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ABSTRACT
Background: The microbiome of the digestive tract exerts fundamental roles in host physiology. Extrinsic factors

including lifestyle and diet are widely recognized as key drivers of gut and oral microbiome compositions. Although

drinking water is among the food items consumed in the largest amount, little is known about its potential impact on

the microbiome.

Objectives: We explored the associations of plain drinking water source and intake with gut and oral microbiota

compositions in a population-based cohort.

Methods: Microbiota, health, lifestyle, and food intake data were extracted from the American Gut Project public

database. Associations of drinking water source (bottled, tap, filtered, or well water) and intake with global microbiota

composition were evaluated using linear and logistic models adjusted for anthropometric, diet, and lifestyle factors in

3413 and 3794 individuals, respectively (fecal samples; 56% female, median [IQR] age: 48 [36–59] y; median [IQR] BMI:

23.3 [20.9–26.3] kg/m2), and in 283 and 309 individuals, respectively (oral samples).

Results: Drinking water source ranked among the key contributing factors explaining the gut microbiota variation,

accounting for 13% [Faith’s phylogenetic diversity (Faith’s PD)] and 47% (Bray–Curtis dissimilarity) of the age effect size.

Drinking water source was associated with differences in gut microbiota signatures, as revealed by β diversity analyses

(P < 0.05; Bray–Curtis dissimilarity, weighted UniFrac distance). Subjects drinking mostly well water had higher fecal α

diversity (P < 0.05; Faith’s PD, observed amplicon sequence variants), higher Dorea, and lower Bacteroides, Odoribacter,

and Streptococcus than the other groups. Low water drinkers also exhibited gut microbiota differences compared

with high water drinkers (P < 0.05; Bray–Curtis dissimilarity, unweighted UniFrac distance) and a higher abundance

of Campylobacter. No associations were found between oral microbiota composition and drinking water consumption.

Conclusions: Our results indicate that drinking water may be an important factor in shaping the human gut microbiome

and that integrating drinking water source and intake as covariates in future microbiome analyses is warranted. J Nutr

2022;152:171–182.

Keywords: drinking water, water source, water intake, human microbiome, gut microbiota diversity, oral

microbiota, American Gut Project

Introduction

Environmental exposure and lifestyle factors strongly influence
the composition of the human microbiome. Both short- and
long-term dietary patterns are among the main modifiable
drivers shaping the digestive tract microbiome structure (1, 2).
From the oral cavity to the large intestine, microbial commu-
nities are in close interaction with the external environment
and the epithelial barriers that delineate the inner self (3).
These communities exert a marked influence on the host
during homeostasis and disease episodes through a range of
physiological functions (4).

Whereas the role of dietary patterns on oral and gut
microbial communities has been extensively explored, drinking
water, a vital source of fluids to replace daily body water losses
and maintain homeostasis, has rarely been a consideration in
human microbiome research. The US Institute of Medicine
has set a daily Adequate Intake (AI) for total water for the
adult population of 2.7 L for women and 3.7 L for men, of
which 70%–80% comes from plain drinking water and other
beverages (5). In Europe, the daily AI for total water for the
adult population set by the European Food Safety Authority is
2.0 L for women and 2.5 L for men, of which 80% is estimated
to come from fluids (6).
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Drinking water may come from various origins and be
subjected to different treatments before its consumption.
Whereas natural mineral water, spring water, and well water
solely come from groundwater, tap water originates either
from surface water or groundwater, depending on community
water systems’ location and setting. Drinking water may be
subjected to various treatments, depending on the quality of
raw water and applicable regulations. Common treatments
consist of flocculation, sedimentation, and filtration to remove
debris and control the chemical and mineral composition.
Some drinking waters may further be disinfected to remove or
control disease-causing microorganisms (7, 8). The combination
of environmental conditions underground and at the source,
and along the processing, distribution, and storage, results in
multiple and distinct physicochemical (9), mineral (10), and
microbial signatures (11–14) of drinking waters. Consumed
in large amounts on a daily basis, drinking water may be
considered a potential source of microbial gut diversity (15).

The effect of drinking water on the gut microbiome is
poorly understood. A limited number of studies have explored
microbiota composition after the ingestion of different types of
drinking water and observed that water type led to differences
in gut microbiota compositions (16). Consumption of tap water
resulted in an increased amount of bacteria associated with
antibiotic resistance in the mouse gut microbiota compared with
sterilized water (16). Today, the effect of drinking water on
human gut and oral microbiota is even less explored. During
infant microbiome development, tap water and boiled water
intake correlated with gut microbiota signatures, indicating that
drinking water may be a determinant of microbiome acquisition
(17). In adults, limited evidence suggests that the source of
drinking water consumed is associated with oral (9) or gut
microbiota compositions (18, 19). The mechanisms by which
drinking water may interact with microbial communities, if
any, remain to be elucidated but could involve water pH (20,
21), solute and mineral composition (9, 16, 18, 19), natural
intrinsic microbial communities (16, 18), or residual chlorine
and disinfection byproducts that remain in most tap waters (22,
23).

