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Decreased microbial co-occurrence 
network stability and SCFA 
receptor level correlates with 
obesity in African-origin women
Lara R. Dugas  1, Beatriz Peñalver Bernabé2, Medha Priyadarshini  3, Na Fei2, Seo Jin Park4, 
Laquita Brown1, Jacob Plange-Rhule5, David Nelson6, Evelyn C. Toh6, Xiang Gao1, 
Qunfeng Dong1, Jun Sun  7, Stephanie Kliethermes8, Neil Gottel2, Amy Luke1, Jack A. Gilbert  2 
& Brian T. Layden3,9

We compared the gut microbial populations in 100 women, from rural Ghana and urban US [50% lean 
(BMI < 25 kg/m2) and 50% obese (BMI ≥ 30 kg/m2)] to examine the ecological co-occurrence network 
topology of the gut microbiota as well as the relationship of short chain fatty acids (SCFAs) with 
obesity. Ghanaians consumed significantly more dietary fiber, had greater microbial alpha-diversity, 
different beta-diversity, and had a greater concentration of total fecal SCFAs (p-value < 0.002). Lean 
Ghanaians had significantly greater network density, connectivity and stability than either obese 
Ghanaians, or lean and obese US participants (false discovery rate (FDR) corrected p-value ≤ 0.01). 
Bacteroides uniformis was significantly more abundant in lean women, irrespective of country (FDR 
corrected p < 0.001), while lean Ghanaians had a significantly greater proportion of Ruminococcus 
callidus, Prevotella copri, and Escherichia coli, and smaller proportions of Lachnospiraceae, Bacteroides 
and Parabacteroides. Lean Ghanaians had a significantly greater abundance of predicted microbial 
genes that catalyzed the production of butyric acid via the fermentation of pyruvate or branched 
amino-acids, while obese Ghanaians and US women (irrespective of BMI) had a significantly greater 
abundance of predicted microbial genes that encoded for enzymes associated with the fermentation 
of amino-acids such as alanine, aspartate, lysine and glutamate. Similar to lean Ghanaian women, 
mice humanized with stool from the lean Ghanaian participant had a significantly lower abundance 
of family Lachnospiraceae and genus Bacteroides and Parabacteroides, and were resistant to obesity 
following 6-weeks of high fat feeding (p-value < 0.01). Obesity-resistant mice also showed increased 
intestinal transcriptional expression of the free fatty acid (Ffa) receptor Ffa2, in spite of similar fecal 
SCFAs concentrations. We demonstrate that the association between obesity resistance and increased 
predicted ecological connectivity and stability of the lean Ghanaian microbiota, as well as increased 
local SCFA receptor level, provides evidence of the importance of robust gut ecologic network in 
obesity.

Obesity is a complex medical condition with a multi-faceted etiology. Though diet, lifestyle and genetic factors are 
thought to play a role in the onset of such disorders, increasing evidence points to a pivotal role for the gut micro-
biota1,2. Germ-free (GF) mice are protected against obesity, suggesting that the gut microbiota may play a causal 
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role in the development of obesity3. Moreover, other studies have reported specific bacterial taxa whose relative 
abundance or presence is associated with development or protection from obesity. For example, a reduction in the 
proportion of Bifidobacteria, Faecalibacterium prausnitzii and Akkermansia muciniphila, and an increase in the 
relative abundance of potential opportunistic pathogens, such as Staphylococcus aureus and Enterobacteriaceae, 
have been frequently associated with obesity4–8. Causation between the gut microbiota and obesity has primarily 
been demonstrated using fecal microbiota transplant (FMT) from obese adults to animal models, which confirms 
the transference of an obese phenotype2,9,10. However, the mechanism by which these microbiota influence obe-
sity is still unclear.

The gut microbiota is influenced by many external factors in the host’s environment11–13, most notably diet14,15; 
but lifestyle factors such as physical activity16 and stress17 also contribute. Differences in geographic location, and 
possibly differences in diet and lifestyle, may be useful for describing the majority of the variance in microbial 
community composition and structure13,18–20. This is of particular importance, given that the obesity epidemic is 
emerging globally at different rates21,22, therefore it is essential that we disentangle the geographic differences in 
microbiota to determine the elements most influential for obesity. In fact, these differences can be leveraged to 
understand common microbial patterns that influence the obesity epidemic. While it is invaluable the identifi-
cation of specific species and strains that are different between phenotypes as possible biomarkers, for instance, 
systems biology approaches provide a top-down view of the processes, seed light into the relationship between the 
entities that lead to the observed phenotype and reveal emerging properties of the system that are not evident by 
researching one element at a time23 e.g., obesity. Studying network properties and their stability is common place 
and have been successfully applied to understand the emerging properties of human microbiome networks24–26. 
Thus ecological network analysis27,28 might identify the underlying trends in microbial assemblages that associate 
with shifts in host phenotype. Co-occurrence networks capture the significant patterns in relative abundance 
between different taxa, either as positive correlations (i.e. both taxa increase, or decrease in proportion between 
samples equivalently), or negative correlations (i.e. taxa with differential proportional shifts)24–26. Positive corre-
lations might suggest cooperation, co-dependency, or response to a similar resource; while negative correlations 
may suggest competition, exclusion, or differential resource use29. It is plausible to hypothesize that the ecological 
co-occurrence network topology of the gut microbiota may be significantly associated with obesity.

