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Abstract: Background: The human gut microbiome (GM) has been observed to vary by race/ethnicity.
Objective: Assess whether racial/ethnic GM variation is mediated by differences in diet. Design: Stool
samples collected from 2013 to 2016 from 5267 healthy Multiethnic Cohort participants

check for (age 59-98) were analyzed using 165 rRNA gene sequencing to estimate the relative abundance of
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Citation: Borrello, K.; Lim, U.; Park, tion of GM differences among African Americans, Japanese Americans, Latinos, Native Hawaiians,
$:-X;; Monroe, KR ; Maskarinec, G; and Whites by overall diet quality (Healthy Eating Index score (HEI-2015)) and intake amounts of

Boushey, C.J.; Wilkens, L.R.;
Randolph, TW.; Le Marchand, L.;
Hullar, M.A; et al. Dietary Intake
Mediates Ethnic Differences in Gut

Microbial Composition. Nutrients
2022, 14, 660. https://doi.org/ Lower vegetable intake mediated differences in Lachnospira (36% in African Americans, 39% in Latinos)

14 component foods /nutrients assessed from 2003 to 2008. For each significant mediation (p < 1.3 x 107),
we determined the percent of the total ethnicity effect on genus abundance mediated by the dietary factor.
Results: Ethnic differences in the abundance of 12 genera were significantly mediated by one or more
of eight dietary factors, most frequently by overall diet quality and intakes of vegetables and red meat.

10.3390/nu14030660 and Ruminococcus-1 (—35% in African Americans, —43% in Latinos) compared to Native Hawaiians
who consumed the highest amount. Higher red meat intake mediated differences in Lachnospira (—41%)
Academic Editors: Laura J. den . o/\ 2 . .. . . .
and Ruminococcus-1 (36%) in Native Hawaiians over African Americans, who consumed the least. Dairy
Hartigh and Deanna L. Gibson . . . . . .
and alcohol intakes appeared to mediate and counterbalance the difference in Bifidobacterium between
Received: 11 December 2021 Whites and Japanese Americans. Conclusions: Overall diet quality and component food intakes may
Accepted: 3 February 2022 contribute to ethnic differences in GM composition and to GM-related racial/ethnic health disparities.
Published: 4 February 2022
Publisher’s Note: MDPI stays neutral Keywords: diet; fecal microbiome; mediation; race/ethnicity

with regard to jurisdictional claims in

published maps and institutional affil-
iations.
1. Introduction

The human gut microbiome and its alterations have been associated with a wide array
- of metabolic and neuro-behavioral disorders, with especially strong evidence for obesity,
inflammatory bowel disease, and colorectal cancer [1-3]. The majority of gut microbiome-
disease associations are based on observational research, which limits causal inferences due
to confounding and study heterogeneity [4]. Nevertheless, the consistency in observational
findings across rigorously conducted studies [5] and the growing body of experimental
evidence [6-8] support causal and sizable effects of the gut microbiota on a number of host
conditions and translational potential for preventive and therapeutic applications [4,9].
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A key feature of the human gut microbiome is the remarkable stability of its composi-
tional structure within an individual over time while exhibiting large variability between
individuals [6,10]. Conversely, it has also been suggested that even small proportional
changes in gut microbial composition and functions may have a meaningful effect on
host metabolism and health [11]. Research to date points to diet, body mass index (BMI),
and aging as important determinants of such changes in healthy men and women [12,13];
however, little attention has been paid to racial/ethnic differences. Individual studies have
either been based on mostly European Whites or limited in sample size for racial/ethnic
comparative analyses [12], whereas pooled analyses of multiple studies for racial/ethnic
comparisons are likely subject to confounding by geographic and cultural differences as
well as technical analytic variation [14,15].

Two recent studies provide important initial evidence for gut microbial variation by
race/ethnicity. Based on the 165 rRNA gene sequenced for microbial composition data
from 1673 participants in two U.S. studies, Brooks et al. reported that the abundance of
12 microbial genera and families reproducibly varied by race/ethnicity across African
Americans, Asians/Pacific Islanders, Hispanics, and Whites [16]. The race/ethnicity-
distinguishing taxa included Christensenellaceae, known to be highly heritable [6], and
others that have been associated with human genetic variation. Another study in the
Netherlands reported that ethnicity (African, Middle Eastern, or South-Asian immigrants
vs. Dutch) among the 2084 participants explained 5.7% of the dissimilarities in gut microbial
composition [17]. These studies emphasized a critical need to further explore and account
for racial/ethnic microbial differences in research, especially as an underlying mechanism
for health disparities [18]. Although most of the racial/ethnic microbial variation may be
random and benign to host health, certain variations have been systematically associated
with social, economic, and structural stressors known to contribute to racial/ethnic health
inequities [18].

While the aforementioned studies of the gut microbiome by race/ethnicity adjusted
for limited dietary information to demonstrate persistent residual differences, the very
effect of racially/ethnically varying dietary intake itself on gut microbial composition
is of interest and merits investigation. In the current study, we assessed whether the
racial/ethnic variation in gut microbial composition is mediated by dietary intake differ-
ences in a population-based prospective study of five race/ethnic groups with detailed
dietary information and large 16S rRNA sequence-based fecal microbiome data.

2. Methods
2.1. Study Population

Data from the Adiposity Phenotype Study (APS) [19] and microbiome genome-wide
association study (mGWAS) [20] were combined for the current analysis. Both studies
were conducted from 2013 to 2016 among a subset of the Multiethnic Cohort Study (MEC)
participants, following a uniform protocol for stool sample collection and fecal microbiome
analysis. The MEC is a population-based cohort of >215,000 men and women of five
race/ethnic groups (African American, Japanese American, Latino, Native Hawaiian, and
White) who were aged between 45 and 75 years and residing in Hawaii or Los Angeles
County, California, at the baseline (1993-1996) [21]. Self-reported race/ethnicity was used
for the cohort design and current analysis since self-identified race/ethnicity as a social
construct is thought to capture different lived experiences and related individual behaviors
and contextual factors [22]: in the MEC, self-reported race/ethnicity has been observed to
be largely concordant with genetic ancestry [23,24].

For APS, a subset of 1861 MEC participants aged 60-77 years were re-recruited at the
University of Hawaii (UH) and the University of Southern California (USC) for racial/ethnic
comparisons of body fat distribution [19]. Participants were enrolled stratified on sex,
race/ethnicity, and six BMI categories (18.5-21.9, 22-24.9, 25-26.9, 27-29.9, 30-34.9, and
35-40 kg/m? excluding reported BMIs outside this range) in order to facilitate comparisons
across sex-ethnic groups. For mGWAS, a non-overlapping subset of MEC participants
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with prior GWAS data was re-contacted to collect a stool sample via mailing (n = 4502;
aged 60-90 years) for a study of human genetics associated with the gut microbiome [20].
The overall participation rate was 23% for the APS and 43% for the mGWAS among
the invited and eligible individuals. The Institutional Review Boards at UH and USC
approved the study protocols, and all participants provided informed consent, adhering to
the principles in the Belmont Report [25].

For both APS and mGWAS, individuals were excluded if they had a history of
ileostomy or colectomy or if they were affected by advanced diseases such as dialysis.
For the APS that involved body imaging, willing MEC participants were additionally
excluded for recent smoking in the past two years and contraindications for magnetic
resonance imaging (MRI) or dual energy X-ray absorptiometry (DXA) such as claustro-
phobia, soft or metal body implants, and amputation. Participation in both APS and
mGWAS was deferred if participants reported the following conditions that could affect
systemic metabolism or the gut microbiota [19,20]: recent treatment with chemotherapy, ra-
diation therapy, corticosteroid hormones, prescription weight-loss drugs, insulin or thyroid
medications (<6 months); recent endoscopy, irrigation or cleansing of the large intestine
(<6 months); recent weight change over 20 Ibs (or 9.072 kg; <6 months); recent antibiotics
(<3 months); or recent flu shot or other vaccination (<1 month). Participation in APS was
also deferred for recent imaging with contrast (<2 months).

