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ABSTRACT
Our objective was to investigate the relationship between the gut microbiota and anthropometric
measurements among 248 participants from the Health Effects of Arsenic Longitudinal Study
(HEALS) in Bangladesh. Our cohort represents a unique population that allows for the investiga-
tion of the gut microbiota and anthropometric measurements in lean individuals. We measured
height, weight, arm, thigh, hip, and waist circumferences, and collected fecal samples. Microbial
DNA was extracted from the stool samples and sequenced by 16S rRNA gene sequencing. We
examined associations between relative abundance of individual bacterial taxa from phylum to
genus levels and anthropometric measurements. We found that higher BMI, mid-upper arm
circumference, waist circumference, and waist-to-hip ratio were associated with a lower alpha
diversity of fecal bacteria. Relative abundance of the genus Oscillospira and the family S24-7 were
inversely related to all measurements after correction for multiple testing. Relative abundance of
genus Acidaminococcus and family Ruminococcaceae were also associated with several measure-
ments. The positive associations of the genus Acidaminococcus with BMI, as well as waist and hip
circumferences, were stronger in women than in men. Our data in this lean Bangladeshi popula-
tion found a correlation between Oscillospira and leanness, as measured using multiple anthro-
pometric measures.
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Introduction

The potential role of the gut microbiota, or the
composite of the bacteria present in the gastroin-
testinal tract, in adiposity has become the subject
of considerable interest. Animal studies have
shown that adiposity-related phenotypes can be
transmitted via the gut microbiota in rodent
models,1 suggesting a role of the gut microbiome
in adiposity. Recent mechanistic studies also sug-
gest microbial activity can interact with the host’s
metabolism,2 and that disruption in microbial
composition is associated with modifications in
both body weight and fat storage and distribution.3

Several epidemiologic studies provide data indi-
cating differences in gut microbiome are related to

adiposity-related phenotypes.4–6 Early studies
found that individuals with higher levels of adip-
osity have a lower ratio of bacteria from the phy-
lum Bacteroidetes to bacteria from the phylum
Firmicutes compared to lean individuals.6

However, other studies reported a higher ratio of
Bacteroidetes to Firmicutes in obese individuals.4

Recent studies aimed to identify a specific micro-
bial signature linked with adiposity. However,
most of the studies used body mass index (BMI)
as the only marker of adiposity, and most of the
studies were conducted in developed populations.

BMI is often used as a marker of adiposity in
epidemiological studies. Yet BMI can be limited in
its use, particularly in Asians or populations with
low BMIs where a high BMI may adequately
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indicate a high body fat mass, but a low BMI could
indicate either low fat mass or low fat-free mass.7

Alternative anthropometric measurements, such as
mid-upper arm circumference (MUAC), upper
thigh circumference (UTC), waist circumference
(WC), hip circumference (HC), and waist-to-hip
ratio (WHR), have become important indicators of
adiposity, disease risk, and mortality risk.8 MUAC
is an easily measured and reliable indicator of
health9 and nutritional status10 in adults.
Although not as well-established as MUAC, thigh
circumference has been shown to correlate with
body fat percentage, and may correlate with mus-
cle mass and nutritional status.11 WHR has been
shown to be a better predictor of adiposity com-
pared with BMI in South Asians.7,12 However, no
studies have evaluated the associations between
gut microbiome and these anthropometric
measures.

In this study, we aimed to evaluate the associa-
tion between gut microbiome and several anthro-
pometric measures, including BMI, MUAC, UTC,
WC, HC, and WHR.

Results

Sequencing results

Approximately, 8.6 million quality-filtered sequen-
cing reads were obtained from 249 samples. There
was an average of 34 520 reads per sample that
were clustered into 108 987 OTUs, with a mean of
3297 (SD = 1 295) OTUs and a range of 38–8909
OTUs per sample. The OTUs were classified into
19 phyla, 39 classes, 78 orders, 142 families, and
273 genera. Taxa without a name at each taxo-
nomic level and taxa with a relative abundance of
less than 0.01% were removed, leaving a total of 8
phyla, 16 classes, 24 orders, 40 families, and 54
genera in the final analyses.

Characteristics of the study participants

The mean age of the participants was
48.6 ± 7.9 years (mean ± SD), and 41% were
male (Table 1). Over three quarters of the men
(76.5%), but only 13.7% of the women, were ever
smokers. Half of the cohort were ever betel quid
chewers (50.8%) and a quarter were ever hukka

users (24.6%). In this lean population, the average
BMI was 21.5 ± 4.1 kg/m2. A total of 25% of the
participants were underweight (BMI < 18.50), 56%
were in the normal range (BMI 18.50–24.99), 15%
were overweight (BMI 25.0–29.99), and 3% were
obese (BMI≥30). Male sex, ever hukka use, and
increasing age, education, and systolic and diasto-
lic blood pressure were associated with increasing
BMI. The proportion of ever smokers in men
decreases as BMI increases. Increasing BMI was
inversely associated with two measures of alpha
diversity (Chao1 richness estimator and Shannon
diversity index) but was not associated with the
total number of observed OTUs.