To our knowledge, most population-based gut microbiota
cohorts do not consider plain drinking water as part of the diet
(24, 25). Despite its primary role for health (26), water is under-
researched and often referred to as the forgotten nutrient (27).
A recent citizen-science microbiota-based cohort, the American
Gut Project (AGP), provided a unique opportunity to analyze
multiple environmental and lifestyle factors, including diet and
the consumption of plain drinking water. In this exploratory
analysis, we investigated whether plain drinking water source
and intake were associated with fecal and oral microbiota
compositions as measured by 16S ribosomal RNA (rRNA) gene
sequencing in multivariate-adjusted models.

The authors reported no funding received for this study.
Author disclosures: TV and JT are full-time employees of Danone Research. OB
was an intern at Danone Research at the time of analysis. MP is a consultant at
IT&M Innovation and performs statistical analyses for Danone Research.
Supplemental Methods, Supplemental Figures 1–8, and Supplemental Table 1
are available from the “Supplementary data” link in the online posting of the
article and from the same link in the online table of contents at https://academ
ic.oup.com/jn/.
Address correspondence to TV (e-mail: tiphaine.vanhaecke@danone.com) and
JT (e-mail: julien.tap@danone.com).
Abbreviations used: AGP, American Gut Project; AI, Adequate Intake; ASV, ampli-
con sequence variant; Faith’s PD, Faith’s phylogenetic diversity; PERMANOVA,
permutational multivariate analysis of variance; rRNA, ribosomal RNA.

Methods
Participant recruitment and sample processing
Data for this research originate from the AGP database, a self-selected
citizen-scientist cohort initiated by the University of California San
Diego (28). It contains analyses of fecal, oral, and skin samples sent
by >24,000 volunteers worldwide. After contributing $99, participants
receive a kit to collect their biological samples and mail them for 16S
rRNA gene sequencing to establish their microbial composition. Self-
reported metadata are collected through a web portal (https://micros
etta.ucsd.edu/). Surveys, methodology, sampling, and laboratory test
procedures have been described elsewhere (28).

Ethical committee approval for the collection of AGP data was
obtained either from the University of Colorado Boulder Review Board
(protocol no. 12-0582; December 2012–March 2015) or from the
University of California Review Board, San Diego (protocol no. 141853;
February 2015–present) in accordance with the Declaration of Helsinki
and all participants provided informed consent. Return of results to
participants, public deposition of de-identified data, and subsequent
analyses are allowed by the IRB-approved protocol (28). To investigate
the associations between drinking water consumption and gut and
oral microbiota composition, Redbiom (29) was used to fetch in Qiita
(30) the 100-nt-long sequences associated with 20,454 stool sample
identifiers available in the database on 5 December, 2019 using the
Deblur-Illumina-16S-V4-100nt-fbc5b2 context (28).

Participant and sample selection
Participants who completed both the standard AGP questionnaire
(general health status, disease history, and lifestyle data) and a validated
picture-based FFQ (VioScreen™; http://www.viocare.com/vioscreen.ht
ml) (n = 3022 participants out of 15,254) were screened to exclude
participants with aberrant total water intake, based on the variable
“Water in g” available in Vioscreen™ (see Supplemental Methods for
more details). When available, coherence of fluid variables between the
general questionnaire and Vioscreen™ was evaluated. Fecal samples
were then screened for unusual dominant microbiota (see Supplemental
Methods). This first set of exclusion criteria resulted in the exclusion
of 2045 and 4564 fecal samples for the drinking water source and
the drinking water intake analysis, respectively (Figure 1, Supplemental
Figure 1). Individuals with missing information on confounding factors
were filtered out (see Supplemental Methods). Participants were further
filtered based on their age, geographical location, and antibiotics
intake to reduce variability (see Supplemental Methods). The resulting
study population consisted of 3413 subjects for the drinking water
source analysis and 3794 subjects for the drinking water intake
analysis.

For oral microbiota analyses, data from 1383 oral samples
coming from 1140 participants were extracted. Supplemental Figure 2
details exclusion criteria. Complete data were available for n = 283
participants for the drinking water source analysis and n = 309
participants for the water intake analysis.

Numerical ecology and statistical analyses
All statistical analyses were performed using R Statistical Software
version 3.6 (R Core Team). Characteristics of participants were
compared between groups of drinking water source and groups of
low and high water drinkers using ANOVA with post hoc tests for
continuous variables and chi-square tests for categorical variables (31).
All P values reported were adjusted for multiplicity with Benjamini–
Hochberg’s correction procedure.

