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Abstract

Objective: The effects of sanitation and hygiene interventions on the gut microbiome and enteric
pathogen burden are not well understood. We measured the association between free chlorine
residue (FCR) levels in drinking water, microbiome composition, and stool enteric pathogens in
infants and young children in Haiti.

Methods: FCR levels were measured in household drinking water and enteric pathogen burden
was evaluated using multiplex RT-PCR of stool among 131 children from one month to five
years of age living in Mirebalais, Haiti. Microbiome profiling was performed using metagenomic
sequencing.

Results: Most individuals lived in households with undetectable FCR measured in the drinking
water (112/131, 86%). Detection of enteric pathogen DNA in stool was common and did not
correlate with household water FCR. The infant microbiome in households with detectable FCR
demonstrated reduced richness (fewer total number of species, 2= 0.04 Kruskall-Wallis test) and
less diversity by Inverse Simpson measures (P = 0.05) than households with undetectable FCR.
Infants in households with a detectable FCR were more likely to have abundant Bifidobacterium.
Using /n vitro susceptibility testing, we found that some Bifidobacterium species were resistant to
chlorine.

Conclusions: FCR in household drinking water did not correlate with enteric pathogen burden
in our study.

Keywords
Gut microbiome; Chlorine; Infant microbiome; Free chlorine residual

Introduction

Repeated episodes of diarrhea cause stunting, and occur primarily in young children who
lack access to safe water, adequate sanitation and healthcare [1,2]. Diarrheal disease remains
a leading cause of death in children under 5 in Haiti [3], where the lack of safe water is
manifested by an ongoing cholera outbreak that is associated with a high attack rate among
young children [4].

While large scale public sanitation and water infrastructure has eliminated the transmission
of waterborne pathogens, the impact of household-based water, sanitation, and hygiene
(WASH) interventions on individual health is less clear. For example, point-of-use addition
of chlorine to drinking water to maintain a level of =0.2 mg/L for pathogen inactivation, is
considered a cornerstone of many WASH efforts [5,6], yet specific impacts on overall health
remain unclear. A 2015 metanalysis of more than 30,000 participants estimated that home
chlorination products resulted in a 23% reduction in the relative risk of diarrheal illness,

but the evidence was considered low quality [7]. Since then, three rigorous clinical trials of
household WASH interventions showed that combined point-of-use interventions, including
household water chlorination, did not reduce stunting in young children [8-10].
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Beyond a reduced likelihood of infection from specific pathogens [11], the other impacts of
chlorinated water are not well understood. For example, an intact and diverse gut microbiota
can prevent malnutrition and enteric infections [12], and specific gut microbial profiles

are correlated with susceptibility to diarrheal pathogens [13,14]. Few studies have directly
assessed the relationship between chlorinated household water and the gut microbiota. In
one study, after one year of chlorinated water exposure, children had an increased abundance
of microbes thought to be beneficial for gut health, and chlorine did not appear to alter
overall diversity of the microbiome in treated children compared to untreated children [15].
The goal of our study was to gain a deeper understanding of the effect of chlorinated water
on the gut bacteria, we measured the gut microbiome in a sample of children <1 to 59
months of age in the Centre Department of Haiti. Here, we identified specific gut microbial
groups that may be impacted by chlorinated drinking water. Detectable FCR levels were

not associated with enteric pathogen burden but were correlated with reduced microbial
diversity and a higher abundance of Bifidobacterium in infants < 12 months of age. To
determine whether this association had a potential biological basis we evaluated chlorine
resistance in Bifidobacterium strains and compared this with other commensal bacteria using
isolates obtained from an independent cohort of healthy individuals from Bangladesh.

Recruitment and enrollment

Participants were recruited in Mirebalais, a community in the Central Plateau of Haiti,
between May and July 2017, as part of a larger cross-sectional study conducted in the
context of a public health campaign on the feasibility of a dual intervention combining oral
cholera vaccine and household water treatment. During a census for this campaign, a subset
of households was randomly invited to participate in a clinical and demographic survey, and
a subsample of households with young children < 1-59 months of age were selected for
bacteriologic assessment with consent of a parent/guardian.