Microbial composition and anthropometric
measures

Spearman correlation coefficients indicated that
after adjusting for sex, age, smoking status, betel
quid use, and education, overall fecal microbial
richness as indicated by the number of observed
OTUs and Chao1 richness index significantly
decreased with increasing MUAC, WC, and
WHR; and overall microbial diversity as shown
by the Shannon diversity index significantly
decreased as each of the anthropometric measures
increased (Table 2).

Beta diversity analysis with the multiple dis-
tance-based omnibus test indicated that the micro-
bial profiles, measured by several selected distance
metrics, are closer if their anthropometric mea-
sures are similar (Table 3). We also conducted
MiKRAT tests to further test three individual
beta diversity metrics in relation to the anthropo-
metric measures. When associated OTUs are phy-
logenetically related, the use of UniFrac distances
is suggested. Then, the unweighted UniFrac dis-
tance is suitable for considering rare taxa, while
the weighted UniFrac distance can be used for
studying common/abundant taxa. When asso-
ciated OTUs are not phylogenetically related, the
Bray–Curtis dissimilarity can be best because it is
constructed based solely on microbial abundance
not incorporating phylogenetic tree information.
The positive association of beta diversity with
BMI and HC were weaker when weighted
Unifrac was used, indicating the major differences
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for these anthropometric measures may be in the
rare or less abundant taxa.

Next, we explored the associations between the
microbial profile and the six anthropometricmeasures
at the various taxonomic levels based on the relative
abundance of each bacterial taxon (Table 4). Overall,
the pattern of the significant association was consis-
tent by bacterial taxonomy and across anthropometric

measures. For instance, the relative abundance of the
family Ruminococcaceae, to which the genus
Oscillospira belongs, was related to all anthropometric
measures by linear regression, either nominally or
after FDR adjustment. The relative abundances of
the orderDesulfovibrionales, as well as its downstream
family Desulfovibrionaceae and genus Desulfovibria
were all nominally associated with MUAC, UTC,

Table 1. Distribution of population characteristics and alpha diversity metrics by tertiles of BMI.
Tertiles of BMI†

Overall
(n = 248) 1 (n = 82) 2 (n = 83) 3 (n = 83) P‡

BMI, kg/m2 21.5 ± 4.1 17.2 ± 1.5 21.3 ± 1.2 26.0 ± 2.7 ‒
Male, % 41.1 54.9 44.6 24.1 < 0.01
Age, years 48.6 ± 7.9 49.0 ± 8.4 50.6 ± 7.5 46.2 ± 7.4 < 0.01
Mid upper arm circumference, cm¥ 26.7 ± 3.4 23.3 ± 2.0 26.7 ± 1.8 30.0 ± 2.3 < 0.01
Upper thigh circumference, cm 48.6 ± 5.9 42.8 ± 3.5 48.9 ± 3.2 54.2 ± 4.2 < 0.01
Waist circumference, cm 80.0 ± 11.5 67.9 ± 5.6 80.2 ± 6.6 90.5 ± 8.0 < 0.01
Hip circumference, cm 86.8 ± 7.7 79.6 ± 3.7 86.4 ± 4.0 94.4 ± 6.3 < 0.01
Waist-to-hip ratio 0.91 ± 0.08 0.85 ± 0.06 0.93 ± 0.06 0.96 ± 0.06 < 0.01
Ever smoking, %
Men 76.5 84.4 73.0 65.0 0.03
Women 13.7 18.9 19.6 6.4 0.07
Education, years§ 2.3 ± 3.3 1.6 ± 2.8 2.0 ± 3.1 3.4 ± 3.7 < 0.01
Ever betel quid use, % 50.8 50.0 61.5 41.0 0.31
Ever hukka use, % 24.6 37.8 27.7 8.43 < 0.01
Systolic blood pressure, mmHg 112.0 ± 17.5 104.0 ± 14.1 115.2 ± 18.1 116.7 ± 17.3 < 0.01
Diastolic blood pressure, mmHg 71.1 ± 11.5 67.0 ± 9.6 71.8 ± 12.3 74.3 ± 11.4 < 0.01
Observed OTUs 3287 ± 1289 3613 ± 1462 3160 ± 999 3093 ± 1317 0.07
Chao1 richness estimator 9920 ± 3576 10848 ± 3916 9761 ± 3006 9162 ± 3590 0.02
Shannon diversity index 4.5 ± 0.5 4.6 ± 0.5 4.5 ± 0.5 4.4 ± 0.6 < 0.01

Data are presented as mean ± standard deviation.
†Tertile 1: 12.9–19.1 kg/m2; tertile 2: 19.1–23.4 kg/m2; tertile 3: 23.4–38.9 kg/m2.
‡P values were computed with the t-test or linear regression.
¥ n = 247 (one extreme outlier was removed).
§Assessed at baseline.