The gut microbiota can influence the host by changing the energy harvest potential of food, in part through 
the fermentation of non-digestible fibers, such as pectin, cellulose, and resistant starches30. Microbial fermenta-
tion of these fibers leads to the production of short chain fatty acids (SCFAs), mainly butyric, propionic and acetic 
acid31. These nutrients are absorbed by the human gut and greatly contribute to total body energy acquisition32, 
as well as altering host immunity and metabolism33. A reduction in fecal SCFA concentration has been associ-
ated with many metabolic diseases including obesity and diabetes34,35. Conversely, elevated concentrations of 
fecal SCFAs have been observed in those on high fiber diets, probably due to excess SCFA production relative to 
intestinal SCFA absorption20, and high fiber diets are largely considered to be healthier than low fiber diets36–38. 
While SCFAs have been implicated in obesity31, we explored how fecal SCFA concentrations may be associated 
with obesity.

The overarching aim of this two-part study was to explore the associations between the gut microbiota, 
fecal SCFAs and obesity in African-origin populations. In part 1; we describe the differences in the microbial 
co-occurrence network topology and fecal SCFA concentrations in lean and obese women from two distinct 
geographic sites, rural Ghana and urban US, with significant differences in their intake of dietary fiber, and also 
obesity prevalence39. In part 2, we tested our hypothesis that the ecological co-occurrence network topology of 
the fecal microbiota associates with obesity in mice in a prospective fecal microbiome transplant (FMT) study, 
and challenged with a high fat diet for 6 weeks.

Results
Differences in Participant Characteristics. The original METS cohort comprised 2,506 young adults 
from Ghana, South Africa, Seychelles, Jamaica and the United States21,40, here we present data from 100 lean 
(BMI < 25 kg/m2) and obese (BMI ≥ 30 kg/m2) Ghanaian (N = 50) and US women (N = 50). Due to the lower 
number of lean women in the US cohort as well as obese women in the Ghanaian cohort, the final cohort included 
13 lean and 37 obese US women, and 29 lean and 21 obese Ghanaian women (Table 1). Lean US women had a sta-
tistically similar weight to their lean Ghanaian counterparts (63.6 ± 6.2 vs. 55.4 ± 5.8 kg, p > 0.05), and there were 
no significant differences in BMI, body fat percentage, or fat-free mass among the lean women by site. However, 
obese Ghanaian women weighed significantly less than obese US women (86.2 ± 11.9 vs. 110.1 ± 20.0 kg, 
p < 0.001). Similarly, the mean BMI and body fat percentage among obese women were significantly different 
by site and greater in obese US women (difference of 6.6 kg/m2 and 7.4% respectively, p < 0.001 for both), and 
fat-free mass in the obese US women was significantly greater than in the obese Ghanaian group (54.8 ± 6.9 vs. 
49.5 ± 5.1 kg, p < 0.05). We also investigated other metabolic physiologic parameters, which related to obesity 
in the cohorts. Ghanaians had significantly lower insulin (pmol/l), leptin (pg/l) and HOMA-IR concentrations 
than US women, while fasting glucose and adiponectin levels were similar among the 4 cohorts (Table S1, Fig. 1). 
Additionally, lean US women presented with lower levels of insulin than obese US women (Fig. 1). Leptin con-
centrations were the only parameter to be distinct among all four cohorts, but these levels were especially lower 
in lean Ghanaian participants.

Dietary differences and association to fecal SCFA concentration. As expected, diet was most 
strongly associated with the country of origin, using multiple linear regression analysis, and adjusting for age, 
country of origin and BMI. In total, 46 dietary parameters were significantly different in the Ghanaian com-
pared to US diet, independent of BMI. The US participants consumed more macronutrient components of 
the diet including; sugar (e.g., glucose, sucrose), protein (especially animal sourced protein), fat (saturated fat, 
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polyunsaturated fat, and cholesterol), micronutrients (retinol, zinc, selenium and sodium), and consumed less 
carbohydrates and fiber (including insoluble fiber and pectin, Table 1). The overall glycemic index of the US diet 
was higher than the Ghanaian diet, and US women also had higher Obesity Food Index scores, indicating diets 
more likely to be associated with the development of obesity (Table S2).

As noted above, fiber intake is expected to increase microbiome-associated SCFAs production41, and indeed, 
we observed greater stool-associated SCFA concentrations in the Ghanaian compared to US participants (Table 1, 
Fig. 1). Specifically, acetic, propionic, and butyric acid were statistically differentiated by site, being all enriched 
in Ghanaian stool. Within sites, there was a non-significant trend for greater SCFA concentrations in stool 
from obese as compared to lean participants (p = 0.20, Table 1), however adjusting total fecal SCFA for body 
weight (µg/ml/kg body weight), we found the opposite effect, whereby leaner women had higher fecal SCFA 
levels (p = 0.02), which persisted after adjusting for body weight (kg), total calories consumed, and fiber intake 
(p < 0.001 for all). Overall, country of origin accounted for most of the associations between diet and SCFAs 
concentrations (Table S3).

Geographic site, compared to adiposity, describes the majority of variance in fecal microbi-
ota. A total of 1,944,957 16S ribosomal RNA gene sequences were generated from the 100 fecal samples, 
which clustered into 2,526 Exact Sequence Variants (ESVs). Overall, Firmicutes, Bacteroidetes and Proteobacteria 
were the dominant phyla among all participants (Fig. S1). In total, 68 ESVs had statistically different relative 
proportions by adiposity and/or country of origin, 62 of which were only significantly different between country 
of origin (p (FDR-corrected) ≤ 0.001; Table S4). Of these 62 ESVs, 28 were significantly enriched in Ghanaian 
stool samples, and 34 were significantly enriched in US women (p-value (FDR-corrected) <0.001). For example, 
the family Enterobacteriaceae, including Escherichia coli, was more abundant in the Ghanaians cohort, while 
Bacteroides caccae and strains of Faecalibacterium prausnitzii were more abundant in US stool, irrespective of 
BMI (Table S5). Similar to previous studies13,42,43, alpha diversity (Chao, Shannon and Inverse Simpson) was 
significantly greater in Ghanaian participants compared to US participants, regardless of BMI (p-value < 0.01; 
Fig. S2, Table S6), and beta-diversity was also significantly different between countries (Table S7, principal coor-
dinates analysis, weighted UniFrac distance; p < 0.001). However, no significant difference in alpha and beta 
diversity existed between lean and obese women independent of the country (Figs S2, S3, Tables S6, S7).