Household questionnaire and interview procedures

Household questionnaires pertaining to household WASH practices, food security, nutrition,
and vaccinations were administered, and direct observation was conducted by trained study
staff. Diarrhea was defined as 3 or more watery stools in 24 hours. Middle upper arm
circumference (MUAC) was measured by trained staff. Key WASH variables assessed

by direct observation included access to hand washing facilities, type of toilet, and trash/
garbage around the home environment.

Household water collection and chlorine measurement

Water was collected from the household’s main drinking water storage unit as identified by
the head of household, and immediately tested in the field by trained staff. Levels of free
chlorine were measured using the LaMatte Chlorine Kit by a trained laboratory technician.
Briefly, a chlorine diethyl-p-phenylenediamine #1 tablet was added to 5 mL of the water
sample and mixed until fully dissolved. The sample was then viewed using the OctaSlide
Viewer using a color standard and the ppm (or mg/L) was recorded as free residual chlorine
(FCR). Measures of <0.2 mg/L were at the limit of detection of the kit and referred to as
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undetected (und.). FCR values greater than 0.5 mg/L were defined as “high” in this analysis,
based on the range of FCR observed in the household drinking water in our study.

DNA extraction from rectal swabs

Two sterile flocked rectal swabs were obtained in the field from each participating child
between <1 and 59 months and stored frozen at —80°C until they were shipped to the
Massachusetts General Hospital, Boston, USA, for microbial DNA extraction and additional
analysis.

In Boston, USA genomic DNA from rectal swabs was isolated using the PowerLyzer
PowerSoil kit (Qiagen) per the manufacturer’s instructions. Briefly, swabs were treated

with a lysis buffer and incubated at 95°C for 10 minutes prior to bead beating for 10
minutes. DNA was eluted in 100 pL of molecular-grade water. Half of the eluate was
submitted for metagenomic sequencing, and the remainder was retained for enteric pathogen
gPCR. Microbiome sequencing and analysis and qPCR methods are in the Supplementary
Methods. Whole-genome sequencing data can be found with NCBI Bioproject number
PRINA1067625 through the Sequence Read Archive.

Chlorine disc diffusion assay

Statistics

We used bacteria representative of specific groups (see Results) to test gut microbe
susceptibility to chlorine. Because bacterial isolates from our study participants were

not available, we used bacterial isolates from the stool of study participants from
Bangladesh because Bangladesh is also a cholera-endemic area. Isolates are described in the
Supplementary Methods. Using the Kirby-Bauer Disk diffusion method, we applied variable
concentrations of sodium hypochlorite (NaOCI) solution, a compound commonly used for
water purification and surface cleaning; treatment of drinking water with <10 Nephelometric
Turbidity units (NTU) with 1.88 mg/L NaOCI maintains an FCR = 0.2 mg/L for 24 hours
[16]. Bacterial strains were grown from frozen glycerol stocks streaked onto the specified
agar at 37°C for 48 hours (Supplementary Table 1). To mimic the intestinal environment,
liquid cultures for this experiment were incubated in anaerobic conditions at 37°C. Single
colonies were inoculated into 5 mL of supplemented Brain-Heart-Infusion broth. After 48
hours, 100 L was plated as a lawn onto a TSA (Tryptic soy agar) plate. Filter paper

discs were treated with NaOCI solution, as described below, and placed on streaked agar
plates and incubated anaerobically. After 48 hours, we measured the zone of inhibition,
defined as the distance between the edge of the disc to the edge of bacterial growth ring.
Filter paper antimicrobial susceptibility discs (Oxoid, Thermo Scientific) were aseptically
inoculated with 20 uL of NaOCI solution (Fisher) at 6%, 3%, and 1% concentrations.

The highest concentration was selected to approximate the concentration used in many
household cleaning materials [16]. A disk treated with phosphate buffered saline (Corning)
was used as a control.

Statistical analyses and figures were prepared in Prism v9.2 (GraphPad Software, San Diego,
CA). Comparisons of enteric qPCR results between age groups and FCR levels were tested
using multiple T-tests (Mann-Whitney). One-way ANOVA was used to compare richness
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and Inverse Simpson measures between FCR levels, and analysis of molecular variance
(AMOVA) (a non-parametric analysis of variance) was performed on microbiome data using
Bray-Curtis distances at the specified bacterial ranks. Comparing relative abundance of
select microbial families was tested using 2-way ANOVA. One-way ANOVA was used to
test differences between the zones of inhibition in chlorine /n vitro assays.