2.2. Stool Collection and Fecal Microbiome Analysis

Participants were provided with a stool collection kit and instructions to collect a
sample at home into a vial containing RNAlater, store the sample overnight in their home
freezer, and return it with responses to a short questionnaire such as antibiotic use in the
past year (yes/no) [20]. The received samples were stored at —80 °C until shipping on dry
ice to the Fred Hutchinson Cancer Research Center (Fred Hutch) for analysis.

The protocols for laboratory analysis and bicinformatic data processing have been described
in detail [10,26] and also included in the online Supplementary Materials Figures S1 and S2),
along with information on data sharing. Briefly, DNA from stool samples was extracted and
amplified for the V1-V3 region of the 165 rRNA gene at Fred Hutch and shipped to the Research
and Testing Laboratory (RTL LLC, Lubbock, TX, USA) for sequencing. Fecal microbial composition
was assessed with 2 x 300 bp paired-end sequencing on the Illumina MiSeq platform. Quality
control of sequences and taxa identification were conducted using the Quantitative Insights Into
Microbial Ecology (QIIME) v1.8 pipeline implementing the SILVA v132 reference database [27].

2.3. Dietary Assessment

Dietary data from the 10-year follow-up in the MEC (2003-2008) were used in the
current analysis since they were the most recent and commonly available assessment
prior to the date of stool collection. Dietary intake was assessed with a self-administered,
quantitative food frequency questionnaire (QFFQ) that was developed and validated
specifically for the MEC study population [21,28]. The MEC QFFQ included questions
related to usual eating habits for over 180 food or food groups during the past year. For
each food item, participants were asked to select one of eight consumption frequency
categories and one of three portion sizes for a typical serving. Overall diet quality of
each participant was scored based on their adherence to dietary recommendations by the
Healthy Eating Index (HEI)-2015): HEI scoring is based on absolute intake amounts, and
thus is more comparable over time and across populations compared to other indices [29].
To additionally examine specific food groups, we analyzed the intake amounts of 14
individual food groups (or nutrients) that are used to define any of the four indices (HEI-
2015, the Alternative Healthy Eating Index, the alternate Mediterranean Diet and the
Dietary Approaches to Stop Hypertension) [30]. The individual food/nutrient groups
included seven ‘adequacy’ components (fruits, vegetables, nuts/seeds/legumes, whole
grains, dairy, fish, monounsaturated to saturated fatty acid ratio (MUFA /SFA)) and seven
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‘moderation’ components (alcohol, red meat, refined grains, added sugars, sugar-sweetened
beverages, saturated fat, sodium).

2.4. Statistical Analysis

Of the 6363 participants in total in the APS and mGWAS, gut microbiome data were
available for 6094 (see Supplementary Figure S3 for the participant flow chart). We ex-
cluded participants with invalid diet data (e.g., implausible values for total energy and
component macronutrients [31]; n = 149) or missing BMI values (n = 9) at cohort en-
try. We further excluded those with missing or invalid diet data at the 10-year follow-up
(n = 656) and those in mMGWAS with missing BMI (1 = 13), retaining 5267 participants for the
current analysis.

Before the mediation analysis, we examined mean dietary intake patterns (HEI-2015
total score for overall diet quality and intake amounts of 14 component food groups or
nutrients) in general linear models (SAS, v9.4; PROC GLM), adjusted for age, sex, energy
intake, and BMI, and compared them across race/ethnic groups. All dietary variables,
except HEI-2015, were log-transformed to meet the model assumptions.

The association between gut microbial composition and race/ethnicity was similarly
examined in general linear models. Gut microbial composition was analyzed as the relative
abundance of genera, as determined by the centered log-ratio (CLR) transformed count
of each genus (R, v4.1.2). Of the 152 genera, we focused on 63 common genera that were
present in at least 50% of the participants in all five race/ethnic groups, consistent with an
approach in a previous multiethnic comparison [16].

We performed mediation analysis to determine whether the effect of race/ethnicity
on gut microbial composition is in part mediated by overall diet quality or component
food /nutrient intake (Supplementary Figure S4). We used causal mediation analysis based
on the counterfactual-based framework [32], specifically using the marginal structural mod-
els to impute the counterfactuals [33]. Total effect of race/ethnicity—a multi-categorical
exposure (five race/ethnic groups) [34]—on the abundance of each genus was partitioned
into indirect effects mediated through each of the dietary factors and direct effects (re-
maining racial/ethnic differences in the genus driven by other factors), while adjusting
for potential confounding by age, sex, energy intake, BMI, and antibiotic use. Using the R
package medflex [35], counterfactuals were imputed based on the food mediator (nelmpute),
and a natural effect model (neModel) was fit using the linear regression of each genus (CLR
value) on the observed and the counterfactual race/ethnicity and covariates to estimate
their regression coefficients and standard errors for total, direct, and indirect effects from
100 bootstrap replications. For each dietary factor, the race/ethnic group with the most
desirable mean intake level was used as the reference (i.e., the group with highest mean
HEI-2015 score, highest mean intake of ‘adequacy’ components such as vegetables, or lowest
mean intake of ‘moderation” components such as red meat). A mediation (or indirect) ef-
fect with p < 1.3 x 107> was selected as significant based on Bonferroni correction for
945 mediation models on 63 genera and 15 dietary factors, with comparisons of four
race/ethnic groups to the reference group in each model. For each significant media-
tion/indirect effect, the proportion (%) mediated by the given dietary factor was determined
as the ratio of regression coefficients for the indirect over the total race/ethnicity effect.

Finally, the genera with significant mediation by one or more dietary factors were
examined in mean abundance, adjusted for age, sex, BMI, and antibiotic use across the
race/ethnic groups using the general linear model (and median regression for p-value; SAS,
PROC QUANTREG). The Spearman correlation between the genera and dietary factors
was examined in a heatmap (R package heatmap.2).

3. Results

The study population was comprised of similar numbers of men and women and
a large proportion (>82%) of individuals from minority groups (Table 1). The distribu-
tion of the sex-ethnic subgroups reflects that in the parent MEC and its GWAS subset
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including more Japanese Americans than other groups and more women than men among
African Americans. The mean age of the participants was 65.3 years at dietary assessment
(2003-2008) and 74.6 years at stool collection (2013-2016), with an interval of 9.3 (£1.4)
years. Both mean BMI and the prevalence of weight categories varied substantially by
race/ethnicity. Some variations were also observed in the proportion of current smokers,
mean energy intake, and the recent history of antibiotic use.

Table 1. Characteristics * of study participants.

Overall White Afrlc.an Natl.v‘e Jap an.ese Latino
American Hawaiian American
N 5267 918 750 684 1969 946
Sex, % women 51% 49% 60% 57% 49% 48%
Age at dietary assessment, mean (SD)  65.3 (6.9) 64.3 (6.6) 65.8 (7.3) 63.3 (6.5) 65.9 (7.1) 66.0 (6.3)
Age at stool collection, mean (SD) 74.6 (6.9) 73.5 (6.6) 75.3 (7.2) 72.8 (6.6) 75.1(7.1) 75.6 (6.4)
BMI, mean kg/m2(SD) 264 (5.1) 260 (4.9) 28.3 (5.5) 28.3 (5.5) 24.8 (4.4) 27.7 (5.0)
Normal-weight, % 43% 45% 30% 31% 57% 31%
Overweight, % 37% 37% 40% 36% 34% 42%
Obese, % 20% 18% 31% 33% 10% 27%
Smoking status, %
Never 47% 46% 43% 42% 51% 47%
Former 42% 41% 47% 46% 40% 41%
Current 9% 12% 12% 10% 9% 12%
Energy intake, mean kcal/day (SD) 1869 (810) 1925 (712) 1660 (838) 2067 (997) 1789 (653) 2006 (952)
Antibiotics use in the past year, % 19% 21% 17% 17% 17% 21%

* The characteristics are from the 10-year follow-up of the Multiethnic Cohort (2003-2008; age at dietary assessment,
BMI, energy intake and smoking status) or from the Adiposity Phenotype Study and microbiome GWAS (2013-2016;
age at stool collection, antibiotics use). The characteristics are presented in percent for categorical traits and mean
(standard deviation (SD)) for continuous traits.

