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ABSTRACT The human fecal and oral microbiome may play a role in the etiology of
breast cancer through modulation of endogenous estrogen metabolism. This study aimed
to investigate associations of circulating estrogens and estrogen metabolites with the fecal
and oral microbiome in postmenopausal African women. A total of 117 women with fecal
(N = 110) and oral (N = 114) microbiome data measured by 16S rRNA gene sequencing,
and estrogens and estrogen metabolites data measured by liquid chromatography tandem
mass spectrometry were included. The outcomes were measures of the microbiome and
the independent variables were the estrogens and estrogen metabolites. Estrogens and
estrogen metabolites were associated with the fecal microbial Shannon index (global
P , 0.01). In particular, higher levels of estrone (b = 0.36, P = 0.03), 2-hydroxyestradiol
(b = 0.30, P = 0.02), 4-methoxyestrone (b = 0.51, P = 0.01), and estriol (b = 0.36, P = 0.04)
were associated with higher levels of the Shannon index, while 16alpha-hydroxyestrone
(b = 20.57, P , 0.01) was inversely associated with the Shannon index as indicated by
linear regression. Conjugated 2-methoxyestrone was associated with oral microbial
unweighted UniFrac as indicated by MiRKAT (P , 0.01) and PERMANOVA, where conju-
gated 2-methoxyestrone explained 2.67% of the oral microbial variability, but no other
estrogens or estrogen metabolites were associated with any other beta diversity meas-
ures. The presence and abundance of multiple fecal and oral genera, such as fecal gen-
era from families Lachnospiraceae and Ruminococcaceae, were associated with several
estrogens and estrogen metabolites as indicated by zero-inflated negative binomial
regression. Overall, we found several associations of specific estrogens and estrogen
metabolites and the fecal and oral microbiome.

IMPORTANCE Several epidemiologic studies have found associations of urinary estro-
gens and estrogen metabolites with the fecal microbiome. However, urinary estrogen
concentrations are not strongly correlated with serum estrogens, a known risk factor for
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breast cancer. To better understand whether the human fecal and oral microbiome were
associated with breast cancer risk via the regulation of estrogen metabolism, we con-
ducted this study to investigate the associations of circulating estrogens and estrogen
metabolites with the fecal and oral microbiome in postmenopausal African women. We
found several associations of parent estrogens and several estrogen metabolites with the
microbial communities, and multiple individual associations of estrogens and estrogen
metabolites with the presence and abundance of multiple fecal and oral genera, such as
fecal genera from families Lachnospiraceae and Ruminococcaceae, which have estrogen
metabolizing properties. Future large, longitudinal studies to investigate the dynamic
changes of the fecal and oral microbiome and estrogen relationship are needed.

KEYWORDS estrogens, fecal microbiome, oral microbiome, postmenopausal African
women

The human microbiome may play a role in the etiology of breast cancer. Several
cross-sectional studies have reported associations between the human microbiome

and breast cancer risk (1–3). One potential role of the human gut microbiome in breast
cancer development is the regulation of estrogen metabolism, especially in postmeno-
pausal women (4). Elevated circulating estrogens and estrogen metabolites are associ-
ated with a higher risk of postmenopausal breast cancer (5, 6). Estrogen metabolism
via hydroxylation or methylation can lead to variations in bioavailability (7). The parent
estrogens and estrogen metabolites can be also conjugated with sulfate to create a
reservoir in the body for future use, or conjugated with glucuronic acid to enable
excretion in bile and feces or excretion in urine (8). The circulating estrogens/estrogen
metabolites consist of both unconjugated and conjugated forms.

It has been reported that the human gut microbiome modulates endogenous estro-
gen metabolism through bacterial beta-glucuronidase and beta-glucosidase enzyme
that deconjugate estrogens, leading to their reabsorption into circulation (4, 9). The
fecal Clostridia class, especially genera in the Ruminococcaceae family, contains beta-
glucuronidase enzyme activity and has been observed to have a higher relative abun-
dance in breast cancer cases (1, 10). Fecal Clostridia was also reported to be positively
associated with levels of urinary estrogens and their metabolites (11, 12). There is also
evidence that the oral microbiome is associated with breast cancer risk (13); however,
no studies have investigated associations between estrogens and their metabolites
and the oral microbiome.