Microbiota α diversity
Observed amplicon sequence variants (ASVs), Chao1 (32), Shannon
index (33), and Faith’s phylogenetic diversity (Faith’s PD) (34) were
used as response variables in multivariate-adjusted linear models (see
Supplemental Methods). For all analyses performed in this study,
α = 0.05 was considered the significance threshold for adjusted P
values. In the water intake analysis, participants were separated into
different age categories to reduce α-diversity variability induced by age
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2045 par�cipants without 
answer to drinking water 
source or “Not sure,” with 
extreme TWI,1 incoherent 
answers on alcohol 
consump�on,2 or with 
unusual dominant 
microbiota3

15,254 stool samples fetched from Redbiom

13,209 stool samples

3413 stool samples

1331 par�cipants without 
answer to age or aged ≤3 y,
without answer to sex or  
BMI

3589 par�cipants who 
took an�bio�cs in the past 
year

1373 par�cipants without 
answer to diet type, plant 
diversity, alcohol 
frequency, SSB frequency

1180 par�cipants not 
residing in the USA or
United Kingdom

2323 par�cipants without 
answer to infant feeding, 
exercise frequency, level of 
educa�on

FIGURE 1 American Gut Project participant selection and data filtering process for gut microbiota analysis according to their drinking water
source. 1Based on age- and sex-specific Adequate Intake as defined by the European Food Safety Authority and TWI expressed as mL/kg.
Participants with either TWI < 25% AI or aged < 14 y with TWI > 300% AI, or TWI > 200 mL/kg of body weight were excluded. 2Participants
were excluded if Alcohol_frequency = “Never” AND Alcohol_consumption = “Yes.” 3The top 10 genera list in adults and the top 10 genera list
in nonadults were merged, resulting in 12 genera. Samples were flagged as outliers when their respective read mass had <25% of those 12
genera. SSB, sugar-sweetened beverage; TWI, total water intake.

(35). Adjusted means of α diversity were computed, then compared
between all pairs of groups using pairwise comparisons of estimated
marginal means. P values were corrected with Benjamini–Hochberg’s
procedure (31) to account for multiple testing. To measure variables’

effect sizes, the proportion of variance (R2) captured by a given variable
was calculated as the ratio of the sum of squares explained by the
variable to the total sum of squares in type II ANOVAs when applicable
(see Supplemental Methods).
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TABLE 1 Characteristics of the American Gut Project participants according to their drinking water source1

All Bottled City Filtered Well P value
(n = 3413) 2 (n = 284) (n = 1784) (n = 1147) (n = 198)

Age, y 48 [36–59] 49 [39–62] 47 [35–59] 47 [36–58] 52 [42–61] 0.001
Sex 0.014

Female 1909 (56) 164 (58) 951 (53) 678 (59) 116 (59)
Male 1504 (44) 120 (42) 833 (47) 469 (41) 82 (41)

BMI 0.070
Normal (BMI = 18.5–24.9) 2073 (61) 154 (54) 1079 (61) 723 (63) 117 (59)
Underweight (BMI ≤ 18.4) 351 (10) 32 (11) 200 (11) 97 (9) 22 (11)
Overweight (BMI = 25.0–29.9) 824 (24) 79 (28) 432 (24) 265 (23) 48 (24)
Obese (BMI ≥ 30.0) 165 (5) 19 (7) 73 (4) 62 (5) 11 (6)

Diabetes3,4 88 (3) 8 (3) 44 (3) 28 (2) 8 (4) 0.392
Cardiovascular disease3,5 85 (3) 7 (3) 46 (3) 30 (3) 2 (1) 0.786
Kidney disease3,6 44 (1) 8 (3) 21 (1) 15 (1) 0 (0) 0.020
IBS7 0.001

Diagnosed by a medical professional 406 (12) 25 (9) 224 (13) 132 (12) 25 (13)
Diagnosed by an alternative medicine

practitioner
33 (1) 3 (1) 12 (1) 16 (1) 2 (1)

Self-diagnosed 213 (6) 13 (5) 119 (7) 73 (6) 8 (4)
IBD3,8 105 (3) 8 (3) 54 (3) 39 (3) 4 (2) 0.161
Smoking frequency9 0.112

Never 3190 (94) 260 (92) 1656 (93) 1089 (95) 185 (93)
Rarely 111 (3) 8 (3) 62 (4) 35 (3) 6 (3)
Occasionally 37 (1) 3 (1) 25 (1) 7 (1) 2 (1)
Regularly 20 (1) 2 (1) 13 (1) 4 (0.4) 1 (1)
Daily 50 (1) 10 (4) 27 (2) 9 (1) 4 (2)

Exercise frequency <0.001
Never 96 (3) 17 (6) 52 (3) 24 (2) 3 (2)
Rarely 377 (11) 44 (16) 201 (11) 115 (10) 17 (9)
Occasionally 832 (24) 77 (27) 434 (24) 270 (24) 51 (26)
Regularly 1393 (41) 104 (37) 749 (42) 467 (41) 73 (37)
Daily 715 (21) 42 (15) 348 (20) 271 (24) 54 (27)

Country <0.001
USA 1887 (55) 195 (69) 792 (44) 740 (65) 160 (81)
United Kingdom 1526 (45) 89 (31) 992 (56) 407 (36) 38 (19)

Collection season 0.008
Spring 887 (26) 59 (21) 454 (25) 320 (28) 54 (27)
Summer 699 (20) 49 (17) 377 (21) 228 (20) 45 (23)
Fall 803 (24) 73 (26) 451 (25) 244 (21) 35 (18)
Winter 1024 (30) 103 (36) 502 (28) 355 (31) 64 (32)