Table 2 illustrates the large racial /ethnic differences in overall diet quality (HEI-2015)
and intake amounts of 14 component foods/nutrients. After adjustment for age, sex, energy
intake and BMI, the mean overall diet quality was highest in African Americans (72.9) and
Whites (72.6), followed by Japanese Americans (70.4) and Native Hawaiians (70.2), and
lowest in Latinos (68.9) (p < 0.0001). This was consistent with the pattern observed in the
parent MEC, where the mean adjusted HEI-2015 score was highest in Whites (69.2; 95%
confidence limit: 69.1-69.3) and African Americans (69.1; 69.0-69.2) and lowest in Latinos
(65.7; 65.6-65.7) (data not shown). For each dietary factor, the race/ethnic group with the
most desirable mean intake level is noted in bold in Table 2.

Supplementary Table S1 describes the gut microbiome in terms of alpha diversity and
relative abundance of the phyla among the study participants, overall and by race/ethnicity.
We then examined alpha diversity indices and relative abundance of the 12 phyla and
63 common genera by race/ethnicity and decomposed the racial/ethnic differences into
indirect effects mediated through dietary factors and other direct effects. Supplemen-
tary Table S2 shows the total, direct, and indirect effects of race/ethnicity on the 12 gen-
era, for which one or more of the dietary factors had significant mediation: after adjust-
ing for multiple tests, dietary mediation was not significant for alpha diversity indices,
12 phyla, or 51 common genera. Figure 1 illustrates the significant positive (blue) or neg-
ative (red) mediation by one or more of eight dietary factors for the race/ethnicity effect
on the abundance of 12 bacterial genera. The figure does not show the other 51 genera or
seven dietary factors (fruits, whole grains, fish, MUFA /SFA ratio, refined grains, sugar-
added beverages, and sodium) that did not involve significant racial /ethnic differences or
significant dietary mediation. Positive mediation by diet is likely to have contributed to the
overall ethnic difference observed in the genus abundance, whereas negative mediation
is likely to have reduced otherwise a larger ethnic difference in the genus caused by the
direct effect of other factors.
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Table 2. Mean (95% confidence limit) overall diet quality and component food /nutrient intake by
race/ethnicity.

Dietary Factors White Aﬁzlrciz:n Native Hawaiian  Japanese American Latino
y (n =918) (n = 684) (n =1969) (n = 946) P
(n = 750)
Overall diet quality 7 ¢ (71 1 7 70.2 (68.6, 71.7 70.4 (69.0, 71 9(67.5,70.4 -19
(HEL2015) 6(71.1,740) 729 (71.4, 74.4) 0.2 (68.6, 71.7) 0.4 (69.0, 71.8) 68.9 (67.5,704) 1.5 x 10
Fruits (cups/day) 1.94(1.71,218)  1.94 (1.71,2.18) 1.99 (1.75,2.23) 1.71 (1.49, 1.93) 230 (2.08,2.53) 3.1 x 107V
Vegetables (cups/day) ~ 2.32(2.11,252)  1.84(1.63,2.05) 251 (2.30, 2.72) 2.19 (1.99, 2.38) 2.04(1.84,224) 12 x 10719
Nuts, S(f;f;é;’;gumes 37.4 (32.6,42.00  30.1(25.2,34.9) 30.9 (26.1, 35.7) 30.9 (26.4, 35.4) 29.5(24.7,34.0) 9.0 x 1077
Whole grains (g/day) ~ 52.4 (46.8,58.1)  51.3 (45.6, 57.0) 52.4 (46.5,58.1) 48.2 (42.8,53.6) 420 (36.6,47.6) 59 x 107°
Dairy (cups/day) 1.54 (1.42, 1.67) 1.00 (0.87, 1.12) 1.15 (1.02, 1.28) 0.88 (0.77, 1.00) 153 (1.41,1.65) 25x 10114
Fish (g/day) 264 (23.0,30.1)  23.2(19.6,26.9) 35.7 (32.0, 39.4) 31.2(27.8, 34.6) 18.7(153,22.1) 1.6 x 1073
MUFA /SFA ratio 1.21(1.18,1.24)  1.29(1.26,1.32) 1.28 (1.25,1.32) 1.36 (1.33, 1.39) 123(120,1.26) 5.0 x 10-%
Alcohol (g/day) 12.9 (10.8, 15.0) 6.7 (4.6, 8.8) 7.5(5.3,9.7) 41(2.2,6.1) 6.4 (4.4,84) 9.0 x 107¥
Red meat (g/day) 42.8(38.0,47.6) 329 (28.1,37.7) 55.0 (50.2, 59.8) 479 (43.4,52.4) 408 (36.3,45.6) 1.7 x 1040
Refined grains (g/day) 105 (94, 115) 90 (80, 101) 141 (130, 152) 139 (129, 150) 151 (140, 161) 41 x 10°%
Added sugars (tsp/day) 955 (8.68,10.4)  9.38(8.50, 10.2) 9.74 (8.85, 10.6) 7.38 (6.56, 8.19) 9.43(8.59,103) 1.1 x 10~
bs“gar'sweete“ed 90 (64, 116) 145 (119, 172) 117 (90, 144) 80.2 (56, 105) 120 (95, 145) 82 x 107V
everages (g/day)

Saturated fat (g/day)  23.1(21.6,24.6)  19.7(182,21.2) 23.6(22.1,25.2) 19.2 (17.7, 20.6) 237(222,251) 1.6 x 10°%
Sodium (g/day) 3.15(2.94,335)  2.66 (2.46,2.87) 3.47 (3.26, 3.68) 3.12 (2.93,3.32) 334(3.15,354) 52 x 1072

The mean (95% confidence limit) for the overall diet quality (the Healthy Eating Index (HEI-2015) score) and
the intake amounts of diet quality-defining component foods/nutrients was obtained in a general linear model
of each dietary factor on race/ethnicity, adjusted for age, sex, BMI and energy intake, along with the p-value
for ethnic differences. Measurement equivalents: 1 cup is equivalent to 236.588 mL; 1 teaspoon is equivalent to
4.92892 mL. For each dietary factor, the race/ethnic group with the most desirable (the most of the adequacy item
or the least of the moderation item) mean intake level is noted in bold.

Overall diet quality (HEI-2015) and intakes of vegetables and red meat mediated the
gut microbiome differences across ethnic groups more frequently than others (Figure 1).
HEI-2015 most notably mediated the ethnic differences in Erysipelotrichaceae UCG003 (19%),
Flavonifractor (—23%), Ruminiclostridium-5 (—20%), and Ruminococcaceae uncultured (20%)
between African Americans and Latinos, groups with the highest and lowest mean HEI-
2015, respectively. Compared to Native Hawaiians, lower vegetable intake among African
Americans and Latinos mediated their relative abundance of Lachnospira (36% for African
Americans, 39% for Latinos) and Ruminococcus-1 (—35%, —43%). Red meats, consumed the
most by Native Hawaiians and the least by African Americans, mediated the differences in
Coprococcus-2 (33%), Lachnospira (—41%), and Ruminococcus-1 (36%).