Out of the 68 ESVs that were statistically different between the cohorts, 4 ESVs had significantly different 
relative abundance by adiposity, but were also associated with geographical location (Table S4). For example, 
two ESVs were assigned to Bacteroides; one was further annotated to Bacteroides uniformis (Table S5) and was 

Ghana USA

Lean (N = 29) Obese (N = 21) Lean (N = 13) Obese (N = 37)

Age (y) 34.6 ± 6.8 35.7 ± 6.1 36.9 ± 8.0 36.7 ± 5.8

Weight (kg) 55.4 ± 5.8 86.2 ± 12.0** 63.6 ± 6.2 110.1 ± 20.0**

Height (cm) 159.8 ± 6.8 157.7 ± 6.2 167.2 ± 5.9* 163.1 ± 7.1**

Body Mass Index (kg/m2) 21.7 ± 2.0 34.8 ± 5.6** 22.8 ± 2.0 41.4 ± 7.0**

Fat-free Mass (kg) 38.3 ± 5.3 49.5 ± 5.1** 42.2 ± 5.4 54.8 ± 6.9**

Fat Mass (kg) 17.1 ± 4.1 36.7 ± 9.6** 22.0 ± 6.1 55.3 ± 15.2**

%Body Fat 30.8 ± 6.4 42.1 ± 5.7** 34.0 ± 9.0 49.5 ± 6.4**

Plasma Glucose (mg/dL) 104.1 ± 13.0 96.4 ± 10.9 112.8 ± 79.7 111.7 ± 40.8

Diabetes, N (%) 1 (3.5) 0 1 (7.7) 8 (21.6)

Hypertension, N (%) 1 (3.5) 1 (4.8) 1 (7.7) 12 (32.4)*

% Energy from protein 10.9 ± 3.4 13.5 ± 3.8* 16.6 ± 3.8** 15.9 ± 4.1**

% Energy from carbohydrate 65.2 ± 9.6 62.4 ± 10.5 41.8 ± 7.9** 45.7 ± 8.7**

% Energy from fat 24.0 ± 9.8 23.9 ± 7.8 40.6 ± 5.6** 38.0 ± 6.3**

Starch (g/day) 183.6 ± 50.7 186.0 ± 51.4 105.2 ± 47.5** 103.4 ± 53.2**

Fiber (g/day) 23.2 ± 6.2 22.7 ± 8.4 15.6 ± 5.9** 14.3 ± 7.3**

Insoluble Fiber (g/day) 17.5 ± 4.9 17.4 ± 6.0 10.5 ± 4.4** 9.7 ± 5.4**

Pectin (g/day) 5.1 ± 1.9 4.8 ± 1.4 2.4 ± 1.5** 1.8 ± 1.3**

Fecal formic Acid (µg/ml) 0.14 ± 0.14 0.20 ± 0.23 0.13 ± 0.03 0.16 ± 0.07

Fecal acetic acid (µg/ml) 2.08 ± 0.73 2.12 ± 0.44 1.39 ± 0.53** 1.60 ± 0.74**

Fecal propionic acid (µg/ml) 1.11 ± 0.70 1.28 ± 0.49 0.54 ± 0.22** 0.71 ± 0.43**

Fecal butyric acid (µg/ml) 1.65 ± 0.89 1.79 ± 0.80 0.85 ± 0.57** 1.18 ± 0.92*

Fecal isovaleric Acid (µg/ml) 0.12 ± 0.06 0.09 ± 0.04 0.11 ± 0.03 0.10 ± 0.07

Total fecal SCFA(µg/ml) 5.09 ± 2.19 5.48 ± 1.35 3.01 ± 1.13** 3.76 ± 1.94**

Total SCFA (µg/ml/kg body weight) 0.07 ± 0.04 0.06 ± 0.02** 0.05 ± 0.02** 0.03 ± 0.02**

Total fecal SCFA (µg/ml/kg body weight, 
adjusted for total energy and fiber intake) 0.09 ± 0.003 0.07 ± 0.004** 0.05 ± 0.006** 0.03 ± 0.005**

Table 1. Participant Characteristics and Fecal Short Chain Fatty Acids by Site and Weight Category: METS-
Microbiome cohort (N = 100). Reference group is lean Ghanaian, *p < 0.05 **p < 0.01.
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significantly more abundant in lean participants irrespective of country (p (FDR-corrected) <0.001), as well 
as both being significantly enriched in the US women overall (p (FDR-corrected) <0.0001). Interestingly, two 
unique ESVs that were assigned to Ruminococcaceae, had significantly different abundance between participants 
based on BMI (irrespective of country), however, in opposing directions (Table S4), one was more abundant in 
lean participants, the other in obese participants.

Using Random Forest machine learning, neither obesity nor the country of origin could be predicted by 16S 
rRNA ESV composition alone (Table S8); but there were taxa that were predictive of both BMI and country 
together (Fig. 2). Two different random forest networks for the country of origin (model significance compared 
to random model, p-value = 0.001) and the participants’ adiposity levels (model significance p = 0.01) were cal-
culated. The error rate was lower when calculating random forest trees on country of origin compared to BMI, 
and fewer variables were required after 10-fold cross-validation (20 versus 152; Table S8). Then, we identified the 
most significant variables using 1,000 jackknife iterations (p (FDR-corrected) ≤ 0.001), which demonstrated that 
12 different ESVs and participant’s adiposity were predictive of the country of origin (Table S9), while 120 ESVs, 
participant’s age, and country of origin were predictive of adiposity phenotype (Table S10). Interestingly, all the 
12 ESVs predictive of the participants’ country were among the top ESVs that were also predictive of participants’ 
adiposity level, including Faecalibacterium prausnitzii, Escherichia coli and Prevotella copri, which were more 
abundant in Ghanaian cohorts, and Bacteroides uniformis, which was significantly enriched in US cohorts.