Table 2. Spearman correlation coefficients§ for alpha diversity metrics and anthropometric measures.
Anthropometric measures Observed OTUs Chao1 Shannon Diversity

BMI −0.12 (0.06) −0.15 (0.02) −0.19 (0.003)
Mid upper arm circumference −0.13 (0.04) −0.15 (0.02) −0.20 (0.002)
Upper thigh circumference −0.09 (0.19) −0.12 (0.07) −0.18 (0.004)
Waist circumference −0.13 (0.04) −0.16 (0.01) −0.18 (0.004)
Hip circumference −0.07 (0.27) −0.10 (0.11) −0.15 (0.02)
Waist-to-hip ratio −0.18 (0.005) −0.20 (0.002) −0.19 (0.003)

Data are presented as Spearman correlation coefficient (p-value).
§Adjusted for sex, age, smoking status, betel quid use, and education.

Table 3. P-values of the association test between microbiome diversity and anthropometric measures using MiRKAT.†

Anthropometric measures Unweighted Unifrac Weighted Unifrac Bray-Curtis Omnibus

BMI 0.0037 0.1092 0.0724 0.0090
Mid upper arm circumference 0.0007 0.0202 0.0069 0.0040
Upper thigh circumference 0.0031 0.0345 0.0196 0.0130
Waist circumference 0.0009 0.0109 0.0052 0.0035
Hip circumference 0.0066 0.0699 0.0525 0.0195
Waist-to-hip ratio 0.0042 0.0084 0.0047 0.0040

†Adjusted for sex, age, smoking status, betel quid use, and education.
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Table 4. Associations of BMI, mid-upper arm circumference, upper thigh circumference, waist circumference, hip circumference, and
waist-to-hip ratio with relative abundance of selected taxa by linear regression.
Taxonomy β* (95% CI) P-value FDR adjusted P-value#

BMI (kg/m2)
Genus Acidaminococcus 10.88 (6.26, 15.50) <0.0001 0.0008
Genus Oscillospira −4.13 (−6.27, −1.98) 0.0002 0.009
Genus Turicibacter −3.30 (−5.74, −0.86) 0.008 0.18
Genus Megamonas 0.26 (<0.01, 0.50) 0.04 0.49
Genus Phascolarctobacterium −0.81 (−1.60, −0.02) 0.05 0.49
Family S24–7 −0.67 (−0.99, −0.36) <0.0001 0.002
Family Turicibacteraceae −3.30 (−5.74, −0.86) 0.008 0.18
Family Ruminococcaceae −0.13 (−0.22, −0.03) 0.009 0.18
Family [Mogibacteriaceae] −13.68 (−25.54, −1.92) 0.02 0.41
Family Porphyromonadaceae −0.91 (−1.83, −0.004) 0.05 0.49
Family Leuconostocaceae 0.61 (0.04, 1.19) 0.04 0.49
Family Veillonellaceae 0.12 (0.004, 0.24) 0.04 0.49
Order Turicibacterales −3.30 (−5.74, −0.86) 0.008 0.18
Mid upper arm circumference (cm)
Genus Oscillospira −3.90 (−5.81, −1.98) <0.0001 0.006
Genus Turicibacter −2.72 (−4.79, −0.66) 0.01 0.20
Genus Acidaminococcus 5.65 (1.64, 9.67) 0.006 0.20
Genus Megamonas 0.24 (0.03, 0.45) 0.02 0.30
Genus Phascolarctobacterium −0.70 (−1.37, −0.03) 0.04 0.37
Genus Parabacteroides −0.82 (−1.60, −0.04) 0.04 0.36
Genus Desulfovibrio −3.44 (−6.78, −0.09) 0.04 0.37
Family S24–7 −0.56 (−0.82, −0.29) <0.0001 0.006
Family Ruminococcaceae −0.14 (−0.22, −0.06) 0.0007 0.04
Family Turicibacteraceae −2.72 (−4.79, −0.66) 0.01 0.20
Family Desulfovibrionaceae −3.7 (−6.68, −0.73) 0.02 0.24
Family [Mogibacteriaceae] −12.3 (−22.50, −2.10) 0.02 0.26
Family Porphyromonadaceae −0.83 (−1.61, −0.05) 0.04 0.37
Order Turicibacterales −2.72 (−4.79, −0.66) 0.01 0.20
Order Desulfovibrionales −3.70 (−6.68, −0.73) 0.01 0.24
Order Clostridiales −0.04 (−0.08, −0.005) 0.03 0.30
Class Clostridia −0.04 (−0.08, −0.005) 0.03 0.30
Upper thigh circumference (cm)
Genus Oscillospira −5.77 (−8.81, −2.73) 0.0002 0.02
Genus Turicibacter −5.03 (−8.47, −1.59) 0.004 0.07
Genus Acidaminococcus 10.30 (3.60, 17.0) 0.003 0.07
Genus Megamonas 0.44 (0.10, 0.79) 0.01 0.13
Genus Desulfovibria −7.06 (−12.62, −1.30) 0.01 0.13
Genus Streptococcus 0.23 (0.04, 0.43) 0.02 0.19
Genus Enterococcus 0.44 (0.02, 0.87) 0.04 0.30
Family S24–7 −0.96 (−1.40, −0.52) <0.0001 0.004
Family Leuconostocaceae 1.23 (0.42, 2.04) 0.003 0.07
Family Turicibacteraceae −5.03 (−8.48, −1.59) 0.004 0.07
Family Desulfovibrionaceae −7.28 (−12.23, −2.34) 0.004 0.07
Family Ruminococcaceae −0.18 (−0.32, −0.05) 0.006 0.09
Family Streptococcaceae 0.23 (0.04, 0.43) 0.02 0.18
Family [Mogibacteriaceae] −19.31 (−35.95, −2.66) 0.02 0.19
Family Veillonellaceae 0.19 (0.02, 0.36) 0.03 0.26
Family Enterococcaceae 0.44 (0.02, 0.87) 0.04 0.30
Order Turicibacterales −5.03 (−8.47, −1.59) 0.004 0.07
Order Desulfovibrionales −7.30 (−12.24, −2.36) 0.004 0.07
Order Lactobacillales 0.14 (0.04, 0.24) 0.007 0.09
Class Bacilli 0.13 (0.03, 0.23) 0.009 0.12
Waist circumference (cm)
Genus Oscillospira −14.22 (−20.47, −7.95) <0.0001 0.002
Genus Acidaminococcus 24.08 (10.21, 37.95) 0.0007 0.03
Genus Turicibacter −9.98 (−17.17, −2.80) 0.007 0.12
Genus Desulfovibrio −12.75 (−24.37, −1.12) 0.03 0.34
Genus Faecalibacterium −0.80 (−1.56, −0.04) 0.04 0.40
Family S24–7 −1.98 (−2.89, −1.06) <0.0001 0.002
Family Ruminococcaceae −0.51 (−0.78, −0.24) 0.0003 0.01
Family Turicibacteraceae −9.98 (−17.17, −2.80) 0.007 0.12
Family [Mogibacteriaceae] −48.82 (−83.33, −14.34) 0.006 0.12