Participant characteristics and WASH practices

We enrolled 131 participants <1 to 59 months of age from 108 households in the Centre
Department of Haiti. Participants were grouped into two pre-determined age strata based

on established observations of gut microbiota differences in young children [17]. Among
participants, 41 were infants, defined as children < 12 months of age (31%) and nearly half
reported watery diarrhea in the previous two weeks (18/41, 44%, Table 1). Among young
children, defined as >12 to 59 months), less than 30% reported watery diarrhea in the two
weeks prior to the interview (26/90). Most households of infants and/or young children were
found to have undetectable FCR at the time of the interview (32/41, 78% and 80/90, 88%,
respectively, Table 1). We did not find a relationship between report of recent diarrhea and
household FCR level (Odds of detectable FCR in drinking water in a household in which the
child experienced diarrhea within two weeks, 2.46, 95% CI 0.89-6, 2= 0.08, Fisher’s exact
test).

Very few study participants had evidence of malnutrition as measured by MUAC, and most
participants had received vitamin A and zinc supplements during the prior six months by
report (Table 1). Among the infants enrolled, 82% were currently breastfeeding (34/41)
and 18% of young children were currently breastfeeding (16/90); information on exclusive
breastfeeding was not collected. Toileting infrastructure in the study households included
flush toilets, pit latrines, and no toilet (Table 1). Soap use in the household was reported by
the parent/guardian (Table 1).

Enteric pathogen burden was not associated with FCR

Presence of enteric pathogen DNA was measured using a multiplexed probe-based qPCR
assay. In this study population, EAEC was highly prevalent among infants (36/41, 88%)
and young children (64/90, 71%) (Figure 1). C. jejuniwas the second most abundant
detected pathogen among infants (20/41, 49%) while ETEC was second most abundant
among young children (27/90, 30%). The DNA of other several other selected enteric
bacterial pathogens was detected rarely, including C. coli, Salmonella, Shigella, V. cholerae,
and Cryptosporidium. FCR levels did not correlate with the presence or quantity of
enteric pathogen DNA in either group (Supplementary Figure 1). Individual pathogen-
specific virulence genes were measured and did not differ between observed FCR levels
(Supplementary Figure 2). We found no difference in pathogen DNA abundance in stool
between high and low FCR households.
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Gut microbial community structure corresponded with age, breastfeeding status, and

household

As expected, the gut microbial community structure varied by age and by breastfeeding
status (BF). Infants had higher levels of Actinobacteria and lower overall diversity

by Inverse Simpson Index, a measure that quantifies average proportional abundances
(Supplementary Figure 3a—c). The overall community structure between the infants and
young children’s fecal microbiota differed (ANOVA, £< 0.001, Supplementary Figure
3d). Breastfeeding is known to be correlated with specific bacterial groups in the infant
gut microbiota [18]. We found that in comparing BF status among all ages, there

were differences in gut microbial composition in the BF group that were similar to

the infant microbiome, while the non-BF group microbial composition of infants more
closely resembled that of the young children (Supplementary Figure 4a). However, the
magnitude of microbiome structure difference between age groups was more prominent
than the differences attributable to breastfeeding (F test ratio of variance comparing
group means of BF versus non-BF, relative to within-age group variability. Infant F test
=9.04; Young Children, F test = 11.06). We also examined gut microbial community
clustering (“relatedness™) by household in order to account for household similarities in
the microbiome. We found that participants from the same household did not demonstrate
significant clustering (analysis of similarity, ANOSIM, P = 0.45, Supplementary Figure
4b). Compared to infants, young children overall had higher gut microbial diversity

and increased Firmicutes, with less Actinobacteria and Bifidobacteriaceae (Supplementary
Figures 3, 5).