Level of education <0.001
Did not complete high school 96 (2) 10 (4) 44 (3) 35 (3) 7 (4)
High school or GED equivalent 126 (4) 14 (5) 65 (4) 43 (4) 4 (2)
Some college or technical school 335 (10) 44 (16) 150 (8) 120 (11) 21 (11)
Associate’s degree 78 (2) 12 (4) 21 (1) 36 (3) 9 (5)
Bachelor’s degree 906 (27) 74 (26) 455 (26) 317 (28) 60 (30)
Some graduate school or professional 248 (7) 20 (7) 112 (6) 98 (9) 18 (9)
Graduate or Professional degree 1624 (48) 110 (39) 937 (53) 498 (43) 79 (40)

Fed as infant <0.001
Primarily breast milk 1873 (55) 143 (50) 1029 (58) 601 (52) 100 (51)
Primarily infant formula 930 (27) 90 (32) 429 (24) 339 (30) 72 (36)
Both 610 (18) 51 (18) 326 (18) 207 (18) 26 (13)

Diet type 0.007
Omnivore 2681 (79) 231 (81) 1425 (80) 866 (76) 159 (80)
Omnivore but no red meat 238 (7) 20 (7) 114 (6) 93 (8) 11 (6)
Vegetarian 174 (5) 15 (5) 101 (6) 52 (5) 6 (3)
Vegetarian but eat seafood 227 (7) 14 (5) 108 (6) 89 (8) 16 (8)
Vegan 93 (3) 4 (1) 36 (2) 47 (4) 6 (3)

(Continued)
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TABLE 1 (Continued)

All Bottled City Filtered Well P value
(n = 3413) 2 (n = 284) (n = 1784) (n = 1147) (n = 198)

Types of plants per week, n <0.001
<5 205 (6) 43 (15) 97 (5) 53 (5) 12 (6)
6–10 792 (23) 87 (31) 416 (23) 252 (22) 37 (19)
11–20 1243 (36) 90 (32) 672 (38) 410 (36) 71 (36)
21–30 752 (22) 35 (12) 397 (22) 270 (24) 50 (25)
>30 421 (12) 29 (10) 202 (11) 162 (14) 28 (14)

Sugar-sweetened beverage frequency <0.001
Never 2503 (73) 200 (70) 1266 (71) 886 (77) 151 (76)
Rarely 663 (19) 45 (16) 401 (23) 182 (16) 35 (18)
Occasionally 143 (4) 19 (7) 72 (4) 43 (4) 9 (5)
Regularly 60 (2) 10 (4) 21 (1) 27 (2) 2 (1)
Daily 44 (1) 10 (4) 24 (1) 9 (1) 1 (0.5)

Alcohol frequency <0.001
Never 667 (20) 79 (28) 293 (16) 249 (22) 46 (23)
Rarely 937 (27) 89 (31) 460 (26) 332 (29) 56 (28)
Occasionally 765 (22) 56 (20) 428 (24) 254 (22) 27 (14)
Regularly 757 (22) 42 (15) 449 (25) 223 (19) 43 (22)
Daily 287 (8) 18 (6) 154 (9) 89 (8) 26 (13)

One liter of water a day frequency10 <0.001
Never 71 (2) 11 (4) 42 (2) 16 (1) 2 (1)
Rarely 239 (7) 17 (6) 152 (9) 57 (5) 13 (7)
Occasionally 379 (11) 28 (10) 220 (12) 114 (10) 17 (9)
Regularly 852 (25) 68 (24) 476 (27) 263 (23) 45 (23)
Daily 1865 (55) 160 (56) 887 (50) 697 (61) 121 (61)

1Values are medians [IQRs] for continuous variables and n (%) for categorical variables. Adjusted P values are calculated from global chi-square test. Occasionally means 1–2
times/wk; rarely means a few times per month); regularly means 3–5 times/wk. GED, General Educational Development; IBD, Inflammatory Bowel Disease; IBS, Irritable Bowel
Syndrome.
2Unless stated otherwise.
3Diagnosed by a medical professional (doctor, physician assistant).
4n = 3391, missing data from n = 9 (city), n = 11 (filtered), n = 2 (well).
5n = 3385, missing data from n = 1 (bottled), n = 15 (city), n = 9 (filtered), n = 3 (well).
6n = 3389, missing data from n = 1 (bottled), n = 10 (city), n = 10 (filtered), n = 3 (well).
7n = 3380, missing data from n = 2 (bottled), n = 18 (city), n = 10 (filtered), n = 3 (well).
8n = 3354, missing data from n = 3 (bottled), n = 27 (city), n = 27 (filtered), n = 2 (well).
9n = 3408, missing data from n = 1 (bottled), n = 1 (city), n = 3 (filtered).
10n = 3406, missing data from n = 7 (city), n = 3 (filtered).

Microbiota β diversity
β Diversity was assessed using unweighted and weighted UniFrac
distances as well as Bray–Curtis dissimilarity in QIIME at ASV level,
with a rarefaction at 1000 sequences (see Supplemental Methods).
To investigate interindividual differences in microbiota β diversity in
relation to consumption of drinking water, permutational multivariate
analysis of variance (PERMANOVA) was performed using the adonis
function in the vegan R package with full adjustment. Only confounding
factors with equivalent dispersion for all β diversity metrics were
retained, i.e., age, BMI, and diet type.