SCFAs and other physiological variables associate with ESVs. Overall, multiple ESVs associated 
with SCFAs, and the majority of these correlations existed for all three major SCFAs, acetate, propionate, and 
butyrate (Fig. S4). Moreover, many of these associations were between SCFAs and Ghana-lean-associated ESVs. 
While a number ESVs presented significant correlation with physiological variables such as adiponectin, leptin, 
and HOMA-IR levels (GLM parameters adjusting for age, BMI and country, p (FDR) ≤ 0.001), most of the asso-
ciations were related with a reduction in insulin and glucose concentrations (Fig. S5). For example, the relative 
abundance of the family Lachnospiraceae was negatively correlated with insulin and HOMA-IR concentrations 

Figure 1. Biochemical measurements for the Ghana lean (GL), Ghana obese (GO), US lean (UL), and US obese 
(UO) groups. Differences are presented as p < 0.01 (*), and p < 0.05 (**). FA = formic acid, AA = acetic acid, 
PA = propionic acid, BA = butyric acid, IA = isovaleric acid, SCFA = total fecal SCFA, capillary glucose, serum 
insulin, serum adiponectin, serum leptin, and homeostatic model of insulin resistance (HOMA-IR).

Figure 2. Taxonomic differences in the fecal composition of lean and obese Ghanaian and US women. 
Predictors of obesity and country of origin (using Random Forest, fdr-corrected p ≤ 0.001). Larger nodes were 
predictors of both, obesity and country of origin. Nodes are colored by phyla and their names are given based 
on the most specific assigned taxonomy.
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(Fig. S5) and an increase in the relative abundance of the family Ruminococcaceae was associated with a reduc-
tion in glucose concentration.

Using PiPhillin software44, 16S rRNA ESV data were used to predicted the abundance of microbial func-
tional genes that encode enzymes pertaining to the butanoate metabolism (ko00650) and branched amino-acid 
catabolism (ko00280; Valine, leucine and isoleucine degradation) for the synthesis of butyric acid (Fig. S6). Lean 
Ghanaians had a significantly greater abundance of genes that catalyzed the production of butyric acid via the 
fermentation of pyruvate or branched amino-acids (valine, leucine and isoleucine), e.g. 3-hydroxyacyl-CoA dehy-
drogenase or enoyl-CoA hydratase (p < 0.005), while obese Ghanaians and US women (irrespective of BMI) had 
a significantly greater abundance of genes that encoded for enzymes such as 4-hydroxybutyryl-CoA dehydratase 
associated with the fermentation of amino-acids such as alanine, aspartate, lysine and glutamate (p < 0.005). 
From this analysis, we identified a series of genes that should be enriched in a ‘lean’ (protects against obesity) 
microbiome (pyruvate fermentation: K00023, K01692, K01782, K01825, K07516; valine, isoleucine, leucine fer-
mentation: K00249, K00253, K01692, K01782, K01825, K01968, K01969). We also identified a series of genes 
which should be enriched in an obesity-promoting microbiome (amino acid: alanine, aspartate, glutamate, lysine) 
fermentation: K01039, K01040, K14534, K18120, K18122); some of these genes are also associated with oppor-
tunistic human pathogens45.

Lean Ghanaian stool microbiota had significantly greater co-occurrence network density, con-
nectivity and stability. We calculated co-occurrence networks based on the relative abundance of each 
ESV in the four different cohorts using SparCC46 (Fig. 3a–d). We observed that while all the networks had sim-
ilar size in terms of nodes and diameter (Table 2), the ‘lean Ghanaian’ network had more edges (1,503) and had 
a greater edge density (0.53) compared with the networks from the other three cohorts, i.e. obese Ghanaians 
(1,226, and 0.51), lean (1,237, and 0.42) and obese (846, and 0.25) US women. Additionally, nodes from the 
lean-Ghanaian network had significantly greater closeness centrality (a measure of centrality based on the sum 
of the length of the shortest paths between this node and connected nodes) than the other networks (p < 0.001, 
Fig. 3e, Table S11). In addition, both degree (the number of connections a single node has, p < 0.001) and Eigen 
(the impact of a node in the network; p-value < 0.01) centrality were significantly greater in the lean Ghanaian 
network (Fig. S7, Table S11), suggestive of a well-connected network. We also estimated network stability using 
the target betweenness and degree node attack method developed by Albert et al.47 The method predicts the 
fraction of nodes (f) that should be removed to cause a cohesive fully-connected network to fracture into multiple 
independent networks. Lean-Ghanaian networks were significantly more stable to betweenness targeted attacks 
(p < 0.05) and to node degree target attacks (p < 0.001) than any of the other three cohorts (Figs S8 and S9), being 
more robust to attacks (f ~ 0.92), compared with obese US women (f ~ 0.78), and lean US (f ~ 0.91) and obese 
Ghanaians (f ~ 0.88).

As a result of the differences in network topology, we clustered obese Ghanaian and obese/lean US participants 
into one cohort, and determined the taxa that were differentially abundant in the lean Ghanaian cohort (Fig. 3f). 
Lachnospiraceae, Bacteroidaceae and to a lesser extent Porphyromonadaceae and Desulfovibrionaceae were sig-
nificantly depleted in lean Ghanaians, while Coriobacteriaceae, Clostridiaceae, Prevotellaceae, Enterobacteriaceae 
and Venillonellaceae were enriched in lean Ghanaians (p ≤ 0.05). Lean Ghanaians also had a greater proportion 
of ESVs associated with Ruminococcus callidus, Prevotella copri, and Escherichia coli, p ≤ 0.05.