Free chlorine residual levels in drinking water correlated with differences in infant

microbiome

Infants in households with high FCR in household drinking water were found to have
decreased species richness, indicating that fewer unique species were present within the
microbiome (P = 0.04, Figure 2a). Overall species diversity, measured using the Inverse
Simpson index to assess richness and evenness of the microbiome population, revealed
decreased diversity in infants from high FCR households (mean + SD= 5.9 + 3.7) compared
to infants in households with undetectable FCR (13.02 + 8.9, Mann-Whitney t-test, P=
0.045, Figure 2b). The microbial composition of individuals from high FCR households
was tightly clustered (composition was more similar to one another) compared to infants
from households with undetectable FCR, and the overall compositions of these two

groups were significantly different (measured by the distance from the centroid of the
principal coordinates analysis (PCoA) ellipses, AMOVA, P=0.049, Figure 2c). The gut
microbiota of infants in this study population was dominated by Bifidobacteriaceae (Figure
2d). Additionally, visualization of microbial abundances in participants from households
with undetectable FCR had a high stool abundance of Firmicutes families including
Streptococcaceae, Lachnospiraceae, and Ruminococcaceae compared to individuals from
households with high FCR (Figure 2d). To understand which bacterial families were
responsible for the divergence of PCoA axes between these groups, we calculated the
Pearson correlation coefficient of each bacterial family and found that the presence

and/or abundance of Bifidobacteriaceae drove overall gut microbial variation in individuals
leftward along the horizontal axis of the PCoA (position on axis1, —0.968, £< 0.001, length

Int J Infect Dis. Author manuscript; available in PMC 2024 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chac et al.

Page 7

from center = 0.985, Figure 3a). Conversely, participants from households with a high FCR
had significantly lower Streptococcaceae abundance (Figure 3b). Based on these results,
we hypothesized that Bifidobacteriaceae may be more resistant to free chlorine than other
abundant gut microbial species.

The gut microbiota did not differ based on WASH practices

The gut microbiota community composition of young children did not differ by household
water FCR levels (Supplementary Figure 5). Toilet type and staff observation of garbage
around the household were not associated with differences in gut microbiome diversity or
community structure in either group (Supplementary Figures 6, 7). In this study population
with limited sample size, we also did not find microbiome variation between sexes, children
reported to have diarrhea in the two weeks prior to interview, or those who reported taking
Vitamin A or Zinc supplementation (Supplementary Figures 6, 7).

Bifidobacterium species were resistant to chlorine killing compared to other commensal
gut microbes

To test our hypothesis of gut microbial resistance to chlorine in the infant gut

microbiota, we measured bacterial susceptibility to killing by chlorine. In our analysis of
common gut microbes identified in this population, species in the Streptococcaceae and
Enterobacteriaceae families demonstrated dose-dependent growth inhibition by chlorine
(Figure 4). Streptococcal species S. salivarius and S. agalactiae were associated with the
highest axis1 values when we mapped species onto the infant level microbiota PCoA

by FCR level (Supplementary Figure 8). Based on these observations, we suspected that
the PCoA axisl was inversely correlated with chlorine susceptibility. Consistent with this
finding, Enterobacteriaceae species were also highly susceptible to chlorine and associated
with high axis1 values.

We found that two Bifidobacterium strains, B. adolescentisand B. longum, exhibited little
to no growth inhibition to chlorine (Figure 4). Additional strains were tested, and this
pattern was consistent across both species (Supplementary Figure 9). When mapped onto
the species-level infant gut microbiota by FCR, B. longum was found to have negative

axisl values, as expected, demonstrating a negative correlation between FCR and B. longum
presence. Few other gut microbes in this cohort demonstrated the same presence/absence
pattern according to FCR level (Supplementary Figure 9).

Discussion

Efforts to reduce the incidence of enteric infections through access to safe water and
sanitation are critical for reducing childhood morbidity and mortality. Although treatment of
water through chlorination is a widely utilized intervention for reduction of enteric pathogen
burden [6,19,20], few studies address how chlorination affects the gut microbiome, a host
factor that is critical for resistance to infection. Here we assessed the gut microbiome

of infants and young children in central Haiti, in the context of WASH interventions
including chlorination of household drinking water. Despite provision of chlorine tablets

as part of a public health intervention, and an ongoing epidemic of cholera in the country,

Int J Infect Dis. Author manuscript; available in PMC 2024 October 24.
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most households did not have detectable FCR in the household water. We did not find

a relationship between FCR level in household water and report of recent diarrhea or of
enteric pathogen genomic DNA in rectal swabs, and we observed that the gut microbiota of
infants in high FCR households was skewed towards bacterial species typically associated
with a healthy gut microbiota. Furthermore, the microbiome composition of infants in high
FCR households included a higher abundance of Bifidobacterium, a bacterial group that was
more resistant to killing by chlorine than other gut microbes.