To explore the interrelationships among estrogen metabolism and the human
microbiome, we investigated the associations of circulating estrogens and estrogen
metabolites with fecal and oral microbiome in postmenopausal women from the
Ghana Breast Health Study, a population-based case-control study of breast cancer
conducted in Accra and Kumasi, Ghana, West Africa (14).

RESULTS

As shown in Table 1, the mean age at blood draw was 57.9 (standard deviation 8.2)
years. Most participants were never smokers (99.1%), never consumed alcohol (61.5%),
never used oral contraceptives (86.3%), did not having a history of diabetes (88.0%),
and reported not using antibiotics within 30 days of blood draw (67.5%).

The associations between estrogens and estrogen metabolites with fecal microbial
alpha-diversity are presented in Table 2. Overall, estrogens and estrogen metabolites
were associated with the fecal microbial Shannon index (global P , 0.01) in the mutu-
ally adjusted model. In particular, concentrations of estrone (b = 0.36, P = 0.03), 2-
hydroxyestradiol (b = 0.30, P = 0.02), 4-methoxyestrone (b = 0.51, P = 0.01), and estriol
(b = 0.36, P = 0.04) were positively associated with the fecal Shannon index, while the
association with 16-alpha-hydroxyestrone was inverse (b=-0.57, P , 0.01). In the indi-
vidual hormone models, estrone (b = 0.22, P = 0.02), 4-methoxyestrone (b = 0.42,
P , 0.01), and estriol (b = 0.25, P = 0.04) were positively associated with the fecal
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microbial Shannon index, and additionally, positive associations were also found for es-
tradiol (b = 0.25, P = 0.01), 17-epiestriol (b = 0.28, P = 0.03), conjugated estrone (b =
0.20, P = 0.01), conjugated estradiol (b = 0.11, P = 0.02), and conjugated estriol (b =
0.21, P = 0.02). However, only 4-methoxyestrone had an FDR adjusted P-value less than
5%. No statistically significant associations were found for fecal microbial observed
ASVs and Faith’s PD in both mutually adjusted and individual hormone models. The
measured estrogens/estrogen metabolites were not associated with oral microbial
alpha-diversity with all global P-values and FDR adjusted P-values greater than 0.05
(Table S1).

In the beta-diversity analyses, conjugated 2-methoxyestrone was associated with
oral microbial unweighted UniFrac (Table S2), but estrogens or estrogen metabolites
were not associated with the remaining beta diversity matrices of the fecal and oral
microbiome as indicated by MiRKAT models. Consistent results were observed by

TABLE 1 Descriptive characteristics (N = 117)

Covariates N Percent
Age at blood draw Mean (6 SD) 57.96 8.2

Study site
KBTH 6 5.1
KATH 67 57.3
PLA 44 37.6

Year at blood draw
2014 27 23.1
2015 90 76.9

Time since menopause (yrs)
#2 17 14.5
3-5 15 12.8
6-10 28 23.9
.10 43 36.8
Missing 14 12.0

BMI (kg/m2)
Underweight (17–18.5) 6 5.1
Healthy wt (18.5–24.9) 43 36.8
Overweight (25.0–29.9) 35 29.9
Obese (30–67) 32 27.4
Unknown/Missing 1 0.9

Smoking status
Never 116 99.1
Unknown 1 0.9

Alcohol consumption
Yes 38 32.5
No 72 61.5
Unknown/Missing 7 6.0

Diabetes
Ever 13 11.1
Never 103 88.0
Unknown 1 0.9

Oral contraceptive use
Ever 16 13.7
Never 101 86.3

Antibiotic use
More than 30 days of blood draw 79 67.5
Within the last 30 days of blood draw 28 23.9
Unknown/Missing 10 8.5
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PERMANOVA, where conjugated 2-methoxyestrone explained 2.67% of the oral micro-
bial variability in unweighted UniFrac (FDR adjusted P-value ,0.05) (Fig. S1).

Fig. 1 presents results for the associations of estrogens and estrogen metabolites with
fecal genera from the zero-inflated negative binomial regression analysis at an FDR of 5%
or less for the global P-value (results for all genera are included in Table S3). Overall, estro-
gens and estrogen metabolites were significantly associated with 41 fecal genera. Eighteen
out of these 41 genera belong to the order Clostridiales, including nine genera from the
family Lachnospiraceae and five genera from the family Ruminococcaceae. For the individual
associations of the estrogen or estrogen metabolites with these fecal genera, the sequence-
count (number of reads for each genus) contributed to more associations with estrogen
and estrogen metabolites than the zero-inflated part (presence of each genus).