Part 2: The gut microbiota from a lean Ghanaian is associated with a reduction in weight gain 
following a high fat diet. To determine the effect of the gut microbiota against an obesity challenge, we 
selected stool from participants who represented the median fecal SCFAs concentrations from each cohort. Mice 
were humanized with the participant’s stool (Fig. 4a), following treatment with antibiotics to eliminate the endog-
enous microbiome. Mice then received a high-fat diet inducing obesity (DIO) challenge for 6 weeks. Interestingly, 
mice receiving the obese Ghanaian stool, and the lean or obese US participant’s stool were significantly more 
obese post challenge compared to the lean Ghanaian humanized mice (Fig. 4b; p < 0.05). No difference in murine 
stool SCFAs were observed among four groups (Fig. 4c). Although no significant changes were observed in fast-
ing glucose in these mice (p > 0.01), fasting insulin and HOMA-IR were elevated in mice humanized with US 
obese stool compared to lean Ghanaian humanized mice (Fig. 4c). Additionally, both lean and obese Ghanaian 
humanized mice had significantly lower insulin levels (p < 0.01) than mice humanized with US obese stool, and 
both lean Ghanaian and lean US humanized mice had significantly lower hepatic triglyceride levels than obese 
Ghanaian humanized mice (p-value < 0.05, Fig. 4c, Fig. S10). We measured the expression patterns of colonic 
and small intestine Ffa2 and Ffa3 genes; two SCFA-sensing receptors31,48 with important roles in metabolism. 
The expression of Ffa2, but not Ffa3, was elevated in the small intestine of mice humanized with lean Ghanaian 
stool when compared to the other 3 groups (p < 0.05), yet the transcriptional levels of Ffa3 were diminished in 
the colon of lean Ghanaian humanized mice compared with obese US humanized mice (p < 0.05), while Ffa2 
transcripts were unchanged (Fig. 4c, Fig. S10).

Co-occurrence network analysis demonstrates that the mice humanized with lean Ghanaian 
stool had significantly greater network connectivity. To determine if the gut microbiome of lean 
Ghanaian was associated with a reduction in obesity following the high fat diet challenge, we performed 16S 
rRNA gene amplicon sequencing on the stool samples 6 weeks after the initial fecal transplant. A total of 302,075 
16S ribosomal RNA gene sequences were generated from 14 fecal samples, from which 653 ESVs were identified. 
Between the mouse cohorts, neither alpha diversity (i.e., Chao, Shannon and Inverse Simpson; p-value > 0.05; 
Fig. S11a–11c, Table S12), nor beta diversity were significantly different between country or BMI category (prin-
cipal coordinates analysis, weighted UniFrac distance; p > 0.05; Fig. S12, Table S13). Interestingly, there were no 
significant differences in the abundance of bacterial phyla between the 4 murine cohorts (p > 0.01; Table S14, 
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Fig. 5a). Overall, 37% of the human gut microbial ESVs were retained 6 weeks after the mice were subjected to the 
DIO challenge. However, while the abundance of different bacterial ESVs was significantly correlated between 
human-donor and mouse-recipient at the levels of phylum, class, order and family, there was no significant cor-
relation at the levels of genus and species (Fig. 5b). These data suggest that the mouse gut selected for different 
taxa compared to the human gut, likely a result of the diminished fermentation capacity of the mouse cecum49.

As with the human subjects, we employed GLMs to identify the murine fecal ESVs associated with the lean 
Ghanaian humanized mice. While no sequences were significantly enriched in the lean Ghanaian humanized 
mice, 5 ESVs were significantly depleted (p < 0.001), all of which were associated with Lactobacillus sutterella and 
Parabacteroides distasonis (Table S15). A phylogenetic tree analysis was used to determine the overlap between 

Figure 3. Human co-abundance networks for lean Ghanaian (a), obese Ghanaians (b), lean US women (c) and 
obese US women (d). ESVs identified by DADA2 are represented by nodes and colored by their respective order 
(i.e., green shades, Phylum Firmicutes; purple shades, Phylum Bacteroidetes; yellow and blue shades, Phylum 
Proteobacteria; orange shades, Phylum Actinobacteria; red shades, Phylum Verrucomicrobia). Only sequences 
for which we found co-abundance associations for each condition are represented (fdr-corrected <0.001). 
Size of the node is proportional to its abundance. Positive correlations identified by SparCc are indicated 
with grey lines; negative correlations are indicated with red edges. Topology is summarized in Table 2. Rest of 
comparisons can be found in Table S12 and Fig. S6 (e.g., degree centrality, Eigen value centrality, edge distance). 
(e) Normalized closeness between cohorts is shown (p-value < 0.001) (f) Fold change difference of the average 
abundance of all phenotypic differences (i.e., African American women and obese Ghanaians) versus lean 
Ghanaians, p (FDR-corrected) ≤0.05.
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the human and murine stool ESVs between mice humanized with lean Ghanaian stool, compared to the rest. Only 
ESVs that had significantly different abundance between these two groups were used in the analysis (p < 0.05, 
Table S16). The human and murine ESVs had similar trends in terms of relative abundance between cohorts. Two 
phylogenetic branches including ESVs assigned to the genera Parabacteroides and Bacteroides, and the family 
Lachnospiraceae were depleted in both the lean Ghanaian human stool and mouse stool (Fig. 5c).