We found that overall, young Haitian children had a Firmicutes-dominant microbiome
with high species diversity, while infants had higher abundance of Bifidobacterium.
Breastfed infants typically have a Bifidobacterium-dominant gut microbiota, distinct from
non-breastfeeding infants and young children [17,21]. This relationship is thought to exist
because Bifidobacteria assist in digestion of human milk oligosaccharides, and flourish in
the setting of breastmilk [22]. As the infant grows and ingests other sources of nutrition,
the gut microbiome typically increases in diversity and develops a Firmicutes-dominant
phenotype [21]. Although the gut microbiome in breastfed compared to non-breastfed
infants has not been previously studied in Haiti, our results are consistent with this pattern.

In a substudy of a randomized trial of chlorinated drinking water (mean FCR of 0.37 mg/L)
or control (trace amounts of vitamin C) in urban Bangladesh, the gut microbiota in children
six months to five years of age was minimally impacted one year after the intervention [15].
The parent trial found that chlorination of drinking water reduced diarrhea prevalence [20],
but surprisingly, the substudy investigators found no change in qualitative enteric pathogen
nucleic acid detection in children in the intervention arm. Investigators found that microbiota
clustering and decreased richness within the water chlorination group was observed only
among children 15-30 months of age, and not in younger children in the study [15]. Our
study detected a similar trend of microbiota clustering and decreased richness and diversity
but only in the youngest age group (infants < 12 months) in households with detectable FCR
in drinking water.

Our results indicate that the gut microbiota of infants in detectable FCR households,
compared to those in undetectable FCR households, support an increased Bifidobacteriaceae
abundance with less Streptococcaceae and Enterobacteriaceae. The latter two bacterial
families are associated with a maturing childhood microbiota [21,23]. Thus, the high

FCR household infants were more likely to have tightly clustered and Bifidobacteriaceae-
dominant gut microbes that typically represent a healthier early-stage microbiome [21,24].
The clinical significance of our findings includes that Firmicutes families including
Lachnospiraceae and Ruminococcaceae are known to be markers of a “transitioning”
microbiome, and this change occurs as breastfeeding is reduced and solid foods are
introduced. Our susceptibility testing demonstrated that Bifidobacteria spp. are indeed
resistant to high concentrations of chlorine [25], and this finding supports our hypothesis
that Bifidobacteriaceae were responsible for the FCR-dependent differences we observed

in the gut microbiota of infants. In infants exposed to water with detectable FCR, we
suspect that non-Bifidobacteria bacterial groups are suppressed, allowing for maintenance
and dominance of Bifidobacterium for a longer time period compared to infants from
households with undetectable FCR. This may be beneficial, because premature transition of
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the stages of development of the infant microbiome are known to have long-term detrimental
effects [23,26].

We found no significant differences between cross-sectional FCR and the participant’s
report of recent diarrhea or in enteric pathogen burden. Small sample size and our method
of detecting enteric pathogens using molecular DNA that does not reflect a disease state[27]
may have prevented us from accurately assessing these relationships. Diarrhea is common

in this population, likely due to exposures outside of drinking water, inconsistency of water
chlorination over time (and not accurately reflected in a single household measurement),

or other non-measured intrinsic characteristics of the household water that impact the
effectiveness of chlorination, such as high turbidity [16], temperature, pH, and duration

of storage [6,28]. We did not collect data about exclusive breastfeeding, or the manner

in which breastfeeding infants may have been exposed to household water. Future studies
would with more detailed questionnaires regarding breastfeeding and food consumption with
household water FCR measurements would better inform potential microbiome confounding
factors. Nonetheless, our findings suggest that household drinking water FCR did impact
infant microbiomes, and this may have occurred via formula or prepared food exposure,
bathing, primary caregiver hygiene, and use of utensils. Additional limitations include the
self-reported nature of questionnaire variables that could include recall bias. The strains
tested in our /n vitro assay are a proxy for the species of abundant commensal microbes
found in the gut in this population, and further testing of different strains within the species
tested is needed to draw conclusions about chlorine susceptibility in a specific species or
genus of gut microbes.