Fig. 2 presents results for the associations of estrogens and estrogen metabolites
with oral genera from the zero-inflated negative binomial regression analysis at an FDR
of 5% or less for the global P-value (results for all genera are included in Table S4).
Estrogens and estrogen metabolites were positively or inversely associated with 27 oral
genera. Similar to the fecal microbiome results, the sequence-count also contributed to

FIG 1 Results from the zero-inflated negative binomial regression for the associations of estrogens and estrogen metabolites with fecal genera with an
FDR adjusted global P-value less than 0.05. The zero-inflated model indicates the associations for the genus-level presence, and the sequence-count model
indicates the associations for the number of reads for each genus. The color of the cells (orange to blue) indicates the strength of the association (model
estimates, b). The “*” in the cell indicates that the corresponding P-value is less than 0.05. The color of the “Global P value” column (white to gray)
indicates the scale of the global P-value and the exact number in the cell indicates the corresponding global P-value.
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more associations compared to the zero-inflated part of the model. Of the genus-level
associations, the counts for Christensenellaceae.R.7.group were associated with 12 out of
the 15 estrogens and estrogen metabolites (sequence-count b ranging from 21.40 to
1.78), while the presence of Moraxella was strongly associated with most estrogens and
estrogen metabolites (zero-inflated b ranging from21.35 to 1.27).

In sensitivity analyses excluding women who had diabetes or used antibiotics
within the last 30 days before blood draw, the alpha-diversity associations were similar
to those for the overall population. The associations of Shannon index were stronger
among women who were menopausal for less than 10 years, whereas the associations
of observed ASVs were stronger among women who were menopausal for greater
than 10 years (Table S5).

DISCUSSION

In this study of the association of estrogen metabolism and the fecal and oral micro-
biome in postmenopausal African women in the Ghana Breast Health Study, we found that
parent estrogens and several estrogen metabolites, including 2-hydroxyestradiol, 4-methox-
yestrone, estriol, and 17-epiestriol, were positively associated with fecal microbial Shannon
index (alpha-diversity), while 16alpha-hydroxyestrone was inversely associated with this
same measure. In contrast, estrogens and estrogen metabolites were not associated with
oral microbial alpha-diversity. Estrogens and estrogen metabolites were not associated with
the fecal or oral microbial communities as measured by beta-diversity in general, although
conjugated 2-methoxyestrone was associated with oral microbial unweighted UniFrac.

FIG 2 Results from the zero-inflated negative binomial regression for the associations of estrogens and estrogen metabolites with oral genera with an FDR
adjusted global P-value less than 0.05. The zero-inflated model indicates the associations for the genus-level presence, and the sequence-count model
indicates the associations for the number of reads for each genus. The color of the cells (orange to blue) indicates the strength of the association (model
estimates, b). The “*” in the cell indicates that the corresponding P-value is less than 0.05. The color of the “Global P value” column (white to gray)
indicates the scale of the global P-value and the exact number in the cell indicates the corresponding global P-value.
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Estrogens and estrogen metabolites were associated with the presence and abundance of
multiple fecal and oral genera, such as fecal genera from families Lachnospiraceae and
Ruminococcaceae, which have estrogen metabolizing properties.

The associations between estrogens and the fecal microbiome have been reported
by previous cross-sectional studies. Similar to our results, one Korean study that
included 26 women aged 25 to 65 years found that women in a high estradiol group
had a greater average fecal microbial Shannon index and Simpson index than the me-
dium and low group, but no significant differences in the richness determined by
Chao1 (15), suggesting that estrogen levels may be related to both microbiome rich-
ness and evenness (as measured by Shannon index or Simpson index) but not micro-
biome richness alone (as measured by observed ASVs, Faith’s PD, or Chao1). In con-
trast, results of another study in Spain that included 15 women with polycystic ovary
syndrome, 16 nonhyperandrogenic female and 15 male controls, found an inverse
association between serum estradiol and the fecal microbial Shannon Index and Chao1
in a combined analysis of all participants (16). However, these inconsistent results are
not surprising since these studies were small and included participants with different
health conditions.