A permutation test was applied to assess whether dispersion of
groups of interest was equivalent (see Supplemental Methods). To
measure variables’ effect sizes, the proportion of variance (R2) captured
by a given variable was calculated as the ratio of the sum of squares
explained by the variable to the total sum of squares in PERMANOVAs
when applicable.

Microbiota taxonomy
Differences in the abundance of bacterial genera between drinking water
groups were assessed in adjusted models using the DESeq2 R package
(36) (see Supplemental Methods). DESeq2 is a differential abundance
detection method for 16S gene sequencing but with limited performance
on low-abundant ASVs with relatively high variance. Therefore, ASVs

were trimmed to those with a mean relative abundance ≥ 0.01% and
prevalence ≥ 10%.

Results
Participants’ characteristics

Participants were classified into groups of drinking water
source or intake based on their answers to the AGP standard
questionnaire. Participants’ characteristics according to their
drinking water source and intake are shown in Table 1 and
Supplemental Table 1, respectively. “Drinking water source”
means the source of drinking water usually consumed at home
by participants, i.e., bottled, city (tap water), filtered, or well.
A total of 3413 participants were included in this analysis. In
a separate analysis, 3794 participants were classified as either
high water drinkers (if they reported “daily” or “regularly”)
or low water drinkers (if they reported “never,” “rarely,”
“occasionally”) based on the variable “One liter of water a day
frequency.”

Participants included in these analyses were 56% women,
the median [IQR] age was 48 [36–59] y, and the majority
of participants had a normal BMI (61%) or were overweight

Drinking water consumption and gut microbiota 175
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FIGURE 2 Distribution of dietary profiles of American Gut Project participants according to the drinking water source (n = 3413). (A) Diet type,
(B) fruit intake, (C) vegetable intake, (D) whole grain intake, (E) plant diversity of intake, (F) fermented plant intake, (G) red meat intake, (H) intake
of 1 L water/d. Occasionally meant 1–2 times/wk; rarely meant a few times per month; regularly meant 3–5 times/wk.

(24%). The vast majority of participants were nonsmokers
(94%), and only a small proportion reported having a chronic
disease (3% diabetes, 3% cardiovascular disease, 1% chronic
kidney disease, 3% inflammatory bowel disease).

In the drinking water source subsample, 55% of participants
were American, whereas 45% were from the United Kingdom
(Table 1). The proportion of subjects coming from the United
Kingdom and the average education level were higher in the
city group than in other groups. Subjects drinking bottled
water tended to consume more sugar-sweetened beverages, less
alcohol, and fewer fiber-containing foods (fruits, vegetables, and
plants) (Table 1, Figure 2). Fewer omnivores and red meat eaters
were in the filtered water group.

In the water intake analysis, the proportion of subjects
exercising regularly or daily was higher among the high water
drinkers than among the low water drinkers (Supplemental
Table 1). High water drinkers were younger than low water
drinkers. High water drinkers also had healthier dietary habits
because they drank less sugar-sweetened beverages and alcohol
and consumed more plants than low water drinkers.

Subjects’ demographic, dietary, and lifestyle variables associ-
ated with drinking water source and intake and that are known
to be associated with gut microbiota composition were regarded
as confounding factors and included in the statistical models
(Supplemental Figure 3, Supplemental Methods).

Plain drinking water and microbiota α diversity

α Diversity, as evaluated by Faith’s PD and observed ASVs, was
associated with drinking water source in fully adjusted models
(P < 0.05, type II ANOVA) (Figure 3A, Supplemental Figure
4A). Post hoc pairwise comparisons of the 4 groups of drinking
water source revealed that the α diversity in the participants
drinking mostly well water was higher than in the other groups
(bottled compared with well, P < 0.05; city compared with
well, P = 0.05; filtered compared with well, P < 0.05; pairwise
comparisons of estimated marginal means; Faith’s PD).

Results obtained for Shannon and Chao1 also showed
a trend for higher α diversity in participants drinking well
water, although not reaching statistical significance (Shannon,
P = 0.14; Chao1, P = 0.38; type II ANOVA) (Supplemental
Figure 4C, D). Whereas the majority of bottled water drinkers
came from California, well water drinkers were more evenly
distributed across the United States and United Kingdom
(Figure 3E). Figure 3B presents effect sizes, calculated as
the proportions of α-diversity variability explained by each
variable. The amounts of variance (R2) explained by age,
country, and BMI were 2.1 × 10−2, 2.0 × 10−2, and 9.6 × 10−3,
respectively. Among all diet-related variables, plant diversity
(number of types of plants consumed per week) and diet
type were those explaining the most variance in α diversity
with R2 of 6.0 × 10−3 and 3.7 × 10−3, respectively. The
influence of drinking water source was 13% of that of age,
73% of that of diet type, and of the same magnitude as
those of collection season and alcohol frequency (Faith’s PD)
(Figure 3B). In addition, drinking water source variance was of
the same magnitude as those of alcohol frequency and exercise
frequency for observed ASVs (Supplemental Figure 4E). No
associations between drinking water intake and any of the α

diversity indexes for gut microbiota were observed (data not
shown). There were no differences in oral microbiota α diversity
between drinking water sources or between high and low water
drinkers (Supplemental Figure 5A, Supplemental Figure 6A).