In addition, the intake of nuts, seeds, or legumes mediated the differences in Ru-
minococcaceae UUCGO13 to the largest degree (32%) among Native Hawaiians compared to
Whites, groups with the lowest and highest mean intake levels, respectively. The abundance
of Bifidobacterium appeared to be enhanced by dairy intake and reduced by alcohol intake.
Compared to Whites with the highest consumption of both dairy and alcohol, Japanese
Americans had a higher abundance of Bifidobacterium (total effect coefficient = 0.4960,
Supplementary Table S2), which was positively mediated by their lower alcohol intake
(16%) and which would have been by a larger margin if not for the negative mediation by
their lower dairy intake (—20%).

When overall diet quality was adjusted for in the models for component foods/nutrients
in order to assess independent associations of the latter, the mediation by individual foods/
nutrients was generally attenuated in magnitude and significance (Supplementary Table S3).
One exception was the difference in Ruminococcus-1 between African Americans and Native
Hawaiians mediated by vegetable intake, which was strengthened from —35% to —46%.
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Figure 1. Mediating effects of dietary factors for the racial/ethnic differences in 12 gut microbial
genera. The heatmap cells are shaded for positive (blue) or negative (red) mediation effects of
statistical significance (p < 1.32 x 107> for Bonferroni correction), with numbers inserted for the
percent of total ethnicity effect mediated by each dietary variable.

The 12 genera in Figure 1 with significant mediation by dietary factors are shown in
Supplementary Table 54 for mean relative abundance across race/ethnic groups, adjusted
for age, sex, BMI, and antibiotic use. Supplementary Figure S5 shows unadjusted Spearman
correlation coefficients for the 12 genera in relation to dietary factors and key covariates in
a heatmap, showing generally weak associations and indicating that simple correlations
are not likely to show the complexity of the inter-relationships.

4. Discussion

In this large, ethnically diverse study population, we found significant racial/ethnic
variation in gut microbial composition and in the contributions to these differences by some
of the dietary intake patterns considered. Among the 63 genera that were prevalent in all
five of our racial/ethnic populations, the ethnic difference in 12 genera was significantly
mediated by eight of the 15 key dietary factors examined. The absolute magnitude of
the mediation effects, as determined by the percent of total ethnicity effect on the given
genus abundance mediated by a dietary factor, was as high as 43%. Notably, strong dietary
mediation (absolute percent mediation >30%) was detected for Coprococcus-2, Lachnospira,
Ruminococcaceae UCGO013, and Ruminococcus-1 by racial/ethnic differences in the dietary
consumption of vegetables, nuts/seeds/legumes, or red meat.

In this analysis, we primarily focused on the dietary mediation of the ethnic variation.
We observed that about 40% of 152 genera were common across the five race/ethnic groups
in our population. The common genera included four of the 12 taxa that differentiated
race/ethnicity well in the only prior U.S. study comparing gut microbial composition across
88 Asian-Pacific Islanders, 1237 Caucasians, 37 Hispanics, and 13 African Americans [16]:
Christensenellaceae, Odoribacter, Alistipes, and Collinsella. Christensenellaceae and Alistipes
ranked high in their racial/ethnic differences in our data. An additional three (Veillonella,
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Verrucomicrobiaceae, and Victivallaceae) of the 12 were found at low prevalence in our data,
and the other five were not detected in quantifiable amounts (data not shown). Although
reasons for this discrepancy between the previous study vs. ours are not clear, some may be
due to the differences in the 16S rRNA gene region sequenced, the reference database, and
collection/storage conditions as well as the limited sample size of minority individuals.
We have shown that the stool collection protocol used in our analysis had high reliability in
detecting abundant taxa [10]. Regardless, we need additional studies that are inclusive of
racial/ethnic minorities, rigorous in collecting high quality data, and specific whenever
possible to disaggregate racial/ethnic (sub)groups with potentially different microecology
such as Americans of Asian vs. Pacific Islander descent.

We found that the magnitude of dietary mediation was not proportional to the ethnic
difference in individual genera, indicating varying effects of non-dietary determinants on
the gut microbiome. For example, Christensenellaceae, Blautia, and [Eubacterium] ventriosum
ranked high in their importance to differentiate race/ethnic groups (data not shown) but
showed little mediation by dietary intake differences. Similarly, others found no association
between diet and Christensenellaceae [36].

Overall diet quality had the largest mediation effect on the ethnic variation in the abun-
dance of Flavonifractor, Ruminiclostridium-5, and Ruminococcaceae uncultured. Flavonifractor is
known to catabolize catechin flavonoids in the gut [37]. Flavonifractor plautii has specifically
been associated with a high-fat/low-fiber diet [38], increased gut permeability [39], and
colorectal cancer [40], while another taxon, Flavonifractor OTU41, was reduced in a ran-
domized trial of cranberry supplementation rich in polyphenols [41]. Ruminiclostridium-5
can metabolize complex polymers such as cellulose, xylan, and N-acetylglucosamine as
an energy source [42] and was increased in a randomized trial of a polydextrose fiber
supplement [43]. Thus, our finding is supported by the known dependence of these genera
on host diet.

We also found that the racial/ethnic differences in the abundance of Lachnospira and
Ruminococcus-1 were mediated substantially and in opposite directions by the intake of
vegetables and red meat. Lachnospira, a member of short-chain fatty acid (SCFA) producer
Lachnospiraceae, has been inversely associated with weight gain and obesity [44] and was in-
creased in studies that supplemented dietary fiber or vitamin D [45]. Enriched Ruminococcus
species within the phylum Firmicutes have been linked to inflammatory bowel diseases [46]
and was reduced after a probiotic intervention [47]. Consistent with the favorable profile
of Lachnospira and the deleterious profile of Ruminococcus-1, we observed that African
Americans and Latinos, groups with low vegetable intake, had lower abundance of Lach-
nospira and higher abundance of Ruminococcus-1 compared with Native Hawaiians who
reported the highest vegetable intake; 35-43% of these differences was mediated by the
vegetable intake difference. In contrast, red meat intake, reported to be higher in Native
Hawaiians than African Americans, showed a counter-balancing mediation effect for the
ethnic difference in Lachnospira and Ruminococcus-1 abundance.

The difference in Bifidobacterium between Whites and Japanese Americans was medi-
ated by their dairy and alcohol intake [48]. Whites reported the highest mean dairy intake
but had the lowest abundance of Bifidobacterium, and the genus difference compared to
Japanese Americans was mediated in part (16%) by higher alcohol intake among Whites,
indicating that alcohol had a suppressing effect on the genus [49]. It is likely that Japanese
Americans could have had a greater abundance in Bifidobacterium over Whites had they
increased their low intake of fermented dairy foods (—20%). Bifidobacterium members
are widely commercialized as probiotics, known for their SCFA-producing and beneficial
immunomodulatory properties [50]. While Bifidobacterium abundance has been consistently
linked to human genetic variation such as for lactase persistence (lower in Asian Americans
than in Whites), it has been suggested that the influence of environment prevails over host
genetics [51]. Our findings similarly underscore the importance of dietary exposures and
further allude to their potential counter-acting effects of different dietary components.
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There are several important strengths to this study. A large number of diverse par-
ticipants were included. Stool samples were collected into a nucleic acid fixative, which
has been shown to provide high-quality and reproducible results comparable to that ob-
tained from fresh-frozen collection protocols [52,53]. Dietary assessment was based on a
QFFQ instrument specifically developed and validated for a multiethnic population [28].
Racial/ethnic comparisons were made with the group with the most desirable level of
each dietary factor as the reference, which allowed for the detection of maximum dietary
mediation compared to having Whites as the common reference.