A few studies also investigated the associations between estrogen metabolites and
the fecal microbiome, but only considered urinary estrogen metabolites. It is difficult
to compare our results with these previous studies since estrogen metabolite concen-
trations have not been observed to be strongly correlated between urine and serum
(17). One study conducted within 25 men and 7 postmenopausal women in the United
States reported that levels of total urinary estrogens, and most individual estrogen
metabolites, including the 16-pathway estrogen metabolites, were positively associ-
ated with fecal microbial observed species and the Shannon index. This study also
found no association of estrogens and fecal microbial beta-diversity (11). In a cross-sec-
tional study within 60 healthy postmenopausal women enrolled in the Kaiser
Permanente of Colorado health plan in the United States, total urinary estrogens and
estrogen metabolites tended to nonstatistically significantly increase over quintiles of
alpha-diversity measures; the ratio of metabolites to parent estrogen and the ratio of
2- to 16-hydroxylation pathway metabolites showed a statistically significant increas-
ing trend across quintiles of Faith’s PD, but not for the other alpha-diversity measures
(12). Another cross-sectional study among 48 postmenopausal breast cancer cases and
48 matched controls also from Kaiser Permanente in Colorado found that Faith’s PD
was weakly correlated with total urinary estrogens and the estrogen metabolite to par-
ent estrogen ratio in controls (1, 10).

We found multiple associations of estrogen and estrogen metabolites with the
presence and abundance of multiple fecal and oral genera. Among the 100 fecal gen-
era that were included in our analysis, 41 were associated with circulating estrogens
and estrogen metabolites based on the FDR of 5% or less for the global P-value, with
almost half of these genera (18 out of 41) belonging to the order Clostridiales. In previ-
ous studies of urinary estrogen metabolism, the relative abundance of Clostridiales was
positively associated with urine estrogen and the ratio of metabolites to parent estro-
gens among postmenopausal women and men (11, 12). The order Clostridiales has
been found to be associated with breast cancer risk (1, 3), where cases had a higher rel-
ative abundance of the family Ruminococcaceae and a lower relative abundance of the
family Lachnospiraceae. In our study, Ruminococcaceae and Lachnospiraceae were the
families that contained the most fecal genera associated with estrogen metabolism,
although there was a mix of positive and inverse associations across estrogens and
estrogen metabolites and the genera. One of the mechanisms by which the fecal
microbiome may be related to breast cancer is through the beta-glucuronidase and
beta-glucosidase enzyme activity of some bacteria which enables them to deconjugate
conjugated estrogens, leading to their reabsorption into circulation (4, 9). In this study,
we found some genera previously noted to contain beta-glucuronidase and/or beta-
glucosidase (18), including bacteria belonging to the order Clostridiales such as the
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genus Coprococcus within the Lachnospiraceae family and the genus Ruminococcus
within the Ruminococcaceae family, were associated estrogen metabolism. Also, there
were many other bacteria that have not been reported to contain genes encoding
beta-glucuronidase and/or beta-glucosidase also associated with estrogen metabolism
in our analyses, such as the genus Intestinibacter within the Clostridiales order or the
genus Sphingobium within the Sphingomonadales order. Further studies are needed to
replicate our findings and better understand the underlying mechanisms for the
observed associations.

The oral microbiome has been found to be associated with breast cancer in our previous
study, where alpha-diversity was inversely associated with breast cancer, and associations
were observed for beta-diversity and multiple taxa (13). However, we did not find associa-
tions between estrogens and estrogen metabolites with oral microbial alpha-diversity, and
only conjugated 2-methoxyestrone was associated with oral microbial unweighted UniFrac,
suggesting that the association between the oral microbial composition and breast cancer
may not be related to estrogen metabolism. Some previous studies have suggested that
having a history of periodontal disease, a chronic inflammatory condition considered to be
caused by periodontal pathogens (19, 20), is associated with breast cancer risk (21, 22).
None of the 27 oral genera associated with estrogens and estrogen metabolites belong to
the red- or orange-complex of periodontal pathogens (two groups of bacteria strongly asso-
ciated with periodontal disease) (19), which also suggests that the possible association
between periodontal pathogens and breast cancer may be independent of alterations in
estrogen metabolism.

