.2) 39 (9.2) 57 (14.4) 56 (14.1)

Vaginal Community State Type (CST)

 CST-I (L. crispatus dominant) 187 (43.3) 179 (45.5) 146 (38.1) 154 (39.1)

 CST-II (L. gasseri dominant) 12 (2.7) 9 (2.1) 9 (2.3) 6 (1.5)

 CST-III (L. iners dominant) 147 (34.0) 149 (35.4) 146 (38.1) 140 (35.5)

 CST-IV (G. vaginalis, mixed) 78 (18.2) 78 (18.5) 79 (20.6) 86 (21.8)

 CST-V (L. jensenii dominant) 8 (1.8) 6 (1.4) 3 (0.78) 8 (2.0)

Alpha diversity, mean (SD)

 Shannon diversity index 1.36 (0.88) 1.35 (0.89) 1.46 (0.85) 1.32 (0.87)

 Richness 33.3 (21.4) 31.0 (19.8) 29.1 (19.4) 30.6 (21.2)
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Fig. 1 Distribution of vaginal community state type and shannon diversity index by water source and latrine type over time. Legend: Color 
shading and intensity represent proportions of optimal community state type-I (CST-I; L. crispatus dominant) and Shannon diversity index (SDI) 
by category of water source and latrine type. A lower proportion of observations CST-I and higher Shannon diversity index are represented with red 
shades, and a higher proportion of CST-I and lower Shannon diversity index are represented with green shades, with medium values transitioning 
through yellow. Thus, for example, participants with piped water in the home consistently have the highest proportion of observations with CST-I, 
while those relying on bush/field for latrine type consistently have the lowest proportion of observations with CST-I. Alpha diversity, as represented 
here by Shannon diversity index, is less consistent over visits

Table 2 Crude and multivariable random effects analysis: factors associated with Community State Type I vs. other CST

a Simultaneously adjusted for all variables presented. Final model includes N = 433 participants and N = 1,494 observations

*p < 0.01; ^ p < 0.05; +p < 0.10

Covariates Crude Odds Ratio
(95% CI)

Adjusted Odds  Ratioa

(95% CI)

Main Water Source at Home

 Pond Reference Reference

 Borehole 0.71 (0.37, 1.36) 0.64 (0.35, 1.16)

 Lake 0.73 (0.33, 1.63) 0.64 (0.31, 1.32)

 Pipe in House 2.04 (1.08, 3.82) 1.61 (0.92, 2.80)+

 Rainwater 1.07 (0.71, 1.63) 0.89 (0.64, 1.25)

 River 0.78 (0.37, 1.67) 0.70 (0.33, 1.45)

 Stream 1.06 (0.67, 1.68) 1.00 (0.60, 1.66)

Latrine Type at Home

 Flush Toilet Reference Reference

 Bush/Field 0.52 (0.20, 1.34) 0.54 (0.19, 1.52)

 Traditional Pit 0.51 (0.24, 1.07) 0.51 (0.26, 0.99)^

 Ventilated Improved Pit 0.82 (0.51, 1.30) 0.74 (0.51, 1.07)

 Intervention Arm (vs. Control) 1.37 (1.12, 1.66) 1.42 (1.13, 1.79)*

 Age (in Years) 0.74 (0.66, 0.83) 0.77 (0.65, 0.92)*

 Baseline Socioeconomic Status (lower vs. higher) 0.66 (0.34, 1.27) 0.77 (0.46, 1.30)

 Baseline School-Level Water, Sanitation, and Hygiene (higher vs. lower) 1.12 (0.76, 1.65) 1.46 (1.00, 2.11)^

 Sexually Active 0.66 (0.42, 1.02) 0.73 (0.46, 1.18)

 IMERG Rainfall Estimate (per 10 mm) 0.98 (0.92, 1.06) 0.95 (0.91, 1.00)*

Study Visit

 Baseline Reference Reference

 6 month visit 0.87 (0.67, 1.14) 0.97 (0.70, 1.34)

 12 month visit 0.66 (0.51, 0.85) 0.96 (0.71, 1.30)

 18 month visit 0.70 (0.44, 1.13) 1.15 (0.68, 1.93)
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0.26–0.99). Among the other factors analyzed, CST-I 
was higher among participants in the menstrual cup arm 
(aOR = 1.42; 95% CI: 1.13–1.79), and those attending 
schools with better WASH scores (aOR = 1.46, 95% CI: 
1.00–2.11).