(Continued )
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WHR, and WC. Likewise, the relative abundances of
the order Turicibacterales, as well as its downstream
family Turicibacteraceae and genus Turicibacter were
all nominally associated with all antropometric mea-
sures. Figure 1 also shows consistent patterns of asso-
ciations between the relative abundance of selected
microbial genera and the six anthropometric mea-
sures. There was some overlap, but the correlations
were not identical to the linear regression results.
Specifically, after correction for multiple testing, the

relative abundance of the genus Oscillospira was sig-
nificantly inversely related to all sixmeasures by linear
regression (Table 4). Figure 2 depicts the dose–
response decrease in relative abundance of the genus
Oscillospira with increasing tertiles of each anthropo-
metric measure by linear regression and by ANOVA.
The relative abundance of the genusAcidaminococcus
was significantly positively associated with BMI, WC,
and HC. The relative abundance of the family S24-7
was significantly inversely related to all the six

Table 4. (Continued).

Taxonomy β* (95% CI) P-value FDR adjusted P-value#

Family Desulfovibrionaceae −13.37 (−23.72, −3.02) 0.01 0.16
Order Turicibacterales −9.98 (−17.17, −2.08) 0.007 0.12
Order Desulfovibrionales −13.36 (−23.70, −3.02) 0.01 0.16
Order Clostridiales −0.15 (−0.28, −0.02) 0.02 0.23
Class Clostridia −0.15 (−0.28, −0.02) 0.02 0.23
Hip circumference (cm)
Genus Acidaminococcus 17.59 (8.83, 26.35) 0.0001 0.01
Genus Oscillospira −7.56 (−11.6, −3.53) 0.0003 0.02
Genus Turicibacter −5.30 (−9.89, −0.71) 0.02 0.37
Genus Megamonas 0.47 (<0.01, 0.94) 0.05 0.41
Family S24–7 −1.10 (−1.67, −0.51) 0.0003 0.01
Family Ruminococcaceae −0.26 (−0.44, −0.09) 0.004 0.13
Family Leuconostocaceae 1.40 (0.33, 2.48) 0.01 0.31
Family Turicibacteraceae −5.30 (−9.89, −0.71) 0.02 0.37
Family Mogibacteriaceae −23.84 (−45.94, −1.73) 0.03 0.37
Family Desulfovibrionaceae −7.20 (−13.81, −0.59) 0.03 0.37
Order Turicibacterales −5.30 (−9.89, −0.71) 0.02 0.37
Order Clostridiales −0.09 (−0.17, −0.008) 0.03 0.37
Order Desulfovibrionales −7.21 (−13.81, −0.60) 0.03 0.37
Order Lactobacillales 0.14 (0.009, 0.28) 0.04 0.37
Class Clostridia −0.09 (−0.17, 0.008) 0.03 0.37
Class Bacilli 0.14 (0.006, 0.27) 0.04 0.39
Waist-to-hip ratio
Genus Oscillospira −0.09 (−0.13, −0.05) <0.0001 0.006
Genus Turicibacter −0.06 (−0.11, −0.02) 0.006 0.13
Genus Parabacteroides −0.02 (−0.037, −0.003) 0.02 0.20
Genus Desulfovibrio −0.08 (−0.16, −0.01) 0.03 0.21
Genus Prevotella 0.0006 (0.00004, 0.001) 0.03 0.25
Genus Faecalibacterium −0.005 (−0.01, −0.0004) 0.03 0.25
Family S24–7 −0.01 (−0.02, −0.005) 0.0002 0.01
Family Ruminococcaceae −0.003 (−0.005, −0.002) 0.0004 0.02
Family [Mogibacteriaceae] −0.32 (−0.54, −0.10) 0.005 0.13
Family Turicibacteraceae −0.06 (−0.11, −0.02) 0.006 0.13
Family Desulfovibrionaceae −0.08 (−0.15, −0.02) 0.01 0.18
Family Elusimicrobiaceae −0.04 (−0.07, −0.007) 0.02 0.18
Family Christensenellaceae −0.04 (−0.07, −0.007) 0.02 0.18
Family Porphyromonadaceae −0.02 (−0.04, −0.002) 0.02 0.20
Family Prevotellaceae 0.0006 (0.00004, 0.001) 0.03 0.25
Order Turicibacterales −0.07 (−0.11, −0.02) 0.006 0.13
Order Desulfovibrionales −0.08 (−0.15, −0.02) 0.01 0.18
Order Elusimicrobiales −0.04 (−0.07, −0.007) 0.02 0.18
Order Clostridiales −0.0009 (−0.002, −0.00002) 0.04 0.28