Our study has several important strengths. It is the first to investigate the associa-
tions between estrogen metabolism with the fecal and oral microbiome in an African
population. We obtained data on both the fecal and oral microbiome, and we used a
high-performance LC-MS/MS assay to evaluate individual estrogens and estrogen
metabolites with high reliability, sensitivity, and specificity. However, limitations of this
study should also be noted. First, this study is cross-sectional, therefore we were
unable to evaluate the dynamic change of the microbiome and estrogen interrelation-
ships or the causality of their associations (i.e., whether the microbiome plays a role in
estrogen metabolism, or microbial changes are a result of circulating estrogen levels).
Second, since 16S rRNA gene sequencing is unable to detect the microbial functional
genes, this study could not identify whether there are any microbial pathways involved
in estrogen metabolism. Finally, the sample size of our study is relatively small and
therefore limited our statistical power to identify small differences in associations.

In conclusion, we found positive associations of estrogens and estrogen metabolites,
including 2-hydroxyestradiol, 4-methoxyestrone, estriol, and 17-epiestriol, and inverse asso-
ciations of 16alpha-hydroxyestrone, with the fecal microbiome. Multiple associations with
individual genera for both fecal and oral microbiome were also identified. Larger studies
are needed to confirm our findings. Longitudinal studies to investigate the dynamic
changes of the fecal and oral microbiome and estrogen interrelationships are also needed.

MATERIALS ANDMETHODS
Study population selection. The Ghana Breast Health Study has been described in detail previously

(14). In brief, breast cancer cases or nonmalignant breast disease cases were identified from three hospi-
tals in Ghana: Korle Bu Teaching Hospital in Accra and Komfo Anoyke Teaching Hospital and Peace and
Love Hospital in Kumasi. Population controls were frequency matched by age group to cases and identi-
fied using a household census of randomly selected enumeration areas giving rise to the cases. Study
subjects had to have resided for at least 1 year in the study areas.

After providing informed consent, participants responded to a standardized interview-based ques-
tionnaire that focused on demographic characteristics and breast cancer risk factors, and provided sa-
liva, stool, and blood samples. Previously, 392 breast cancer cases, 100 nonmalignant breast disease
cases, and 433 controls with available fecal and oral samples were selected to study the associations of
the fecal or oral microbiome with breast cancer and nonmalignant breast disease (3, 13). In addition,
blood samples from 635 postmenopausal controls not using exogenous hormones at blood draw were
selected to measure the concentrations of the estrogens and their metabolites (23, 24).

In this study, 117 controls with both microbiome (fecal and oral) and circulating estrogen data were
included. To be consistent with the rarefaction rate of previous analyses (3, 13), we excluded individuals

Estrogen Metabolism and Fecal and Oral Microbiome Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.01572-23 8

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01572-23


whose oral samples had,20,000 reads (N = 3) or fecal samples with ,6,250 reads (N = 7), which yielded
samples sizes of 110 women and 114 women in the fecal and oral microbiome analyses, respectively.

Fecal and oral sample processing and bioinformatics. The methods for DNA extraction, PCR
amplification, and sequencing of the fecal and oral samples were described previously (3, 13). In brief,
DNA was extracted from the fecal samples using the MO-BIO PowerMag Soil DNA isolation kit and DNA
was extracted from the oral samples using the DSP DNA Virus Pathogen kit (Qiagen) in two separate lab-
oratories. The V4 region of the 16S rRNA gene was PCR amplified for both sample types. On the Illumina
MiSeq, 2 � 150 bp paired end sequencing was conducted for the fecal samples and 2 � 250 bp paired
end sequencing was conducted for the oral samples.

Sequencing data from both fecal and oral samples were processed using QIIME 2 version 2019.1 (25).
Sequence variants were generated using the DADA2 plugin. Taxonomy was assigned to the resulting ampli-
con sequence variants (ASVs) using SILVA classifier version v132 and relative abundances of taxa were esti-
mated (26). Based on rarefaction curves in the previous analyses (3, 13), we chose a rarefaction rate of 6,250
reads/sample for the fecal microbiome and 20,000 reads/sample for the oral microbiome. Alpha-diversity
measures (i.e., observed ASVs, Faith’s Phylogenetic Diversity [PD], and the Shannon index) and beta-diversity
measures (i.e., Bray-Curtis, Jaccard, weighted Unifrac, and unweighted Unifrac) were calculated from the rare-
fied data using QIIME 2 (25).