The resurgence of cholera in Haiti as of October 2022 is primarily impacting children 1

to 4-years old who lack previous exposure [29]. Increasing chlorination of public water
supplies and provision of chlorine tablets is a key objective in the National Plan for the
Elimination of Cholera in Haiti [30], and access to safe water is essential to contain these
outbreaks and reduce transmission of other diarrheal diseases. While this study demonstrates
that a detectable FCR in household drinking water does not negatively affect the childhood
or infant gut microbiome composition and may prevent early maturation of the infant
microbiome, a detectable FCR was not associated with a reduction in enteropathogen
burden. This finding underscores the need to understand how point-of-care interventions and
household water chlorination impacts human health in all areas where safe water access is
unreliable, and to identify and intervene upon other sources of enteropathogen transmission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Infants Young Children

N=41 % N=90 %
EAEC 36 88 64 71
ETEC 13 32 27 30
C. jejuni 20 49 24 27
C. coli 6 15 2 2
Salmonella 3 7 4 4
Shigella 3 7 9 10
V. cholerae 0 0 1 1
Cryptosp. 3 7 6 7

Semi-quantitative pathogen load in participant stool. Measured by multiplex qPCR, enteric
pathogen burden is represented as quantification PCR cycles, with limit of detection at 35
cycles.3* (a) Quantification cycle of pathogen with each dot represents one participant and
mean is shown with the horizontal red line. Multiple T-tests (Mann-Whitney), all g values
>0-05 after multiple comparisons FDR. (b) Table of pathogen detection in percentage of
participants. EAEC: Enteroaggregative E. coli, ETEC: Enterotoxigenic E. coli, C. jejuni:

Campylobacter jefuni, C. coli: Campylobacter coli, V. cholerae: Vibrio cholerae, Cryptosp.:

Cryptosporidium. Infants were defined as <12 months of age, and young children were

defined as 12-59 months of age.
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Figure 2.

Infants in households with high FCR in the drinking water have a less diverse microbiome.
Rectal swabs of participants were sequenced for bacteria using whole-genome sequencing.
(a) Species richness with Kruskall-Wallis test and Dunn’s multiple comparisons test, P=
0.04 between undetected (Und.) and >0.5 FCR groups. (b) Alpha-diversity using Inverse
Simpson by Kruskall-Wallis test (£ > 0.05). Mann-Whitney test of Und. and >0.5 FCR, P
= 0-045. Data shown as mean = SEM; each dot resembles a participant. (c) Beta-diversity
using Bray Curtis Dissimilarity index at the family level; values in parentheses are percent
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explained by axes and ellipses drawn on 95% CI; £= 0.049 for AMOVA comparison of
ellipse centroid position. Three samples with FCR of 0-2 are removed because sample size is
insufficient for the comparison. (d) Heatmap representation of family-level abundance (top)
and enteric pathogen burden (bottom) per participant.
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Figure 3.
Infants in households with high FCR were predominant in Bifidobacteriaceae. (a) PCoOA

of Bray-Curtis Dissimilarity index using family-level identification of infant microbiota;
values in parentheses are percent explained by axes. Correlation coefficients were calculated
for each taxonomic family and plotted overlying the individual study participant PCoA.
Triangles = Shading represents FCR levels in households, and one triangle is shown

per individual. Circles = bacterial families. Only bacterial families with greater than 1%
microbial abundance and a Pvalue < 0-01 Pearson correlation coefficient are shown. (b)
Relative abundance of 3 abundant microbial families shown by FCR levels. Mann-Whitney
test of Undetected (Und.) and >0-5 FCR is shown; 2way ANOVA comparison among all
three groups is 2> 0.-05.
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Figure 4.

Bifidobacterium species are resistant to high levels of chlorine. Chlorine susceptibility was
determined using Kirby-Bauer disk diffusion method.1® Zone of inhibition was measured as
the distance between chlorine disk and edge of bacterial growth. All microbes were grown
on TSA broth and cultured in anaerobic conditions for 48 hours at 37°C. Bars represent
mean + SEM with dots representing a biological replicate. One-way ANOVA with multiple
comparisons for each species; *£< 0.05; **£< 0.01; ***P< 0-001; ****£< 0-0001.
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