We also characterized the network associations of these ESVs in the human co-occurrence networks. Indeed, 
several topological characteristics of these ESVs were highly depleted in lean Ghanaians, and were associated with 
their abundance in each cohort. Using Spearman correlation (Table S17), we observed that an increase in the rela-
tive abundance of these ESVs correlated significantly with an increase in betweenness centrality (a measure of the 
number of times a node acts as a bridge along the shortest path between two different nodes; Fig. 6a, p < 0.001), 
and a decrease in closeness and closeness centrality (Fig. 6b, c, p < 0.001) and transitivity (Fig. 6d, p < 0.001). 
When comparing the closeness between each of these cohorts, these nodes had greater closeness in lean Ghanaian 
networks (p < 0.001, Fig. 6e).

Interactions between metabolic physiologic parameters and mice gut microbiota. Finally, we 
explored the relationships between the microbiota and metabolic physiological variables (e.g., glucose, insu-
lin, hepatic triglycerides, and Ffa2 and Ffa3 transcriptional abundance) in the lean Ghanaian humanized mice 
compared to the other cohorts. The results indicated a negative correlation between the transcriptional abun-
dance of Ffa2 and Ffa3 and hepatic triglyceride concentrations, SCFA levels, insulin and HOMA-IR values with 
respect to the abundance of Clostridium saccharogumia and a ESV belonging to the family Lachnospiraceae 
(Fig. 7) among the Ghanaian lean mice. Specifically, greater abundance of these two ESVs was associated with 
higher transcriptional levels of both Ffa2 and Ffa3 small intestine receptors (Fig. 7). While the ESV assigned to 
the Lachnospiraceae had a positive correlation with both SCFA receptor transcriptional levels in the colon and 
intestine (Fig. 7), Clostridium saccharogumia had no significant correlation with Ffa3 transcription in the colon 
(p > 0.01). Several ESVs presented differential correlation with the colon and small intestine Ffa2 and Ffa3 tran-
scriptional abundance. Specifically, a Clostridiales organism was inversely correlated with the transcriptional 
abundance of colonic Ffa3, yet it was positively correlated with the transcriptional abundance of Ffa2 in the small 
intestine. Similarly, two ESVs, Parabacteriodes diastonis and Bacteriodes cacceae showed opposite effects (Fig. 7) 
in terms of their correlations with the colon and small intestine Ffa2 and Ffa3 transcriptional changes. Finally, the 
abundance of ESVs assigned to the Parabacteriodes was negatively correlated to SCFA levels. When Piphilin gene 
abundance prediction analysis (as per the human cohort) was performed on the 16S rRNA data derived from 
the stool of the humanized mice, no significant difference in the abundance of predicted genes associated with 

Ghana USA

Lean (N = 29) Obese (N = 21) Lean (N = 13) Obese (N = 37)

Total nodes 76 70 77 83

Number of edges 1503 1226 1237 846

Activation edges (%) 48.6 48 51.7 51.1

Inhibitory edges (%) 51.4 52 48.3 48.9

Edge density 0.53 0.51 0.42 0.25

Transitivity 0.58 0.57 0.53 0.35

Network diameter 3 3 3 3

Maximum node degree 52 48 48 39

Minimum node degree 3 13 11 1

Node degree centralization 0.166 0.188 0.209 0.227

Closeness centralization 0.169 0.189 0.191 0.205

Eigen centralization 0.223 0.287 0.38 0.487

Betweeness centralization 0.0.12 0.008 0.009 0.028

Number of communities 4 3 3 5

Length shortest path 1.47 1.49 1.58 1.82

Average node degree 39.55 35.03 32.13 20.39

Average hub score 0.6 0.58 0.45 0.44

Average centrality node degree 39.55 35.03 32.13 20.39

Average closeness 0.06 0.06 0.03 0.03

Average centrality closeness score 0.68 0.67 0.64 0.56

Average Eigen value centrality 0.52 0.58 0.45 0.44

Average centrality Eigen value score 0.78 0.72 0.63 0.52

Average betweeness 23.74 22.47 24.79 34.58

Average edge betweeness 3.1 3.25 3.91 7.41

Average centrality between score 17.8 17.01 22 33.55

Table 2. Interaction Network Topology.
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butyrate synthesis were found. While this is likely due to underpowering as a result of the small number of mice 
used, it is also possible that differences in the gut environment between humans and mice may lead to differential 
metabolic processes for butyrate synthesis.

Discussion
We compared, in this study, the microbiota and host physiology between lean and obese women from the US and 
Ghana. The microbiota of lean Ghanaian women had significantly greater co-occurrence network connectivity, 
density and robustness when comparted to obese women and US women. When transferred to a murine model, 
these properties were maintained, and were associated with a reduction in obesity following an obesogenic chal-
lenge. Collectively, this study revealed the importance of the ecological network co-occurrence structure and 
robustness of the microbiota, was shown to be a transferable quality associated with a reduction in weight gain.

Overall, the human data suggest that SCFA production/levels may be associated with decreased obesity; how-
ever, in FMT models, this relationship was unclear, as SCFA levels were not different between mouse cohorts. 
Furthermore, stool from lean Ghanaians was associated with significantly less weight gain and was also associ-
ated with positive changes in other obesity related metabolic parameters (e.g. insulin resistance, insulin levels, 
etc.) during the 6-week obesogenic challenge, compared to stool from obese participants and lean US partic-
ipants. While the SCFA concentrations in the feces did not differ between mouse groups, possibly a reflection 
of the absence of appreciable fiber in the high-fat diet, the transcriptional activity of SCFA receptors Ffa2 in 
the small intestinal epithelial cells was increased and Ffa3 in the colon decreased in lean Ghanaian mice. As 
SCFAs mediate metabolic effects such as lipid storage50,51 and hormone secretion via these receptors52, factors 
that influence the transcription of these receptors could influence weight gain via this mechanism. Additionally, 