Plain drinking water and microbiota β diversity

Analysis of microbiota variability revealed differences in β

diversity between groups of drinking water source, as measured
by Bray–Curtis dissimilarity and weighted UniFrac distance
(P < 0.05; PERMANOVAs) in models adjusted for age,
BMI, and diet type (Figure 3C, Supplemental Figure 5B).
All pairs comparing city water and other water sources
were significant ( P < 0.05) (Figure 3C), with R2 ranging
between 8.2 × 10−4 and 1.6 × 10−3. The highest variance
explained was observed when comparing bottled with well
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FIGURE 3 Diversity analysis of fecal microbiota in American Gut Project participants according to their drinking water source (n = 3413). (A)
α Diversity measured by Faith’s PD (type II ANOVA, P < 0.05). Data are presented as adjusted means and 95% CIs. Adjusted for age, sex, BMI,
infant feeding, level of education, country, collection season, exercise frequency, diet type, plant diversity (number of types of plants consumed
per week), alcohol, and sugar-sweetened beverage consumption. Groups are bottled (n = 284), city (n = 1784), filtered (n = 1147), and well
(n = 198). (B) Faith’s PD effect sizes. Proportions of variance captured by significant variables in fully adjusted models. (C) β Diversity measured
by Bray–Curtis dissimilarity. Proportions of variance captured by pairwise comparisons of drinking water source groups; adjusted for age, BMI,
and diet type. (D) Bray–Curtis dissimilarity effect sizes. (E) State or country of residence of participants according to their drinking water source.
Faith’s PD, Faith’s phylogenetic diversity.

water sources (R2 = 3.0 × 10−3). Several pairwise comparisons
were significant across the 3 diversity metrics, with differences
between bottled and city consistently detected (Supplemental
Figure 5B). The amounts of variance ( R2) explained by age
and BMI were 4.2 × 10−3 and 2.7 × 10−3, respectively.
The amounts of variance captured by drinking water source
were 47% and 50% of those captured by age for Bray–
Curtis dissimilarity and weighted UniFrac distance, respectively
(Figure 3D, Supplemental Figure 5C). In addition, low and
high water drinkers were detected to have different global fecal
microbiota compositions as measured by unweighted UniFrac
distance and Bray–Curtis dissimilarity in adjusted models (P
< 0.05, unweighted UniFrac distance; P = 0.05, Bray–Curtis
dissimilarity; PERMANOVAs) (Supplemental Figure 6B). “One
liter of water a day frequency” captured 5.6% and 10.6%

of the amounts of variance captured by age for unweighted
UniFrac distance (Supplemental Figure 6C) and Bray–Curtis
dissimilarity (data not shown), respectively. Differences in β

diversity of oral microbiota samples were detected between
low and high water drinkers for Bray–Curtis dissimilarity
and weighted UniFrac distance only when the model was
not adjusted. Adjustments for age, BMI, diet type, collection
season, and alcohol frequency attenuated these differences
(Supplemental Figure 6D). Analysis of the effect sizes revealed
that collection season was the factor explaining the most oral
microbiota diversity (Supplemental Figure 6E).

Plain drinking water and microbiota taxonomy

Differential abundance analyses revealed consistent differences
in participant fecal microbiota between drinking water source
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groups after adjustment for confounding factors (see Supple-
mental Methods). Bottled and city water drinkers were notably
enriched in Bacteroides, Odoribacter, and Streptococcus genera
compared with well water drinkers (Figure 4). The same
trend was observed for other genera, including Veillonella and
Fusobacterium. Well water drinkers had higher Dorea genus
than city and filtered water drinkers. Bottled water drinkers’
fecal microbiota was enriched in different genera from the
Lachnospiraceae family compared with the city water drinkers
group. Comparing low and high water drinkers revealed a
differential pattern, with Campylobacter abundance enriched
in the low drinkers group. No differences were detected in
participants’ oral microbiota (Supplemental Figure 7).

Discussion

In this study, we explored the relations of plain drinking water
source and intake with the composition of the gut and oral
microbiota in a large cohort of self-selected participants. This
work is, to the best of our knowledge, the first to specifically
explore the links between drinking water consumption, in terms
of both origin and amount consumed, and the microbiota of the
digestive tract independently of a wide range of confounding
factors (demographics, lifestyle, and diet) in a large sample of
the general population. We observed that drinking water source
was among the major contributing factors to the variation in
gut microbiota composition. We showed that drinking water
source was associated with differences in gut microbiota as
assessed by Bray–Curtis dissimilarity and weighted Unifrac
distance. Subjects drinking mostly well water had higher fecal
microbiota α diversity as measured by Faith’s PD and observed
ASVs than the other groups drinking either bottled, tap, or
filtered water. We further showed that drinking water intake
was associated with differences in gut microbiota composition
between participants who consumed low and high amounts
of drinking water. Finally, we failed to find any links between
drinking water consumption and oral microbiota composition
in this cohort.