On the other hand, there were some limitations in our analyses. We analyzed the
dietary intake data from 10 years prior to the stool collections, which may have yielded
different associations than a more recent diet. We had information on concurrent diet only
for the APS subset (1 = 1484), where similar mediation trends were observed but did not
reach statistical significance after adjustment for multiple tests (Supplementary Table S5),
likely due to the smaller sample size. While transient changes in gut microbial composi-
tion have been observed in response to dietary fluctuations such as fiber intake [54], the
overall long-term stability of adult gut microbiome is well established [55,56], supporting a
relatively consistent association with habitual diet over time. Although direct studies are
nearly nonexistent for associations with habitual diet in the distant past [57], our longitu-
dinal analysis showed that dietary intake patterns up to 20 years prior to stool collection
had a consistent association as concurrent dietary intake with measures of fecal microbial
community structure [58], and we expect to see more longitudinal analyses from other
similar cohorts. Additionally, the race/ethnic groups in the MEC are mostly separated
geographically, with African Americans and Latinos mostly from California and Japanese
Americans, Native Hawaiians and Whites mostly from Hawaii, which limited our ability to
differentiate racial/ethnic variation from geographic variation in the gut microbiome. We
observed some evidence, however, that the geographic variation may not be substantial and
may be limited to a subgroup of the microbial genera in our comparison of small subsets
of Japanese Americans and Whites from California with their counterparts from Hawaii
( Supplementary Table S6). In addition, although we adjusted for key correlates, other
determinants might have confounded some of the mediation effects. Finally, considering
the functional redundancy of the human microbiome [59], our compositional analysis
might have overestimated the ethnic differences or their mediation by dietary intake: future
studies with high-resolution taxonomic and metagenomic analysis are warranted to more
accurately characterize the racial/ethnic variation and the dietary mediation.

In conclusion, we made a novel observation of substantial dietary mediation for the
significant racial/ethnic variation in gut microbial composition. This is an important
finding to understand the biological underpinning of racial/ethnic health disparities and
to identify relevant targetable dietary interventions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nu14030660/s1, including supplemental method description [60-72];
Figure S1: Flow chart for the gut microbiome data processing; Figure S2: Dependency graph showing
the links between processing steps, source files, and output files for the Multiethnic Cohort Study
16S datafiles after OTU generation; Figure S3: Participant flow chart; Figure S4: Conceptual frame-
work for the current mediation analysis; Figure S5: Spearman correlations between 15 dietary fac-
tors and 12 gut microbial genera that showed significant mediation; Table S1: Description (mean
(standard deviation)) of gut microbial diversity and phyla abundance, overall and by race/ethnicity;
Table S2: Decomposition of total ethnicity effect on 63 common genera abundance into direct ef-
fects and indirect effects mediated through dietary factors, adjusted for age, sex, energy intake, BMI
and antibiotics use; Table S3: Decomposition of total ethnicity effect on gut microbial genera abun-
dance into direct effects and indirect effects mediated through dietary factors, adjusted for overall
diet quality (HEI-2015), as well as age, sex, energy intake, BMI and antibiotics use; Table S4: Mean
relative abundance of 12 genera most mediated by dietary factors, stratified by race/ethnicity; Ta-
ble S5: Decomposition of total ethnicity effect on the 12 genera abundance from the main anal-
ysis (Table S1) into direct effects and indirect effects mediated through dietary factors using the
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concurrent Food Frequency Questionnaire data available in the Adiposity Phenotype Study sub-
set (n=1,484), adjusted for age, sex, energy intake, BMI and antibiotics use; Table S6: Compari-
son of 15 dietary factors and 12 genera by study area within the same race/ethnicity of Whites or
Japanese Americans.

Author Contributions: The authors’ responsibilities were as follows: L.L.M. and L.R.W. lead the
parent MEC study; L.L.M. led the APS and mGWAS; L.LLM.,LRW., UL, KRM,, JWL. and M. A H.
contributed to the design, recruitment, and data collection for the APS and mGWAS; M.A H., TW.R.
and J.W.L. produced the gut microbiome data; U.L. and S.-Y.P. conceptualized the current analysis;
K.B., S.-Y.P. and U.L. performed the data analysis and drafted the manuscript; and KR.M., G.M.,
CJ.B,LRW, TWR, LLM., M.AH. and ].W.L. provided input on the manuscript throughout the
revision process. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the U.S. National Cancer Institute (NCI) grants: P01 CA168530,
U01 CA164973, P30 CA071789, P30 CA015704, and R01 CA204368.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Boards of the University of Hawaii (CHS17200;
1 June 2012) and the University of Southern California (HS-12-00623; 1 November 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data described in the manuscript, code book, and analytic code will be
made available upon request. In addition, all of the gut microbiome sequencing data will be submitted
to the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra, accessed on 10 December 2021)
with a project code added to the paper once accepted for publication.

Acknowledgments: We would like to thank the participants who generously donated their time and
effort to the Multiethnic Cohort APS and mGWAS studies.

Conflicts of Interest: The authors declare no conflict of interest related to this study or their institu-
tional responsibilities.

Abbreviations

APS: Adiposity Phenotype Study; HEI, the Healthy Eating Index; MEC, the Multiethnic Cohort Study;
mGWAS, microbiome Genome-Wide Association Study; QFFQ, quantitative food frequency questionnaire.

References

1. Walters, W.A.; Xu, Z.; Knight, R. Meta-analyses of human gut microbes associated with obesity and IBD. FEBS Lett. 2014,
588,4223-4233. [CrossRef] [PubMed]

2. Kostic, A.D.; Chun, E.; Robertson, L.; Glickman, J.N.; Gallini, C.A.; Michaud, M.; Clancy, T.E.; Chung, D.C.; Lochhead, P;
Hold, G.L.; et al. Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune microenviron-
ment. Cell Host Microbe 2013, 14, 207-215. [CrossRef] [PubMed]

3. Jiang, H.; Ling, Z.; Zhang, Y.; Mao, H.; Ma, Z; Yin, Y.; Wang, W.; Tang, W.; Tan, Z.; Shi, J.; et al. Altered fecal microbiota
composition in patients with major depressive disorder. Brain Behav. Immun. 2015, 48, 186-194. [CrossRef] [PubMed]

4. Cani, PD. Human gut microbiome: Hopes, threats and promises. Gut 2018, 67, 1716-1725. [CrossRef]

5. Sze, M.A,; Schloss, P.D. Looking for a Signal in the Noise: Revisiting Obesity and the Microbiome. mBio 2016, 7, €01018-16.
[CrossRef]

6.  Goodrich, ].K.; Waters, ].L.; Poole, A.C.; Sutter, ].L.; Koren, O.; Blekhman, R.; Beaumont, M.; Van Treuren, W.; Knight, R; Bell, ].T.;
et al. Human genetics shape the gut microbiome. Cell 2014, 159, 789-799. [CrossRef]

7. Fei,N.; Zhao, L. An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. ISME .
2013, 7, 880-884. [CrossRef]

8. Kang, D.W.; Adams, J.B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.; Maldonado, J.; McDonough-
Means, S.; et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: An
open-label study. Microbiome 2017, 5, 10. [CrossRef]

9. Gilbert, J.A.; Blaser, M.].; Caporaso, J.G.; Jansson, ] K.; Lynch, S.V.; Knight, R. Current understanding of the human microbiome.
Nat. Med. 2018, 24, 392-400. [CrossRef]

10. Fu, B.C,; Randolph, TW.,; Lim, U.; Monroe, K.R.; Cheng, I.; Wilkens, L.R.; Le Marchand, L.; Lampe, ] W.; Hullar, M.A.]. Temporal

Variability and Stability of the Fecal Microbiome: The Multiethnic Cohort Study. Cancer Epidemiol. Biomarkers Prev. 2019,
28, 154-162. [CrossRef]


https://www.ncbi.nlm.nih.gov/sra
http://doi.org/10.1016/j.febslet.2014.09.039
http://www.ncbi.nlm.nih.gov/pubmed/25307765
http://doi.org/10.1016/j.chom.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23954159
http://doi.org/10.1016/j.bbi.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25882912
http://doi.org/10.1136/gutjnl-2018-316723
http://doi.org/10.1128/mBio.01018-16
http://doi.org/10.1016/j.cell.2014.09.053
http://doi.org/10.1038/ismej.2012.153
http://doi.org/10.1186/s40168-016-0225-7
http://doi.org/10.1038/nm.4517
http://doi.org/10.1158/1055-9965.EPI-18-0348