Association of main water source and latrine type 
with alpha diversity
Compared to participants reporting pond as their main 
water source at home, Shannon diversity index was 

higher for participants with all other water sources, and 
significant in the adjusted analyses for those relying on 
lake or river water (Fig. 2). Compared to those with flush 
toilets, Shannon diversity index was lower for those with 
all other latrine types, reaching significance (p < 0.05) 
for those relying on bush/field. Shannon diversity index 
also decreased with increasing rainfall. There was not a 
consistent direction of association between water source 
and richness (number of taxa present), although richness 
was significantly elevated for those relying on rivers. No 

Fig. 2 Results of multivariable alpha diversity analyses. Legend: The results of multivariable mixed effects linear regression are summarized 
in the plots above for alpha diversity measures: (A) Shannon diversity index and (B) Richness. Coefficients are represented with black diamonds, 
and 95% and 90% Confidence Intervals (CI) in blue bars, as shown in the legend. Models are simultaneously adjusted for all variables presented. 
For water sources, the reference is “pond” and for latrine type the reference is “flush toilet”
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associations between latrine type and richness reached 
significance at the p < 0.05 level. In contrast to findings 
with Shannon diversity index, richness was significantly 
decreased among participants in the intervention arm.

Results of targeted taxa analysis
In multivariable analyses, the relative abundance (RA) of 
coliform bacteria was higher in the VMB of participants 
with stream compared to pond as main water source, and 
participants using a traditional pit or ventilated improved 
pit compared to those reporting a flush toilet at home 
(Fig.  3, Supplemental Fig.  1). Relying on rainwater and 
stream water was associated with a higher RA of Escheri-
chia/ Shigella flexneri compared to pond water (p < 0.05, 
all). The RA of Escherichia/Shigella in the VMB did not 
vary by latrine type. Notably, among other factors exam-
ined, participants randomized to the menstrual cup arm 
had substantially lower RA of these species. The RA of 

Enterococcus faecalis was lower in participants using lake 
as a primary water source compared to pond and those 
using bush/field compared to those with a flush toilet in 
the home (p < 0.05, both). The RA of Staphylococcus spp. 
was lower in participants using borehole, piped water, or 
stream as compared to those using pond as main water 
source, and did not vary by latrine type. There was a 
greater RA of Campylobacter spp. in participants rely-
ing on river water compared to pond, and a lower RA in 
those who relied on bush/field compared to flush toilet.

The RA of Klebsiella spp. did not significantly differ 
by water source or latrine type, but was inversely asso-
ciated with rainfall, SES, and age. The RA of Acineto-
bacter spp. was higher among participants reporting a 
borehole as main water source compared to a pond, but 
did not vary by any other water sources or latrine type. 
Among other variables, only higher rainfall was associ-
ated with increased RA of Acinetobacter. The vaginal 

Fig. 3 Results of mixed effects multivariable poisson regression: targeted taxa association with water source and latrine type. Legend: Heatmap 
summarizing prevalence rate ratios (PRRs) for the associations between water source, latrine type, and other covariates in relation to the targeted 
taxa. The heatmap represents the direction and magnitude of the PRR for the covariates. PRRs < 1 (i.e., inverse relationship) are shaded in blue, 
and positive PRRs (> 1) are shaded in green to red, with deeper intensity representing the magnitude of the association. Covariate associations 
with p-value < 0.10 are shown in color, and those with p-value < 0.05 are indicated with an asterisk (*). Covariates associations that are not significant 
but maintained in the model for fit are shown in light grey. White space indicates the variable is not included in the model. For water sources, 
the reference is “pond” and for latrine type the reference is “flush toilet”
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RA of Pseudomonas spp. did not vary by water source 
or latrine type, and was inversely associated with sexual 
activity. Participants who used a borehole or lake as their 
main water source had higher RA of Bacteroides fragilis 
compared to those who relied on pond water. There was a 
lower RA of B. fragilis among participants who used any-
thing other than flush toilet at home, and among partici-
pants randomized to menstrual cups. A similar pattern 
was observed for Bacteroides spp.