Lower gut bacterial diversity, as well as gene diversity,
has consistently been associated with impaired gut health
and diseases (37–39), indicating that diverse gut microbial
communities and functions may be more resilient and robust
against environmental influences (40, 41). Hence, higher
diversity appears a hallmark of healthy gut microbiomes.
Although the link between drinking water source and gut
microbiota composition deserves further investigation to es-
tablish whether it is causal, it could be hypothesized that
either the physicochemical, mineral, or microbial composition
of water, or a combination of the 3, may influence the gut
microbiome. Results from a UK cohort suggest an association
between the composition of fecal microbiota and the mineral
composition of tap water (19). Specifically, the intraindividual
fecal microbiota diversity was associated with the average daily
dose of sodium, i.e., a higher dose of sodium was associated
with a lower microbiota diversity. In addition, preclinical studies
have reported differences in the gut microbiota composition
of mice drinking acidic and neutral water, thereby suggesting
that water pH may affect gut microbial communities (20, 21).
High intakes of mineral substances, including magnesium and
sodium sulfates, may alleviate constipation and improve stool
consistency in functionally constipated individuals (42, 43).
These functional effects are thought to derive either from a
change in the intraluminal osmotic pressure, the stimulation

of NO synthase, or stimulation of intestinal water channels
regulating the fecal water content, which all affect intestinal
motility (43). Although there is a link between intestinal
motility, stool consistency, and fecal microbiota composition
(44–46), it is unlikely that a difference in gut motility may
explain the observed differences in α diversity in this study. Our
study population neither consisted of functionally constipated
participants nor revealed any differences in bowel movement
quality and frequency between groups (Supplemental Figure 8).
Although we could not investigate the mineral content of the
diet of participants nor the mineral composition of drinking
waters because of the absence of such data, we can hypothesize
that it is unlikely that the mineral content of the drinking
water may explain the differences observed in gut microbiota
composition. Indeed, the variety of geographical locations of
the participants likely introduced various water sources and
mineral and physicochemical signatures within each group of
drinking water sources. Alternatively, the microbial community
in the drinking water, which varies between different water
sources, may also explain the differences observed in gut
microbiota composition. Drinking water contains an intrinsic
community of microorganisms that may differ between natural
sources, along the processing and distribution system, and
under different storage conditions (11–14). Whereas tap and
processed waters are subjected to systematic treatment to con-
trol microbial communities, some others, like natural mineral
waters, are not subjected to any disinfection treatment (47, 48).
In addition, it has been recently described that the drinking
water microbiome is structurally and functionally less diverse
and variable across disinfected than across nondisinfected
systems (8). Therefore, the higher α diversity observed in
the well water group could be due to more diverse natural
microbial communities in drinking water, because water coming
from wells, especially private wells, may not be systematically
subjected to disinfection treatment either (44, 45). However,
we cannot fully ascertain the correctness of this hypothesis
owing to the absence of information about the operation of
wells in this database. Previous research reported that exposure
to different types of water with distinct endogenous microbial
communities affects the gut microbiota composition of mice.
In particular, mice drinking autoclaved tap water exhibited the
smallest intragroup variation in gut microbial diversity, and the
largest distance from other groups receiving either tap water,
disinfected water, or natural mineral water (16).

In this study, we observed fecal microbiota taxonomic
differences between individuals drinking mostly well water and
those drinking other sources of water. The Odoribacter genus,
which is positively associated with symptoms of functional
gastrointestinal disorders (46) and negatively correlated with
stool consistency (49), was depleted in well water drinkers’
fecal microbiota. Bacteroides genus relative abundance, which
is negatively associated with diversity in the human gut
microbiome (50), was also lower in well water drinkers than
in the other groups. This is in line with our findings showing
that well water drinkers have higher α diversity. Interestingly,
Streptoccocus, together with Veillonella and Fusobacterium,
known to be dominant in the upper digestive tract (51, 52),
was found in higher abundance in fecal samples of bottled,
tap, and filtered water drinkers than in the well water drinkers
group. Recent studies report an enrichment of oral and small
intestinal species in the lower digestive tract of patients with
colorectal cancer (53) and liver cirrhosis (54). These results
might indicate some ecological shifts in bottled, tap, and filtered
water drinkers, with upper digestive tract–related species found
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FIGURE 4 Taxonomic analysis of fecal microbiota samples of American Gut Project participants according to their drinking water source
(n = 3413) or intake (n = 3794). Heatmap of log2 fold changes of pairs. Water source analysis adjusted for age, sex, BMI, infant feeding, level
of education, country, collection season, exercise frequency, diet type, plant diversity (number of types of plants consumed per week), alcohol,
and sugar-sweetened beverage consumption. Water intake analysis adjusted for age, sex, BMI, infant feeding, level of education, continent,
collection season, exercise frequency, diet type, plant diversity, alcohol, and sugar-sweetened beverage consumption. All genera that had a log2
fold change >0.5 or an FDR <0.1 were selected. Colors account for log2 fold change between groups and dots account for FDR significance. P
values for Wald’s test. FDR, false discovery rate.

in higher abundances in the lower gut, although the differences
observed are small. In our study, well water was the only
source of water coming solely from groundwater, i.e., water that
exists underground beneath the land surface after percolation
through earth layers (44, 45), a distinction that may contribute
to explaining the taxonomic differences observed. Although
we found that the increased diversity in the gut microbiota of
well water drinkers was independent of the country or state
of residence, the geographical locations of well water drinkers
were evenly distributed across each country, which may have
confounded the results. In addition, it may be hypothesized
that well water drinkers may more frequently live in rural
than in urban areas and that their exposure to environmental
microbial diversity could be increased, resulting in increased gut
microbiota diversity (55, 56).