Nutrients 2022, 14, 660 11 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Marungruang, N.; Tovar, J.; Bjorck, I.; Hallenius, EF. Improvement in cardiometabolic risk markers following a multifunctional
diet is associated with gut microbial taxa in healthy overweight and obese subjects. Eur. |. Nutr. 2018, 57, 2927-2936. [CrossRef]
[PubMed]

Falony, G.; Joossens, M.; Vieira-Silva, S.; Wang, J.; Darzi, Y.; Faust, K.; Kurilshikov, A.; Bonder, M.].; Valles-Colomer, M.;
Vandeputte, D.; et al. Population-level analysis of gut microbiome variation. Science 2016, 352, 560-564. [CrossRef]

Hills, R.D., Jr.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, 5.C.; Theberge, C.R. Gut Microbiome: Profound Implications
for Diet and Disease. Nutrients 2019, 11, 1613. [CrossRef]

Yatsunenko, T.; Rey, EE.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G;
Baldassano, R.N.; Anokhin, A.P; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222-227.
[CrossRef] [PubMed]

Debelius, J.; Song, S.J.; Vazquez-Baeza, Y.; Xu, Z.Z.; Gonzalez, A.; Knight, R. Tiny microbes, enormous impacts: What matters in
gut microbiome studies? Genome Biol. 2016, 17, 217. [CrossRef] [PubMed]

Brooks, A.W.; Priya, S.; Blekhman, R.; Bordenstein, S.R. Gut microbiota diversity across ethnicities in the United States. PLoS Biol.
2018, 16, €2006842. [CrossRef]

Deschasaux, M.; Bouter, K.E.; Prodan, A.; Levin, E.; Groen, A.K.; Herrema, H.; Tremaroli, V.; Bakker, G.J.; Attaye, I;
Pinto-Sietsma, S.J.; et al. Depicting the composition of gut microbiota in a population with varied ethnic origins but shared
geography. Nat. Med. 2018, 24, 1526-1531. [CrossRef] [PubMed]

Amato, K.R.; Arrieta, M.C.; Azad, M.B.; Bailey, M.T; Broussard, ].L.; Bruggeling, C.E.; Claud, E.C.; Costello, E.K.; Davenport, ER,;
Dutilh, B.E,; et al. The human gut microbiome and health inequities. Proc. Natl. Acad. Sci. USA 2021, 118. [CrossRef] [PubMed]
Lim, U.; Monroe, K.R.; Buchthal, S.; Fan, B.; Cheng, L; Kristal, B.S.; Lampe, ].W.; Hullar, M.A.; Franke, A.A.; Stram, D.O;
et al. Propensity for Intra-abdominal and Hepatic Adiposity Varies Among Ethnic Groups. Gastroenterology 2019, 156, 966-975.
[CrossRef]

Fu, B.C; Randolph, TW,; Lim, U.; Monroe, K.R.; Cheng, I.; Wilkens, L.R.; Le Marchand, L.; Hullar, M.A.; Lampe, ].W. Characteri-
zation of the gut microbiome in epidemiologic studies: The multiethnic cohort experience. Ann. Epidemiol. 2016, 26, 373-379.
[CrossRef]

Kolonel, L.N.; Henderson, B.E.; Hankin, J.H.; Nomura, A.M.; Wilkens, L.R.; Pike, M.C.; Stram, D.O.; Monroe, K.R.; Earle, M.E.;
Nagamine, ES. A multiethnic cohort in Hawaii and Los Angeles: Baseline characteristics. Am. J. Epidemiol. 2000, 151, 346-357.
[CrossRef] [PubMed]

Kaufman, J.S. Epidemiologic analysis of racial/ethnic disparities: Some fundamental issues and a cautionary example. Soc. Sci.
Med. 2008, 66, 1659—-1669. [CrossRef] [PubMed]

Wang, H.; Haiman, C.A.; Kolonel, L.N.; Henderson, B.E.; Wilkens, L.R.; Le Marchand, L.; Stram, D.O. Self-reported ethnicity,
genetic structure and the impact of population stratification in a multiethnic study. Hum. Genet. 2010, 128, 165-177. [CrossRef]
[PubMed]

Park, S.L.; Li, Y;; Sheng, X.; Hom, V.; Xia, L.; Zhao, K.; Pooler, L.; Setiawan, V.W.; Lim, U.; Monroe, K.R,; et al. Genome-Wide
Association Study of Liver Fat: The Multiethnic Cohort Adiposity Phenotype Study. Hepatol. Commun. 2020, 4, 1112-1123.
[CrossRef] [PubMed]

National Commission for the Protection of Human Subjects of Biomedical and Behavioral Research. The Belmont Report: Ethical
Principles and Guidelines for the Protection of Human Subjects of Research, 1974.

Hullar, M.A ]; Jenkins, I.C.; Randolph, T.W.; Curtis, KR.; Monroe, K.R.; Ernst, T.; Shepherd, J.A.; Stram, D.O.; Cheng, I;
Kristal, B.S.; et al. Associations of the gut microbiome with hepatic adiposity in the Multiethnic Cohort Adiposity Phenotype
Study. Gut Microbes 2021, 13, 1965463. [CrossRef]

Quast, C.; Pruesse, E.; Yilmaz, P; Gerken, ]J.; Schweer, T.; Yarza, P,; Peplies, ].; Glockner, EO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef]

Stram, D.O.; Hankin, J.H.; Wilkens, L.R.; Pike, M.C.; Monroe, K.R.; Park, S.; Henderson, B.E.; Nomura, A.M.; Earle, M.E.;
Nagamine, ES.; et al. Calibration of the dietary questionnaire for a multiethnic cohort in Hawaii and Los Angeles. Am. J. Epidemiol.
2000, 151, 358-370. [CrossRef]

Maskarinec, G.; Lim, U.; Jacobs, S.; Monroe, K.R.; Ernst, T.; Buchthal, S.D.; Shepherd, J.A.; Wilkens, L.R.; Le Marchand, L.;
Boushey, C.J. Diet Quality in Midadulthood Predicts Visceral Adiposity and Liver Fatness in Older Ages: The Multiethnic Cohort
Study. Obesity 2017, 25, 1442-1450. [CrossRef]

Park, S.Y.; Boushey, C.J.; Wilkens, L.R.; Haiman, C.A.; Le Marchand, L. High-Quality Diets Associate With Reduced Risk of
Colorectal Cancer: Analyses of Diet Quality Indexes in the Multiethnic Cohort. Gastroenterology 2017, 153, 386-394. [CrossRef]
Park, S.Y.; Murphy, S.P.; Wilkens, L.R.; Yamamoto, J.F.; Sharma, S.; Hankin, ].H.; Henderson, B.E.; Kolonel, L.N. Dietary patterns
using the Food Guide Pyramid groups are associated with sociodemographic and lifestyle factors: The multiethnic cohort study.
J. Nutr. 2005, 135, 843-849. [CrossRef]

Lee, H.; Cashin, A.G.; Lamb, S.E.; Hopewell, S.; Vansteelandt, S.; VanderWeele, T.J.; MacKinnon, D.P,; Mansell, G.; Collins, G.S;
Golub, RM,; et al. A Guideline for Reporting Mediation Analyses of Randomized Trials and Observational Studies: The AGReMA
Statement. JAMA J. Am. Med. Assoc. 2021, 326, 1045-1056. [CrossRef] [PubMed]