There was a higher RA of Corynebacterium spp. in 
participants with river as the primary water source 
compared to pond. Corynebacterium spp. RA was also 
increased among those using bush/field or ventilated 
improved pit, and was decreased among participants 
reporting being sexually active, and those in the men-
strual cup arm. Of the clinically relevant Corynebacte-
rium species, a similar trend was observed in relation to 
water source and latrine type (Fig. 2). Among Corynebac-
terium species without known clinical relevance, there 
was a decrease in RA among those using a borehole as 
the primary source compared to pond and no association 
with latrine type. Fusobacterium spp. was not associated 
with water source, but there was a lower RA for those 
relying on ventilated improved pit latrines compared to 
a flush toilet, and increasing RA with increasing rain-
fall. There was greater RA of F. nucleatum in the VMB of 
those with piped water and lower RA among those rely-
ing on streams. F. nucleatum RA was decreased among 
users of traditional pit or ventilated improved pit com-
pared to flush toilet.

Streptococcus agalactiae RA was decreased among par-
ticipants who relied on boreholes or piped water com-
pared pond water, and was increased for those relying 
on bush/field, traditional pit, and ventilated improved 
pit compared to flush toilet. Viridans group Streptococ-
cus species were detected in lower RA when borehole 
or rainwater was the primary water source compared to 
pond, and when ventilated improved pit was the primary 
latrine type compared to flush toilet. The RA of viridans 
Streptococcus species was increased for participants 
reporting sexual activity, and decreased for those with 
higher SES and increasing age. The RA of Streptococcus 
pneumoniae (analyzed by the ASV including Streptococ-
cus oralis and Streptococcus infantarius) was increased 
in participants reporting piped water compared to those 
relying on pond water, and was decreased for users of 
traditional pit compared to flush toilet and lower among 
participants reporting having a boyfriend, and greater 
among participants who received menstrual cups.

Results of non‑targeted analyses
The union of L0Learn and Lasso applied within stability 
selection identified the following taxa differed by water 

source: Porphromonas somerae, Staphylococcus homonis/
hamolyticus/simulans, Facklamia hominis, Peptoniphilus 
coxii, and family Prevotellacceae (Supplemental Fig.  2, 
Supplemental Table 3). The VMB RA of Porphyromonas 
somerae was increased for users of borehole, pipe, rain-
water, river, and stream, and was decreased among those 
with flush toilet. Staphylococcus hominis/haemolyticus/
simulans had lower RA in participants who reported rely-
ing on river water, traditional pit and ventilated improved 
pit. Facklamia hominis RA was increased among partici-
pants who reported lake as main water source, and was 
not associated with latrine type. Despite being identified 
through stability selection, Peptoniphlus coxii was not 
associated with water source or latrine type in adjusted 
models. The RA of Prevotellaceae was increased among 
participants relying on borehole for water source, and 
decreased for those relying on lake water.

The intersection of stability selection using L0Norm 
and stability selection using Lasso identified two taxa 
differing by latrine types: Sneathia sp. and Corynebac-
terium urealyticum. In multivariable adjusted analyses, 
the RA of Sneathia sp. was reduced among participants 
reporting piped or stream as home water source, and 
increased with all latrine types compared to flush toilet, 
though most so for participants relying on bush/field. 
Corynebacterium urealyticum RA was reduced for par-
ticipants reporting using bush/field at home, and did not 
vary by water source.