In our study, drinking water source ranked among the key
contributing factors explaining gut microbiota variation in the
α- and β-diversity analyses, with effect sizes comparable with
those of alcohol or diet type, thereby adding water as a novel
variable to report in gut microbiota studies. This finding is

consistent with the general observation that environmental
factors, including diet, influence the gut microbiome (1, 2). The
identification of alcohol as a contributor to gut microbiota
composition is also consistent with a recent investigation (57).
In our exploration, the amount of variance of β diversity
captured by drinking water sources was half of the variance
captured by age, a factor highly associated with microbiota
compositions (35, 58). The ranking of effect sizes reported
in our study between age and BMI is similar to that
previously reported in a different cohort (24). Our findings
are also in line with recent evidence showing differences in
gut microbiota composition in native Himalayan populations
associated with drinking water source (stream compared
with underground well water) (18). The source of drinking
water was identified as the factor most strongly associated
with the gut microbiota composition of these populations,
as assessed by Bray–Curtis dissimilarity, unweighted UniFrac,
and weighted UniFrac distances. This finding was replicated
in another native East-African population of hunter-gatherers
(18).
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Surprisingly, we found that drinking water intake was
associated with β diversity, as measured by unweighted
UniFrac distance and Bray–Curtis dissimilarity, suggesting
that water intake is associated with global fecal microbiota
compositions. Because this observational study cannot prove
causality, we cannot assess whether these drinking water
variables directly affect fecal microbiota compositions. Still, our
findings emphasize the need to use them as proxies for lifestyle
habits to control in future fecal microbiota analyses. These
differences in gut microbiota compositions were also reflected
in taxonomic analyses where we found that high water drinkers
had a lower abundance of the Campylobacter genus known
to cause gastrointestinal infection (59). Although it is known
that increased water intake can alleviate functional constipation
(43, 60), little is known about whether the volume of water
consumed could alter gut microbiota composition in the general
population.

When considering the oral microbiota composition, drinking
water source was not associated with differences in α diversity,
β diversity, or taxonomy. Previous research reported that the
chemical composition of tap water was the environmental
factor with the highest impact on the composition of the
oral microbiota in a Spanish cohort (9), with some microbial
abundance following a geographical pattern similar to that
of public water quality parameters, e.g., water alkalinity and
water hardness. Our study is likely underpowered to detect
any changes in oral microbiota composition owing to the small
sample size and the wide geographical diversity of samples.
The association observed between drinking water intake and
β diversity in unadjusted models may reflect differences in
lifestyle habits that may confound the association. Further
research with a larger sample size is warranted to confirm these
conclusions.

The present study comes with limitations. Although a wide
range of known confounders was either considered in the
exclusion criteria or adjusted for in the statistical models, we
neither excluded nor adjusted for pregnancy, cesarean deliveries,
or some chronic diseases, which accounted for 1%, 9%, and
1%–3% of the study population, respectively. The reasons for
this include that we wanted to limit the collinearity deriving
from multiple adjustments and maintain a fair representation
of the subjects’ population. It is recalled that AGP is a self-
selected cohort that is not representative of the US or the
UK population. In addition, we excluded participants with
missing data on all confounding factors, which may have
introduced an additional selection bias. A key limitation of
any citizen-based approach is that it relies on self-reported,
subjective measures as well as variables with low granularity to
reduce participants’ burden, which may have introduced some
variability in our analyses. For example, whereas drinking water
source referred to the main source of water available at home,
subjects may have diverse drinking water sources outside of
their home. In addition, bottled water could be either natural
mineral water, spring, or treated water. Finally, in this study,
we used 16S rRNA gene data to explore the overall gut micro-
biota composition, which limits taxonomy resolution. Further
studies using shotgun metagenomics sequencing would allow
functional characterization and improve analysis resolution at
species level. Beyond compositional and functional diversity, gut
microbiome biomarkers such as SCFAs should be profiled to
increase knowledge of host–microbe interactions. Nonetheless,
such a citizen-science-based approach enables the collection of
a large number and a diversity of samples. This allowed us to
analyze data from both oral and fecal samples, although AGP

sampling guidelines for the collection of oral samples should
be standardized to gain precision on the sample location (e.g.,
saliva, tongue).

This study showed that drinking water source and intake
were associated with fecal microbiota composition and found
limited associations with oral microbiota composition. The
work performed here contributed to formulating some hypothe-
ses about the links between water consumption and fecal and
oral microbiota compositions. It may guide future microbiota
analyses, because it pointed out the importance of reporting the
source and intake of drinking water consumed by participants
in studies or population-based cohorts investigating the human
microbiome.
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