Lange, T.; Vansteelandt, S.; Bekaert, M. A simple unified approach for estimating natural direct and indirect effects. Am. ]J.
Epidemiol. 2012, 176, 190-195. [CrossRef] [PubMed]


http://doi.org/10.1007/s00394-017-1563-3
http://www.ncbi.nlm.nih.gov/pubmed/29098426
http://doi.org/10.1126/science.aad3503
http://doi.org/10.3390/nu11071613
http://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://doi.org/10.1186/s13059-016-1086-x
http://www.ncbi.nlm.nih.gov/pubmed/27760558
http://doi.org/10.1371/journal.pbio.2006842
http://doi.org/10.1038/s41591-018-0160-1
http://www.ncbi.nlm.nih.gov/pubmed/30150717
http://doi.org/10.1073/pnas.2017947118
http://www.ncbi.nlm.nih.gov/pubmed/34161260
http://doi.org/10.1053/j.gastro.2018.11.021
http://doi.org/10.1016/j.annepidem.2016.02.009
http://doi.org/10.1093/oxfordjournals.aje.a010213
http://www.ncbi.nlm.nih.gov/pubmed/10695593
http://doi.org/10.1016/j.socscimed.2007.11.046
http://www.ncbi.nlm.nih.gov/pubmed/18248866
http://doi.org/10.1007/s00439-010-0841-4
http://www.ncbi.nlm.nih.gov/pubmed/20499252
http://doi.org/10.1002/hep4.1533
http://www.ncbi.nlm.nih.gov/pubmed/32766472
http://doi.org/10.1080/19490976.2021.1965463
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1093/oxfordjournals.aje.a010214
http://doi.org/10.1002/oby.21868
http://doi.org/10.1053/j.gastro.2017.04.004
http://doi.org/10.1093/jn/135.4.843
http://doi.org/10.1001/jama.2021.14075
http://www.ncbi.nlm.nih.gov/pubmed/34546296
http://doi.org/10.1093/aje/kwr525
http://www.ncbi.nlm.nih.gov/pubmed/22781427

Nutrients 2022, 14, 660 12 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Samoilenko, M.; Arrouf, N.; Blais, L.; Lefebvre, G. Comparing two counterfactual-outcome approaches in causal mediation
analysis of a multicategorical exposure: An application for the estimation of the effect of maternal intake of inhaled corticosteroids
doses on birthweight. Stat. Methods Med. Res. 2020, 29, 2767-2782. [CrossRef] [PubMed]

Steen, J.; Loeys, T.; Moerkerke, B.; Vansteelandt, S. medflex: An R package for flexible mediation analysis using natural effect
models. . Statistical Software 2017, 76, 1-46. [CrossRef]

Wu, G.D,; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.;
et al. Linking long-term dietary patterns with gut microbial enterotypes. Science 2011, 334, 105-108. [CrossRef] [PubMed]
Kutschera, M.; Engst, W.; Blaut, M.; Braune, A. Isolation of catechin-converting human intestinal bacteria. J. Appl. Microbiol. 2011,
111, 165-175. [CrossRef]

Bailen, M.; Bressa, C.; Martinez-Lopez, S.; Gonzalez-Soltero, R.; Montalvo Lominchar, M.G.; San Juan, C.; Larrosa, M. Microbiota
Features Associated With a High-Fat/Low-Fiber Diet in Healthy Adults. Front Nutr. 2020, 7, 583608. [CrossRef]

Rahfeld, P; Sim, L.; Moon, H.; Constantinescu, I.; Morgan-Lang, C.; Hallam, S.J.; Kizhakkedathu, ].N.; Withers, S.G. An enzymatic
pathway in the human gut microbiome that converts A to universal O type blood. Nat. Microbiol. 2019, 4, 1475-1485. [CrossRef]
[PubMed]

Ai, D,; Pan, H.; Li, X,; Gao, Y.; Liu, G.; Xia, L.C. Identifying Gut Microbiota Associated With Colorectal Cancer Using a
Zero-Inflated Lognormal Model. Front Microbiol. 2019, 10, 826. [CrossRef]

Straub, T.J.; Chou, W.C.; Manson, A.L.; Schreiber, H.L.; Walker, B.J.; Desjardins, C.A.; Chapman, S.B.; Kaspar, K.L.; Kahsai, O.].;
Traylor, E.; et al. Limited effects of long-term daily cranberry consumption on the gut microbiome in a placebo-controlled study
of women with recurrent urinary tract infections. BMC Microbiol. 2021, 21, 53. [CrossRef]

Leschine, S.B. Cellulose degradation in anaerobic environments. Annu. Rev. Microbiol. 1995, 49, 399-426. [CrossRef] [PubMed]
Berding, K.; Long-Smith, C.M.; Carbia, C.; Bastiaanssen, T.ES.; van de Wouw, M.; Wiley, N.; Strain, C.R.; Fouhy, F.; Stanton,
C.; Cryan, J.E; et al. A specific dietary fibre supplementation improves cognitive performance-an exploratory randomised,
placebo-controlled, crossover study. Psychopharmacology 2021, 238, 149-163. [CrossRef] [PubMed]

Stanislawski, M.A.; Dabelea, D.; Wagner, B.D.; Sontag, M.K.; Lozupone, C.A.; Eggesbo, M. Pre-pregnancy weight, gestational
weight gain, and the gut microbiota of mothers and their infants. Microbiome 2017, 5, 113. [CrossRef] [PubMed]

Naderpoor, N.; Mousa, A.; Fernanda Gomez Arango, L.; Barrett, H.L.; Dekker Nitert, M.; de Courten, B. Effect of Vitamin D
Supplementation on Faecal Microbiota: A Randomised Clinical Trial. Nutrients 2019, 11, 2888. [CrossRef]

Rajilic-Stojanovic, M.; Jonkers, D.M.; Salonen, A.; Hanevik, K.; Raes, J.; Jalanka, J.; de Vos, W.M.; Manichanh, C.; Golic, N.; Enck, P,;
et al. Intestinal microbiota and diet in IBS: Causes, consequences, or epiphenomena? Am. |. Gastroenterol. 2015, 110, 278-287.
[CrossRef]

Ferrario, C.; Taverniti, V.; Milani, C.; Fiore, W.; Laureati, M.; De Noni, I.; Stuknyte, M.; Chouaia, B.; Riso, P.; Guglielmetti, S.
Modulation of fecal Clostridiales bacteria and butyrate by probiotic intervention with Lactobacillus paracasei DG varies among
healthy adults. J. Nutr. 2014, 144, 1787-1796. [CrossRef]

Asnicar, E; Berry, S.E.; Valdes, A.M.; Nguyen, L.H.; Piccinno, G.; Drew, D.A_; Leeming, E.; Gibson, R.; Le Roy, C.; Khatib, H.A;
et al. Microbiome connections with host metabolism and habitual diet from 1098 deeply phenotyped individuals. Nat. Med. 2021,
27,321-332. [CrossRef]

Dubinkina, V.B.; Tyakht, A.V.,; Odintsova, V.Y,; Yarygin, K.S.; Kovarsky, B.A.; Pavlenko, A.V,; Ischenko, D.S.; Popenko, A.S;
Alexeev, D.G.; Taraskina, A.Y,; et al. Links of gut microbiota composition with alcohol dependence syndrome and alcoholic liver
disease. Microbiome 2017, 5, 141. [CrossRef]

Sanders, M.E.; Merenstein, D.J.; Reid, G.; Gibson, G.R.; Rastall, R.A. Probiotics and prebiotics in intestinal health and disease:
From biology to the clinic. Rev. Gastroenterol. Hepatol. 2019, 16, 605-616. [CrossRef]

Hughes, D.A.; Bacigalupe, R.; Wang, J.; Ruhlemann, M.C,; Tito, R.Y.; Falony, G.; Joossens, M.; Vieira-Silva, S.; Henckaerts, L.;
Rymenans, L.; et al. Genome-wide associations of human gut microbiome variation and implications for causal inference analyses.
Nat. Microbiol. 2020, 5, 1079-1087. [CrossRef]