Discussion
Vaginal microbiome composition was found to vary by 
water source, latrine type, and rainfall independent of 
age, socioeconomic status, sexual activity, school WASH 
score, and menstrual hygiene management. In non-
targeted analyses via stability selection, several known 
vaginal commensals as well as Porphyromonas somerae 
(typical bovine rumen), opportunistic pathogens (Pep-
toniphilus coxii, Facklamia hominis) were identified to 
vary by water source and latrine type.

The likelihood of having CST-I, considered optimal for 
VMB, was highest amongst participants with pipe water 
in their house. This is consistent with prior studies show-
ing lower rates of BV among women with a protected 
water source in their home [18, 19]. This is potentially 
due to contamination of unprotected water sources with 
bacteria from human and animal waste (as summarized 
in Supplemental Table  1). Our study of water quality in 
five sub-locations in Ahero County, another county in 
western Kenya approximately 90 km from Siaya County, 
measured home water sources: 42.9 − 87.5% had unsafe 
drinking levels of coliform bacteria (≥ 1 coliform/100 
mL E. coli) in both open defecation free (ODF) and non-
ODF locations [35]. Thus, if water sources in the study 
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locations in Siaya are similarly contaminated, this could 
explain the recovery of these bacteria from VMB in rela-
tion to water source.

Associations of richness and Shannon diversity index in 
relation to water source and latrine type were sometimes 
divergent. For example, surface water sources including 
river and lake were associated with increased alpha diver-
sity, although stream was associated with lower diversity, 
and Shannon diversity index was lower for participants 
reporting bush/field as their primary latrine type. These 
results were somewhat unexpected as more diverse 
VMB has been commonly associated with CST-IV [13], 
and participants reporting piped water and flush toilets 
were more likely to have with CST-I. Additional work is 
needed to evaluate the relative influence of water source 
and latrine type on VMB diversity vs. specific pathobi-
onts and CST.

Consistent with CST analysis results, compared to 
pond water, improved water sources including bore-
hole and piped water were associated with lower RA of 
potentially pathogenic bacteria overall including Strepto-
coccus agalactieae (“group B strep”), and Staphylococcal 
species. Interestingly, borehole but not piped water was 
associated with a lower RA of both viridans group strep-
tococcal species and Enterococcus faecalis. While it is not 
clear why this difference would be present for the bore-
hole water source but not piped water, it may be related 
to the small number of participants with pipe as the pri-
mary water source, reducing validity and reliability of the 
observed association. Borehole was also associated with 
increased RA of Acinetobacter spp., Bacteroides fragilis, 
and Fusobacterium nucleatum. As Acinetobacter bau-
mannii is a well-known colonizer of hospital plumbing 
[36], it may also colonize borehole associated pipes and 
faucets. While pipe colonization is not well-described 
for Bacteroides fragilis and Fusobacterium nucleatum, 
both of these organisms are known to form biofilms [37, 
38], which may similarly permit colonization of water 
sources. Further study of colonization of pipes and fau-
cets used to extract water across these sources is needed.

Use of river as the primary water source was associated 
with increased RA of Corynebacterium spp., class Gam-
maproteobacteria, and Campylobacter spp., and relying 
on stream water was associated with increased RA of 
coliform bacteria and Escherichia/Shigella, possibly from 
groundwater contamination or direct anthropogenic 
contamination of surface water, with identification of 
these taxa in several studies of groundwater near Kisumu 
and Lake Victoria [39, 40]. Participants reporting rainwa-
ter as their main source of water had notably higher RA 
of Escherichia/Shigella flexneri in the VMB. This is con-
sistent with prior studies showing high rates of point of 
use contamination of rainwater [41].