Class Elusimicrobia −0.04 (−0.07, −0.007) 0.02 0.18
Class Clostridia −0.0009 (−0.002, −0.00002) 0.04 0.28
Phylum Elusimicrobia −0.04 (−0.07, −0.007) 0.02 0.18

*Coefficient from linear regression model indicates difference in anthropometric measurement in relation to 1% increase in relative abundance of
individual bacterial taxa, adjusting for sex, age, smoking status, betel quid use, and education.

#FDR = 5%.
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anthropometric measures by linear regression (Table
4). The relative abundance of the Ruminococcaceae
family was inversely related to MUAC, WC, and
WHR by linear regression (Table 4). Similar results
were observed in sensitivity analyses excluding very
lean subjects with BMI <18.5 (see Supplemental Table
1). The means, standard deviations, and medians of
the relative abundance of the four significant taxa, as
well as the percentage of samples the taxawere present
in, are shown in Table 5.

We further analyzed the data at the species level
for all the taxa that were nominally significantly
related to any of the anthropometric measures.
Only a few species were significantly associated
with anthropometric measures when analyzed
by percent increase in relative abundance of indi-
vidual species (Supplemental Table 2). For
instance, Lactobacillus ruminis, which belongs to
order Lactobacillales, was associated with UTC and
HC. The associations may partly explain why
Lactobacillales is related to these anthropometric
measures. However, the 16S rRNA gene sequen-
cing generally does not have the resolution below

the genus level and many species in our data are
not assigned a name.

Upon testing for the sex differences, we
observed that the associations between the relative
abundance of the genus Acidaminococcus and BMI
(P-value = 0.005), WC (P-value = 0.001), and HC
(P-value = 0.008) were significantly different
between men and women by linear regression
(see Supplemental Table 3). The positive associa-
tions were significant in women but not in men.

Discussion

We found that a lower diversity of fecal bacteria was
associated with increasing anthropometricmeasures.
Multiple indices of diversity were all significantly
inversely related to MUAC, WC, and WHR. For
individual taxa, we found a significant inverse asso-
ciation between the relative abundance of the genus
Oscillospira and the family S24–7 with all six anthro-
pometric measures. The relative abundance of the
genus Acidaminococcus was positively associated
with BMI, WC, and HC, and the family

Figure 1. Heatmap of Spearman correlation coefficients summarizing associations between anthropometric measurements and
relative abundance of significantly correlated general.
The x-axis shows each anthropometric measurement and the y-axis indicates the individual genera. The coefficients were adjusted
for sex, age, smoking, betel quid use, and education. Spearman correlation coefficients are represented by color ranging from blue,
negative correlation (−1), to red, positive correlation (1). BMI = body mass index, Arm = mid-upper arm circumference,
Thigh = upper thigh circumference, Waist = waist circumference, Hip = hip circumference, WHR = waist-to-hip ratio.
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Ruminococcaceae was inversely related to MUAC,
WC, and WHR. The positive associations of
Acidaminococcus with BMI, WC, and HC were
stronger in women than in men.