Sinha, R.; Chen, J.; Amir, A.; Vogtmann, E.; Shi, ].; Inman, K.S.; Flores, R.; Sampson, J.; Knight, R.; Chia, N. Collecting Fecal
Samples for Microbiome Analyses in Epidemiology Studies. Cancer Epidemiol. Biomarkers Prev. 2016, 25, 407-416. [CrossRef]
[PubMed]

Dominianni, C.; Wu, J.; Hayes, R.B.; Ahn, J. Comparison of methods for fecal microbiome biospecimen collection. BMC Microbiol.
2014, 14, 103. [CrossRef]

David, L.A.; Materna, A.C.; Friedman, J.; Campos-Baptista, M.I.; Blackburn, M.C.; Perrotta, A.; Erdman, S.E.; Alm, E.]. Host
lifestyle affects human microbiota on daily timescales. Genome Biol. 2014, 15, R89. [CrossRef] [PubMed]

Fu, B.C.; Hullar, M.A.J.; Randolph, T.W.; Franke, A.A.; Monroe, K.R.; Cheng, I.; Wilkens, L.R.; Shepherd, ].A.; Madeleine, M.M.;
Le Marchand, L.; et al. Associations of plasma trimethylamine N-oxide, choline, carnitine, and betaine with inflammatory and
cardiometabolic risk biomarkers and the fecal microbiome in the Multiethnic Cohort Adiposity Phenotype Study. Am. J. Clin.
Nutr. 2020, 111, 1226-1234. [CrossRef] [PubMed]

Faith, ].].; Guruge, J.L.; Charbonneau, M.; Subramanian, S.; Seedorf, H.; Goodman, A.L.; Clemente, J.C.; Knight, R.; Heath, A.C,;
Leibel, R.L.; et al. The long-term stability of the human gut microbiota. Science 2013, 341, 1237439. [CrossRef]

Leeming, E.R.; Johnson, A.].; Spector, T.D.; Le Roy, C.I. Effect of Diet on the Gut Microbiota: Rethinking Intervention Duration.
Nutrients 2019, 11, 2862. [CrossRef]


http://doi.org/10.1177/0962280220902794
http://www.ncbi.nlm.nih.gov/pubmed/32200753
http://doi.org/10.18637/jss.v076.i11
http://doi.org/10.1126/science.1208344
http://www.ncbi.nlm.nih.gov/pubmed/21885731
http://doi.org/10.1111/j.1365-2672.2011.05025.x
http://doi.org/10.3389/fnut.2020.583608
http://doi.org/10.1038/s41564-019-0469-7
http://www.ncbi.nlm.nih.gov/pubmed/31182795
http://doi.org/10.3389/fmicb.2019.00826
http://doi.org/10.1186/s12866-021-02106-4
http://doi.org/10.1146/annurev.mi.49.100195.002151
http://www.ncbi.nlm.nih.gov/pubmed/8561466
http://doi.org/10.1007/s00213-020-05665-y
http://www.ncbi.nlm.nih.gov/pubmed/32951067
http://doi.org/10.1186/s40168-017-0332-0
http://www.ncbi.nlm.nih.gov/pubmed/28870230
http://doi.org/10.3390/nu11122888
http://doi.org/10.1038/ajg.2014.427
http://doi.org/10.3945/jn.114.197723
http://doi.org/10.1038/s41591-020-01183-8
http://doi.org/10.1186/s40168-017-0359-2
http://doi.org/10.1038/s41575-019-0173-3
http://doi.org/10.1038/s41564-020-0743-8
http://doi.org/10.1158/1055-9965.EPI-15-0951
http://www.ncbi.nlm.nih.gov/pubmed/26604270
http://doi.org/10.1186/1471-2180-14-103
http://doi.org/10.1186/gb-2014-15-7-r89
http://www.ncbi.nlm.nih.gov/pubmed/25146375
http://doi.org/10.1093/ajcn/nqaa015
http://www.ncbi.nlm.nih.gov/pubmed/32055828
http://doi.org/10.1126/science.1237439
http://doi.org/10.3390/nu11122862

Nutrients 2022, 14, 660 13 of 13

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

Maskarinec, G.; Hullar, M.A.J.; Monroe, K.R.; Shepherd, J.A.; Hunt, J.; Randolph, TW.; Wilkens, L.R.; Boushey, C.J.; Le
Marchand, L.; Lim, U.; et al. Fecal Microbial Diversity and Structure Are Associated with Diet Quality in the Multiethnic Cohort
Adiposity Phenotype Study. J. Nutr. 2019, 149, 1575-1584. [CrossRef]

Tian, L.; Wang, X W.; Wu, A K; Fan, Y.; Friedman, J.; Dahlin, A.; Waldor, M.K.; Weinstock, G.M.; Weiss, S.T.; Liu, Y.Y. Deciphering
functional redundancy in the human microbiome. Nat. Commun. 2020, 11, 6217. [CrossRef]

Langille, M.G.I,; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E,;
Thurber, R.L.V.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene
sequences. Nat. Biotechnol. 2013, 31, 814-821. [CrossRef]

Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glockner, FO. SILVA: A comprehensive online resource
for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007, 35, 7188-7196.
[CrossRef]

Caporaso, J.G.; Bittinger, K.; Bushman, ED.; DeSantis, T.Z.; Andersen, G.L.; Knight, R. PyNAST: A flexible tool for aligning
sequences to a template alignment. Bioinformatics 2010, 26, 266-267. [CrossRef] [PubMed]

Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460-2461. [CrossRef] [PubMed]
Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, ].R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541. [CrossRef] [PubMed]

Wang, Q.; Garrity, G.M.; Tiedje, ].M.; Cole, ].R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261-5267. [CrossRef]

Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2-approximately maximum-likelihood trees for large alignments. PLoS ONE 2010,
5, €9490. [CrossRef]

Faith, D.P,; Baker, A.M. Phylogenetic diversity (PD) and biodiversity conservation: Some bioinformatics challenges. Evol.
Bioinform. Online 2007, 2, 121-128. [CrossRef]

Shannon, C.E.; Weaver, W. The Mathematical Theory of Communication; The University of Illinois Press: Champaign, IL, USA, 1998.
Chao, A.; Shen, T.J. Nonparametric estimation of Shannon's index of diversity when there are unseen species in sample. Environ.
Ecol. Stat. 2003, 10, 429-443. [CrossRef]

Lozupone, C.; Knight, R. UniFrac: A new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol.
2005, 71, 8228-8235. [CrossRef]

Lozupone, C.A.; Hamady, M.; Kelley, S.T.; Knight, R. Quantitative and qualitative beta diversity measures lead to different
insights into factors that structure microbial communities. Appl. Environ. Microbiol. 2007, 73, 1576-1585. [CrossRef]

Nelson, M.C.; Morrison, H.G.; Benjamino, J.; Grim, S.L.; Graf, ]. Analysis, optimization and verification of Illumina-generated 16S
rRNA gene amplicon surveys. PLoS ONE 2014, 9, €94249. [CrossRef]


http://doi.org/10.1093/jn/nxz065
http://doi.org/10.1038/s41467-020-19940-1
http://doi.org/10.1038/nbt.2676
http://doi.org/10.1093/nar/gkm864
http://doi.org/10.1093/bioinformatics/btp636
http://www.ncbi.nlm.nih.gov/pubmed/19914921
http://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://doi.org/10.1128/AEM.00062-07
http://doi.org/10.1371/journal.pone.0009490
http://doi.org/10.1177/117693430600200007
http://doi.org/10.1023/A:1026096204727
http://doi.org/10.1128/AEM.71.12.8228-8235.2005
http://doi.org/10.1128/AEM.01996-06
http://doi.org/10.1371/journal.pone.0094249

	Introduction 
	Methods 
	Study Population 
	Stool Collection and Fecal Microbiome Analysis 
	Dietary Assessment 
	Statistical Analysis 

	Results 
	Discussion 
	References