As water source and SES are known to be associated 
[42], and given epidemiologic associations between water 
conditions in relation to BV [16, 17, 19], it is possible that 
water source and associated microbial contamination, 
has a direct contribution to non-optimal VMB. Con-
versely, as these organisms are commensals of the gastro-
intestinal tract, detection in the VMB could be a result of 
bacterial transfer from the rectum/gastrointestinal tract 
rather than direct exposure to water. In a cohort of preg-
nant women in Japan, BV-associated bacterial species in 
the vagina and rectum were correlated, and authors pos-
ited that the rectum served as an extragenital reservoir 
for these bacteria [43]. In a case control study of women 
infected with C. trachomatis comparing VMB among 
those with concomitant rectal infection to those with 
cervical infection only, approximately 60% of taxa pres-
ence was similar between rectal and vaginal microbiome 
[44]. Because the main water source used at home likely 
serves multiple purposes (e.g., drinking, bathing, wash-
ing, cooking), future studies need to assess these uses, 
practices of water treatment (e.g., filtration, boiling, chlo-
rination), and correlation with gut/rectal microbiome.

In non-targeted analyses, several taxa varied by water 
source and latrine type. Notably, non-targeted analy-
ses did not identify typically dominant vaginal taxa, 
such as Lactobacilli species or Gardnerella vaginalis. 
This suggests that while water source and latrine type 
may contribute to VMB composition, they are unlikely 
to be primary drivers of dominant VMB composition. 
As noted, the mean RA of targeted taxa was just 3.4% 
and even less for the non-targeted taxa (Supplemental 
Table 3). However, in approximately 5% of observations, 
targeted taxa accounted for more than 15% of the over-
all RA, and often yielded high RAs of enteric bacteria, S. 
agalactiae, and Staphylococcus. These bacteria are associ-
ated with aerobic vaginitis (AV) [45], a condition which is 
distinct from BV but similarly associated with increased 
inflammation [46] and a range of clinical implications, 
including preterm birth, low birth weight, and puerperal 
sepsis [47]. Future analyses will examine the association 
between these taxa and adverse birth outcomes in this 
cohort.

Increased rainfall was associated with increased RA 
of Acinetobacter spp., Bacteroides spp., class Gam-
maproteobacteria, and Fusobacterium spp. (excluding F. 
nucleatum) as well as decreased odds of CST-I. This is 
consistent with prior studies showing increased micro-
bial contamination of water following increased rainfall 
[48] as well as decreased use of improved water sources 
during periods of heavy rainfall [49]. Unexpectedly, while 
CST-I and rates of specific contaminants increased, 
alpha diversity decreased; the meaning of this is unclear. 
It is likely other factors modify the association between 
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rainfall and vaginal microbiome, operating through 
household- specific water source and WASH impacts.

Among other factors evaluated, randomization to men-
strual cups was associated with increased odds of CST-
I, in keeping with previous findings [26]. Sexual activity 
was associated with reduced RA of Corynebacterium 
spp., Fusobacterium spp. excluding Fusobacterium nucle-
atum, Streptococcus pneumoniae and an increase in the 
RA of Streptococcus viridans; reduction in these mostly 
enteric pathogens with onset of sexual activity may be 
related to competition from introduction of new bacte-
ria as sexual activity is known to increase diversity of the 
VMB [9, 14, 50].

We found that latrine type varied over time in 34.9% 
of reports, with 55.3% stemming from shifts between 
traditional pit latrine and VIP latrines: 22.0% from tra-
ditional to VIP; 33.3% from VIP to traditional. The Ken-
yan government has been scaling community led total 
sanitation (CLTS) since 2011 [51]. Often more than one 
round of CLTS is needed: latrines periodically collapse 
and are in need of rebuilding [52], or inevitably fill and 
need emptying [53, 54]. More well-resourced households 
are more likely to transition from traditional pit latrine 
to improved pit latrine [55]. Future study of the impact 
of latrine type on VMB should include direct observa-
tion of latrine types, including their structural properties 
(e.g., duration of use, type of slabs), and extent of sharing. 
Water source varied over time in 45.5% of reports. High-
lighting the precariousness of this resource, frequent 
variability in water source is in keeping with previous 
studies in Kenya, and stems from use/availability ratio, 
climate variability, and resource degradation, among sev-
eral other factors [56]. Future study will need attention 
to definitions of the water service ladder (e.g., protected, 
unprotected, collection times, safe management) for 
comparability to Sustainable Development Goals, and for 
more refined understanding of water source contribution 
to VMB.