Serum estrogen assay. The methods for serum estrogen measurement have been described previ-
ously (27–29). Briefly, stable isotope dilution liquid chromatography tandem mass spectrometry (LC-MS/
MS) was used to quantify 15 serum estrogens and estrogen metabolites, including estrone, estradiol,
2-hydroxylation pathway metabolites (2-hydroxyestrone, 2-hydroxyestradiol, 2-hydroxyestrone-3-methyl
ether, 2-methoxyestrone, and 2-methoxyestradiol); 4-hydroxylation pathway metabolites (4-hydroxyes-
trone, 4-methoxyestrone, and 4-methoxyestradiol); and 16-alpha-hydroxylation pathway metabolites (es-
triol, 16alpha-hydroxyestrone, 16-ketoestradiol, 16-epiestriol, and 17-epiestriol,). Five of the estrogens/
metabolites (estrone, estradiol, estriol, 2-methoxyestrone, and 2-methoxyestradiol) were also measured in
their unconjugated forms, and then the conjugated concentrations of these estrogens/metabolites were
calculated by subtracting the unconjugated from the combined concentration. Estrogens and estrogen
metabolites were expressed in picomoles per L. Quality control of the serum estrogen assay has been
reported elsewhere (23).

Statistical analysis. Given their right-skewed distributions, the circulating estrogen measures were
log-transformed for analysis. Linear regression models were used to calculate the associations between
estrogens and estrogen metabolites as the predictor with fecal and oral microbial alpha-diversity as the
outcome using two approaches. First, parent estrogens and estrogen metabolites were all analyzed
jointly in the same model (i.e., mutually adjusted). Then, individual estrogen/estrogen metabolite levels
(including unconjugated and calculated conjugated concentrations) were further evaluated in separate
models. A false discovery rate (FDR) was calculated for the individual hormone models to adjust P-values
due to multiple testing (N = 25 tests).

For beta-diversity, the association between the estrogens and estrogen metabolites and overall
beta-diversity matrices was tested using Microbiome Regression-Based Kernel Association Test (MiRKAT)
(30). Permutational Multivariate Analysis of Variance (PERMANOVA) for the beta-diversity matrices was
used to calculate the distance-based coefficient of determination, R2, to quantify the percentage of mi-
crobial variability explained by estrogens and estrogen metabolites. The FDR adjusted P-value (N = 25
tests) was calculated for both MiRKAT and PERMANOVA.

For the taxonomic analyses, we restricted to genera present in 5% to 80% of the population. A
series of zero-inflated negative binomial regression models were used to examine associations of over-
all estrogens and estrogen metabolites with the presence/absence of (zero-inflated) and number of
reads (sequence-count) for specific genera. A global P-value and an FDR adjusted global P-value (N
fecal microbiome = 100 tests; N oral microbiome = 67 tests) were calculated for each model.
Individual estimates and the corresponding P-values for each estrogen or estrogen metabolite were
reported for the genera.

All models were adjusted for age (continuous) and body mass index (BMI, ,18.5,18.5 to 24.9, 24.9-
29.9, and $30 kg/m2). For one woman with missing BMI, the median category was used. Additional
adjustment for other potential confounding variables, including study site, year at blood draw, time
since menopause, alcohol consumption, diabetes, oral contraceptive use, and antibiotic use did not sub-
stantially change the estimates, and therefore only results from the minimally adjusted models are pre-
sented. In sensitivity analyses we restricted the study population to participants who never had diabetes,
did not use antibiotics within the last 30 days, were menopausal for ,10 years or $10 years. All statisti-
cal analyses were conducted using R version 3.6.2.

Ethics statement. All participants provided written informed consent. This study was approved by
the Special Studies Institutional Review Board of the National Cancer Institute (NCI; Rockville, MD, USA;
FWA number 00005897 and IORG number 00010), the Ghana Heath Service Ethical Review Committee
and Institutional Review Boards at the University of Ghana Noguchi Memorial Institute for Medical
Research (Accra, Ghana; FWA number 00001824 and IORG number 0000908), the Kwame Nkrumah
University of Science and Technology (Kumasi, Ghana), and the School of Medical Sciences at Komfo
Anokye Teaching Hospital (Kumasi, Ghana).

Data availability. The sequencing data are available on the Sequence Read Archive (NCBI SRA)
under BioProject ID PRJNA658160 for fecal microbiome data and BioProject ID PRJNA767189 for oral
microbiome data. Further data are available from Thomas U. Ahearn (thomas.ahearn@nih.gov) upon
request.
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