It has been hypothesized that the gut microbiota
can affect adiposity and obesity via dysbiosis.1,13

A number of studies conducted in European and
American children and adults have found that obe-
sity is associated with a lower diversity and richness
of the gut microbiota.14–16 This was further con-
firmed in a large-scale study of 3948 adults in
Belgium and the Netherlands, which found a small,

Figure 2. Association between the relative abundance of Oscillospira and each anthropometric measurement.
For each tertile of relative abundance of genus Oscillospira, the least squares means of the respective anthropometric measurement
are indicated by black squares with error bars. Figure 2A was analyzed by nonparametric Spearman’s partial correlations. Figure 2B
was analyzed by ANOVA.

Table 5. Mean, standard deviation, and median of the relative abundances in percentages and prevalence of select individual
bacterial taxa that were significantly related to one or more anthropometric measure by linear regression after correction for
multiple testing.
Taxa Mean Standard deviation Median % Present

Genus Acidaminococcus 0.033 0.10 0.0024 55.24
Genus Oscillospira 0.20 0.22 0.13 98.79
Family S24–7 0.86 1.49 0.33 99.60
Family Ruminococcaceae 7.47 5.03 6.34 99.60
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but significant, association.17 Our data also support
this association, and we extended the observation to
a low-income population from Bangladesh using
multiple anthropometric measures. We found that
subjects with higherMUAC,WC, orWHRmeasure-
ments had lower phylogenetic diversity compared to
those with lowermeasurements. The inverse associa-
tion was consistently observed for all anthropo-
metric measures.

We observed an inverse association between the
relative abundance of the genus Oscillospira and
each of the six anthropometric measures.
Oscillospira has been associated with a low BMI
in both children and adults in several studies. For
example, a study in 1313 adults in cohorts from
the US, UK, and the Netherlands found a negative
association between Oscillospira with BMI and
visceral fat mass.18 Evidence from animal and
mechanistic studies suggests that Oscillospira relies
on fermentation products secreted by other micro-
bial species or on sugars released from host
mucins, and that Oscillospira cannot degrade com-
plex fibers.19 Thus, the host must spend metabolic
energy to regenerate degraded glycoproteins that
compose intestinal mucins, which could partially
explain why Oscillospira may be associated with
leanness, a hypothesis put forth by Konikoff and
Gophna.20 Obese individuals have an increased
ability to harvest and absorb energy from their
diet due to an altered microbial composition com-
pared to healthy individuals.21 One component
produced by microbes is short chain fatty acids
(SCFAs), which are crucial for a number of path-
ways related to maintaining health.22 One such
important SCFA produced is butyrate, which
helps to maintain health by modulating the
immune system, providing energy to the lining of
the intestine, and affecting metabolic routes in
various parts of the body.22 Depletion of taxa cap-
able of producing butyrate has been linked to
obesity, as well as other noncommunicable
diseases.23 Butyrate can induce the production of
gut hormones, which reduces food intake and can
reduce inflammation in the intestine.22

Additionally, in a twin study conducted in the
UK with 416 pairs of twins,24 the relative abun-
dance of Oscillospira was more concordant in
monozygotic twins than dizygotic twins, suggest-
ing that the genera was highly heritable. This study

also found a positive association between relative
abundance of Oscillospira and a lean BMI (<25).
Our findings on Oscillospira confirm data from
previous population-based studies and extend the
observation to a low-income, lean population. In
addition, we show that Oscillospira is related to not
only BMI but also all other anthropometric mea-
sures. Although the measures are correlated with
one another, they measure adiposity or leanness at
different body sites. Oscillospira has been found to
be reduced in a number of inflammatory diseases
in humans25 possibly due to its putative ability to
produce butyrate,26 and may play an important
role in human health. Taken together, the evidence
that Oscillospira plays a role in the development of
adiposity is strong, and future intervention studies
or population-based studies on adiposity-related
outcomes are warranted.

The S24–7 family was also inversely related to
each of the anthropometric measures in our study.
In a mouse model, family S24–7 was altered by
both diet and activity. A high fat diet lowered the
relative abundance of S24–7 in mice, while exercise
increased it.27 This is a butyrate-producing family
in the Bacteroidetes phylum that has the capacity
to ferment a range of different carbohydrates.28

While often prevalent in both animal and human
guts, this family of bacteria is not well character-
ized, and little is known about how it interacts
with the host.28 Future studies are needed to repli-
cate our findings and explore the underlying
mechanisms by which S24–7 is associated with
anthropometric measures.

The relative abundance of the genus
Acidaminococcus was higher in participants with
a higher BMI, WC, and HC. This was also found
in a study comparing overweight and obese indi-
viduals with normal weight individuals.29 The lit-
erature on Acidaminococcus is fairly sparse, but
one characteristic of the species that has been
described is their ability to use glutamate as
a sole source of energy.30 Glutamate has been
shown to play an important role in providing
oxidative fuel for the intestinal epithelium in ani-
mal models31 and in the restoration of gut barrier
function in vitro and maintenance of the gut
epithelium.32 Thus, overgrowth of bacteria that
can ferment glutamate may be related to an
unhealthy metabolic state. The positive
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associations of Acidaminococcus with BMI, WC,
and HC were stronger in women for some anthro-
pometric measures in the present study, suggesting
Acidaminococcus may play a more important role
in adiposity in women. The Ruminococcaceae
family was found to have an inverse association
with MUAC, WC, and WHR. Ruminococcaceae
was associated with a lower risk of weight gain in
adults in another study, and was suggested to be
functionally linked to a lean phenotype.33 It has
also been found to be decreased in obese indivi-
duals compared to healthy individuals.34