Figure 4. Fecal transplants of stool samples from human participants into antibiotic-depleted mice. (a) 
Schematic representation of the fecal transplant study in mice. (b) Average weight profiles for each the mice in 
the study. 95% confident interval represented for each dynamic trend. (c) Average concentrations for each of 
the physiological measurements that were performed in mice, including mRNA normalized abundance of the 
receptors Ffa2 and Ffa3 in the small intestine and the colon, respectively. *p < 0.05; **p < 0.01.
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we demonstrated that these trends were associated with a significant depletion of the family Lachnospiraceae and 
the genera Bacteroides and Parabacteroides in the lean Ghanaian humans, as well as in the associated humanized 
mice. This is in line with previous research associating Lachnospiraceae53,54 and Bacteroides1,55 with obesity. For 
example, Parabacteroides has been associated with weight gain56,57, and humanized gnotobiotic mice receiving 
Bacteroides thetaiotaomicron and Methanobrevibacter smithii had significantly elevated weight gain58. In addition, 
Cho et al.54 explored gut microbiota changes resulting from antibiotic-induced obesity in mice, and observed that 

Figure 5. Microbial abundance in murine stool samples after fecal transplants. (a) Phyla abundance by four 
mice phenotypes; (b) Correlation between the human and murine abundance at several taxonomical levels; (c) 
Phylogenetic tree of sequences identified using DADA2 significant in human (open dots) and mice (closed dots) 
for the comparison of interest (GO, UO, UL versus GL). Blue dots indicate lower levels of the specific sequence 
in the lean Ghanaians and red dots represent higher abundance of the specific sequence in the lean Ghanaians.
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enrichment for Lachnospiraceae was associated with the development of obesity. Moreover, the relative abun-
dance of Lachnospiraceae has also been shown to be positively correlated with an increase in insulin resistance 
and metabolic disruption59. Similarly, Salonen et al.35 found that obese men consuming diets supplemented with 
non-starch polysaccharides had a significant increase in Lachnospiraceae compared to men supplementing their 
diets with resistant starches. Overall, these data do not clarify the role of SCFAs in obesity, but highlight how 
future investigation needs to consider not only SCFA levels, but also SCFA receptor biology.

Utilizing two different cohorts with a similar range of BMIs, it was observed that microbial community com-
position and structure was more closely associated with country of origin, than with obesity. And regardless of 
body weight, Ghanaian women exhibited greater bacterial diversity than US participants, an observation in-line 
with previous international comparative microbiome studies13,18,20,42,43,60–63. For example, Karlsson et al.12 exam-
ined 782 persons from four studies, spanning 3 different continents (Europe, USA and China) and captured 
significant differences in species, species richness (captured by ESV counts) and diversity across the diverse pop-
ulations, with greater richness and diversity among the Europeans. Our finding that country effects are greater 
than obesity effects probably reflects the different dietary patterns between the studied populations, which likely 
contribute to the compositional differences in the microbiota between countries. O’Keefe et al.64 performed a diet 
switch in 20 rural Africans from South Africa, and 20 African Americans from urban Pittsburgh, US. Following 
14 days of switched diets, there was evidence of gut microbiota reciprocal changes, suggesting a mediating role 
of the habitual diet on the composition of the microbiota. A person’s habitual diet, however, does not explain all 
the variance observed. Given the redundancy of species at the country-level, their functional potential may also 
be an important factor65.

The co-occurrence networks generated for each of the 4 cohorts showed significant differences in the 
node-level features, specifically between the lean Ghanaian participants and the other 3 cohorts. Notably, 
these node-level features also correlated with a decreased abundance of Lachnospiraceae, Parabacteroides and 
Bacteroides in the lean Ghanaians; therefore, one possible explanation for this association is that these taxa may 
be associated with a microbiome that is not as stable25,46,66. Indeed, these observations pointed to a change in 
the role of these ESVs in the network topology. Specifically, from being center nodes, that were well-connected 
within the network, as the majority of the ESVs in lean Ghanaians were, to nodes with increasing influence in 
connecting different parts of the network in less connected and centered co-occurrence networks, as found in the 
other 3 cohorts.

Our study is not without several limitations. Firstly, as is true for any large international field study cohort, 
we relied on self-report to capture the dietary components of the study. We however, feel confident in our data, 

Figure 6. Relationship between co-abundance network topological features and depleted ESVs in human and 
mice fecal samples. Relationships between normalized abundance of the human ESVs (see Fig. 5) that were 
depleted in both lean Ghanaians and in humanized mice with fecal materials from the lean Ghanaians, showing 
their (a) betweenness centrality, (b) closeness centrality, (c) closeness and (d) transitivity. Each panel indicates 
the results from the Spearman correlation test. (e) Closeness is distinct between the ESVs associated with the 
depleted lean Ghanaians (p < 0.001 for all the group). For (e), GL, lean Ghanaians; GO, obese Ghanaians; UL, 
lean Americans; and UO, obese Americans.
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given the robustness of the multiple pass system, including photographs of local foods and portion sizes, as well as 
similarities between previously published national dietary intakes for both the US and Ghana. Secondly, for Part 
2, we relied on a 3-day antibiotic protocol to ablate the mice gut microbiota, as opposed to a germ-free model. 
While the use of antibiotics is not considered the gold standard, it has been widely used, and previously published. 
Similarly, the FMT was not prepared under aerobic conditions, and we did not capture the amount of food eaten 
each day by the mice. Finally, during Part 2, we did not have a control mouse group, either receiving PBS, or a 
low-fat diet.