Future study of the impact of water source on VMB 
requires contemporaneous and repeated water and VMB 
assessment to differentiate transient presence from habi-
tation of GI-related bacteria. Such studies must also 
incorporate functional analyses to determine whether 
vaginally atypical bacteria have altered function, and 
whether differential mucosal immune responses are elic-
ited. Metagenomic studies of streams and rivers have 
demonstrated a variety of microorganisms, including 
fecal bacteria and antibiotic resistant bacteria and path-
ogens, and different functional dynamics of the water 
microbial communities. The taxonomic and functional 
composition of these natural water sources changes with 
effluent and stormflow events, and the impact on human 
health is unknown. For example, the abundance of gene 

content related to pathogenic processes and relative 
abundance of antibiotic resistance genes in urban rivers 
have been shown to differ before and after rain falls [57]; 
if rainfall leads to increases in pathogenesis, exposure to 
these water sources could plausibly contribute to vagi-
nal dysbiosis. Therefore, prospective studies with user 
location-matched and contemporaneous water sampling 
in relation to VMB are necessary to verify the potential 
direct transfer of bacteria, complemented with behavio-
ral assessments to understand mechanisms of exposure. 
A systematic sampling design at the watershed scale and 
during different weather regimes to survey the different 
water sources for their microbiome will enable a robust 
estimation of the factors and sources contributing to the 
assembly of these aquatic microbial communities, and 
the potential public health risks involved [40, 58, 59]. 
Shotgun metagenomics will help in linking the microbial 
phylogenetic information with the functional gene con-
tent of these microbial communities [60].

Improved WASH is a public health priority [22], and 
the impact on reproductive tract health is of growing 
importance due to climate change and increasing fre-
quency of extreme weather events and water scarcity. 
While the effects of climate change on HIV epidemiol-
ogy have been evaluated, the conceptual framework has 
focused on broader structural factors including degrada-
tion of infrastructure, increased migration, food insecu-
rity, and increased sexual risk behaviors including sexual 
violence and transactional sex [61, 62]. To our knowl-
edge, no studies have been published on the direct effect 
of climate change on the biology of STI/HIV transmis-
sion, as BV and a non-optimal VMB are significant risk 
factors for transmission of HIV, STIs, and adverse preg-
nancy outcomes.

Limitations
This study capitalizes on reported sources of water and 
latrine type in the home and examines them in rela-
tion to VMB in a large sample of adolescent girls and 
young women, measured prospectively for 18 months. 
We did not collect water samples to verify the presence 
of the bacteria identified by 16  S rRNA gene ampli-
con sequencing, nor do we have direct observations of 
water treatment (e.g., boiling, chlorination, filtering) or 
latrine conditions to verify type and other WASH fac-
tors, such as availability of water, soap, and shared use 
(e.g., private household latrine vs. community or shared 
latrine). While we observed that VMB composition var-
ied by reported main water source and latrine type at 
home, there were inconsistencies across associations, and 
this may be due to misclassification or differences from 
one home to the next: e.g., the microbial composition 
of water from different points along Lake Victoria have 
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been shown to vary [39]; water from a borehole serving 
a particular location could have different conditions and 
microbial composition than water from a borehole a few 
kilometers away. Despite these limitations, our adjusted 
analyses demonstrate a potentially impactful role for 
water source, latrine type, and rainfall in VMB health 
that provides rationale for intentionally designed pro-
spective study.

Conclusions
This study observed associations between water source, 
latrine type, and rainfall on the VMB composition, 
through alterations in CST and detection of pertinent 
taxa. If water source, latrine type, and rainfall contribute 
to non-optimal vaginal microbiome composition, then 
current and planned therapeutics (e.g., antibiotics, live 
biotherapeutics) may be less effective or have reduced 
durability in populations whose VMB is continually 
exposed through the environment. We recommend pro-
spective studies of water source, latrine type, climate, and 
other WASH factors in relation to VMB, to better inform 
structural and individual interventions to optimize VMB 
and reproductive tract health.
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