Ruminococcaceae are considered a key commensal
bacterial family in the gut of healthy individuals.35

These butyrate-producing bacteria may protect
healthy individuals from chronic intestinal
inflammation.35

While these functions and pathways are inter-
esting to consider, our study did not have the
metagenomics data. Future studies that investigate
the functions and underlying pathways of the gut
microbiota and adiposity using metagenomic
sequencing are needed to shed light on the under-
lying mechanisms.

Strengths and limitations

A major strength of our study is that we had
multiple anthropometric measures and found con-
sistent results across the measures. The range of
the measures in our population was wide, includ-
ing very lean and obese individuals, allowing us to
assess the overall association. We also did sensitiv-
ity analyses excluding very lean subjects with BMI
<18.5 and found similar results (see Supplemental
Table 1). This suggests the findings are not neces-
sarily for malnutrition, but for leanness. This is the
largest study of the gut microbiota conducted in
South Asians. Since this rural population lacks
basic health care services from the existing health
care facilities, the study participants were free from
several factors, such as frequent use of medica-
tions, supplements, or antibiotics, that may disrupt
the gut microbiota. The fact that this cross-
sectional study is not a prospective study is
a potential limitation. Future longitudinal studies
are needed to assess gut microbiota changes in
relation to changes in BMI over time. However,
some of our findings, such as the findings on

Oscillospira, are supported by evidence from
experimental studies. Finally, 16S rRNA gene
sequencing does not generally provide sequencing
resolution below the genus level.36 Future studies
of metagenomic sequencing are warranted to
reveal species that contribute to the associations
observed in the present study.

In a lean Bangladeshi population, we found that
lower gut bacteria diversity, as well as genus
Oscillospira and the S24–7 family, were signifi-
cantly associated with multiple anthropometric
measures.

Materials and methods

The Health Effects of Arsenic Longitudinal Study
(HEALS) is an ongoing, prospective cohort study
in Araihazar, Bangladesh. Details of the original
study and cohort can be found elsewhere (see
http://superfund.ciesin.columbia.edu/project_pg/
93)37. Briefly, the original cohort consists of 11 746
married adults, 18–75 years old, who were
recruited from October 2000 to May 2002. An
additional 8287 participants were recruited
between 2006 and 2008 as the expansion cohort.
Overall participation rate was 97%. Additionally,
a field clinic was set up for cohort participants to
receive medical treatment and assist in follow-up
and ancillary studies. All study procedures were
approved by the Ethical Committee of the
Bangladesh Medical Research Council and the
Institutional Review Boards of Columbia
University and the University of Chicago, and
informed consent was obtained from the study
participants.

For the present study, 400 HEALS partici-
pants residing in 6 villages surrounding the
clinic and who were between 25 and 50 years
old and free from any major illness were ran-
domly selected. The participants were not sig-
nificantly different from the remaining HEALS
participants in their demographics or lifestyle
factors (data not shown). Other eligibility cri-
teria included willingness to provide stool sam-
ples at the clinic and absence of antibiotic use
within the previous month. Of the 400, 328
fulfilled the eligibility requirements. Of these,
300 visited the clinic, completed a separate
questionnaire on lifestyle factors, and underwent
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anthropometric, weight, and blood pressure
measurements between February 2015 and
November 2016. A total of 250 of these partici-
pants provided fecal samples.

Fecal specimen collection

Participants were asked to go to the clinic for fecal
sample collection, where a senior research officer
gave each participant an empty ThermoFisher
Scientific vial (Waltham, MA, USA). Stool from
a single bowel movement was collected. Samples
were immediately stored in a −20°C freezer and
kept frozen until processing at the field laboratory
for DNA extraction.

Anthropometric measures

Trained study physicians measured height and
weight using a tape measure and a Misaki
(Japan) scale (calibrated weekly), respectively, as
described previously.38 BMI was calculated by
dividing the average weight in kilograms by the
square of the average height in meters. The MUAC
was measured at the midpoint of the upper right
arm as described previously.9 Waist and hip cir-
cumference were measured while arms were
relaxed at the sides, at the end of a normal expira-
tion, and directly over skin or light clothing in
a standing position.7 Waist circumference was
measured at the midpoint between the lower mar-
gin of the last palpable rib and the top of the iliac
crest. Hip circumference was measured at the
maximum circumference of the buttocks. WHR
was calculated by dividing waist circumference by
hip circumference. Upper thigh circumference was
measured at the largest portion of the thigh with
muscles fully relaxed. All measurements were read
to the nearest 1 cm.

DNA extraction and 16S rRNA gene sequencing

The MOBIO PowerSoil DNA Isolation Kit (MO
BIO Laboratories, Carlsbad, CA) was used to
extract total DNA from fecal samples at the field
laboratory. Yang et al. describes the methods of
the polymerase chain reaction (PCR) amplification
and sequencing in detail.39 In brief, the 16S rRNA
gene was amplified targeting the hypervariable V3-

V4 region using universal primer set 347F 5′-
GGAGGCAGCAGTRRGGAAT and 803R 5′-
GACTACHVGGGTATCTAATCC. PCR products
were purified using Agencourt AMPure XP
(Beckman Coulter Life Sciences, IN) and quanti-
fied with the Agilent 4200 TapeStation (Agilent
Technologies, CA). Amplicon libraries were
pooled at equimolar concentrations and sequenced
using the Illumina MiSeq 300-cycles (2×300bp)
reagent kit (Illumina, Inc., San Diego, CA). One
sample failed PCR amplification and was not
further sequenced.

Bioinformatics and quality control

Sequencing data were processed using QIIME
(Quantitative Insights Into Microbial Ecology)
1.8.0.40 Sequencing reads were demultiplexed and
low-quality reads with quality scores of <25 were
removed. Chimeric sequences were taken out
using ChimeraSlayer.41 The pre-processed
sequences were then clustered into operational
taxonomic units (OTUs) at 97% identity using
UCLUST42 against the Greengenes database 13.8.
The most abundant sequence in each OTU was
selected as a representative, and taxonomy was
then assigned for each OTU from phylum to spe-
cies levels using the Greengenes database 13.8 and
Ribosomal Database Project (RDP) Classifier 2.2.43

Several alpha diversity measures at the OTU level
were estimated based on rarefied sequence count
(10 000 sequences per sample) using QIIME.
Microbial richness, a measure of the number of
taxa in each sample (or the abundance of
microbes), was examined by calculating the num-
ber of observed OTUs and Chao1 richness
estimator.44 Evenness, a measure of the relative
number of different taxa in each sample (or the
distribution of the different microbes), was addi-
tionally assessed using the Shannon diversity
index.

Statistical analyses

We excluded one participant who was missing
BMI. First, descriptive statistics were conducted
to compare demographic, lifestyle, anthropometric
measurements, and alpha diversity measures by
tertiles of BMI. Differences in BMI associated
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with binary variables and continuous variables
were tested using t-tests and linear regression,
respectively.

To calculate relative abundance, the number of
reads for each taxon was divided by the total
number of reads from all taxa within each indivi-
dual sample. Levels of taxa included phylum, class,
order, family, genus, and species. Nonparametric
Spearman’s partial correlations were calculated for
individual bacterial genera and linear regression
was used to calculate species with the anthropo-
metric measurements. The heatmap.2 function
from the gplots package in R, version 3.4.2 (R
Core Team, Vienna, Austria) was used to generate
a heatmap to demonstrate the relationships
between genera and anthropometric measure-
ments. Spearman’s partial correlation coefficients
were also calculated for the anthropometric mea-
surements and alpha diversity metrics, including
observed OTUs, Chao1 richness estimator, and
Shannon diversity index. All the correlations
were adjusted for sex, age (years), smoking status
(never and ever), betel quid use (never and ever),
and education (years).

To evaluate the association between beta diver-
sity metrics and anthropometric measures, the
microbiome regression-based kernel association
test (MiRKAT) was performed, adjusting for sex,
age, smoking status, betel quid use, and education.
MiRKAT is an association test between a microbial
community and continuous/binary phenotypes via
a kernel metric, where the kernel can be con-
structed using phylogenetic or non-phylogenetic
distance metrics.45 Unweighted UniFrac, weighted
Unifrac,46 and Bray-Curtis distances47 were used
to measure the microbial composition profiles for
the MiRKAT test. Since each distance measure-
ment has strength in capturing a specific associa-
tion pattern, we also conducted the omnibus test
to simultaneously consider multiple distances.

Multivariable linear regression models were
conducted with the relative abundance of indivi-
dual bacterial taxa as the independent variable and
each of the anthropometric measures as the depen-
dent variable, adjusting for sex, age, smoking sta-
tus, betel quid use, and education. The Benjamini–
Hochberg procedure48 was used to correct all
P values for multiple testing by controlling the
false discovery rate (FDR) at 5%. For taxa that

were significantly associated with any of the
anthropometric measurements, we further tested
for interaction in a separate model that included
a cross-product between sex and individual bacter-
ial taxa. Sensitivity analyses were conducted
excluding very lean subjects with BMI <18.5.
A taxonomic tree showing the diversity of the
gut microbiota down to the genus level was con-
structed using GraPhlAn.49

All statistical analyses were conducted in SAS
9.4 (SAS Institute, Inc., Cary, NC).

Data and analysis scripts are available upon
request from the authors.

Abbreviations

BMI body mass index
HC hip circumference
MUAC mid-upper arm circumference
UTC upper thigh circumference
WC waist circumference
WHR waist-to-hip ratio
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