Conclusion
To the authors’ knowledge, our study is the first to provide evidence that the ecological network diversity (net-
work connectivity, density and stability or robustness) may be an important feature associated with obesity, and 
demonstrate that this property may be a transferable feature. Future studies will leverage each of our 5 interna-
tional cohorts, in our METS-Microbiome study (R01DK111848), and provide greater exploration of how the 
gut microbiota is influenced by obesity across multiple international sites, and extend these data to include com-
prehensive metabolomics profiling and a more extensive human to mouse fecal transplant study, exploring this 
relationship on the gut microbiota across nations.

Materials and Methods
This study was conducted in two parts; Part 1 analyzed 100 human fecal samples from an ongoing International 
study of prospective weight gain, Modeling the Epidemiologic Transition Study (METS, R01DK80763)21, and it’s 
follow-up METS-Microbiome (R01DK111848), to perform the co-occurrence network analysis and compare the 
gut microbiota structure and SCFA profiles between the different cohorts. Part 2, was a prospective FMT study in 
mice using donors from Part 1, which were subsequently challenged with a high-fat diet for 6 weeks.

Figure 7. Changes in sequences abundances as a function of different physiological and biochemical variables. 
GLM include country and weight change as covariance (except for week 6, p-value ≤ 0.01). FA, formic acid; 
AA, acetic acid; PA, propionic acid; BA, butyric acid; IA, isovaleric acid; SCFA, total concentration of SCFAs; 
SI, small intestine; DW6, difference in weight after 6 weeks compared with the mice initial weight. Purple colors 
indicate negative associations; green colors indicate positive associations.
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Part 1. Human gut microbiota and SCFA measurement. Participant selection. Previously, 2,506 
African-origin adults (25–45 yrs), were enrolled in METS between January 2010 and December 2011 and fol-
lowed on a yearly basis21,39,67,68. A detailed description of the original METS protocol has previously been pub-
lished40. METS participants are currently being followed for a new study; METS-Microbiome (R01-DK111848), 
providing an additional 3 years of data69. For the current study, fecal samples from 50 lean (BMI < 25 kg/m2) and 
50 obese (BMI ≥ 30 kg/m2) women from both rural Ghana and urban US, producing a total of 100 participants, 
were utilized. Due to the lower number of lean women in the US cohort as well as obese women in the Ghanaian 
cohort, the proportion of lean and obese women in these sites was not equal. The cohort thus included 13 lean 
and 37 obese US women, and 29 lean and 21 obese Ghanaian women. Participants were excluded from partici-
pating in the original METS study if they self-reported an infectious disease, including HIV-positive individuals, 
and pregnant or lactating women, as well as any condition which prevented the individual from participating 
in normal physical activities40. The study protocols were approved by the Institutional Review Board of Loyola 
University Chicago, IL, USA (LU 200038); and the Committee on Human Research Publication and Ethics of 
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana (CHRPE12/09). Written informed con-
sent was obtained from all participants as previously described40.

Body composition, lifestyle and biochemical measurements. All measurements were made at research clinics 
located in the respective communities. Weight and height were measured and body composition was estimated 
by bioelectrical impedance analysis (BIA, model 101Q; RJL Systems, Clinton Township, MI). Fat-free mass and 
fat mass were estimated from measured resistance by using an equation validated against isotope dilution in the 
METS cohorts70. Participants were asked to provide an early morning fecal sample, using a standard collection kit 
(EasySampler stool collection kit, Alpco, NH) at their home. Fecal samples were immediately brought to the site 
clinics and stored at −80 °C. Dietary intake was estimated using two 24-hour recalls71, at least 7 days apart72. The 
Nutrient Data System for Research (NDSR; University of Minneapolis, MN, USA)71 was used to calculate total 
energy intake, macronutrient composition (i.e., % kJ from fat, carbohydrate and protein) and glycemic indices. 
We also characterized diets using an Obesogenic Food Index (OFI), this method characterizes diets according 
to their propensity for weight gain73,74. Participants were requested to fast from 8 pm in the evening prior to the 
clinic examination, during which fasting capillary glucose concentrations were determined using finger stick 
(Accu-check Aviva, Roche). Insulin, leptin and adiponectin concentrations were measured by enzymatic colori-
metric assays using a Hitachi 917 instrument (Roche, IN, USA).

Fecal Short Chain Fatty Acids Analysis. SCFAs (formic, acetate, propionate, butyrate, and isovaleric acids) 
were isolated from 10 mg fecal aliquots at the NIH Metabolomics Core and Research Laboratory, UC Davis 
Genome Center, using gas chromatography-mass spectrometry (GC/MS), following the methods outlined 
in Moreau et al.75 and Richardson et al.76. Briefly, 0.5 ml 2-ethylbutyrate internal standard in 0.5 ml water and 
0.1 ml concentrated hydrochloric acid was added to 10 mg fecal matter sample, and shaken for 30 min with 1 ml 
methyl-tertiary-butyl-ether (MTBE) including methylbutyrate internal standard. MTBE phase was then decanted 
dry over sodium sulfate, and derivatized with N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide at 80 °C for 
30 minutes. 1 µl of the derivatized solution was injected onto a 30 m by 0.25 mm, 0.25 μm DB5-MS duraguard 
capillary column in a GC/MS with temperature gradient 50–290 °C, scanning 50–550 Da. Spiked recoveries in 
fecal matter range from 65–110% for formic acid to isovaleric acid. All SCFAs had better than 93% within- and 
between-batch reproducibility and quantification limits <10 pmol injected onto the column.

Isolation of nucleic acids. Total genomic DNA was isolated from fecal samples using Qiamp stool kits (Qiagen 
the DNeasy powersoil kit, Qiagen Inc.) on an automated Qiacube device, using bead-beating for 20 mins at 
20hz. Reagent and negative extraction column controls were included with every extraction batch and were 
subsequently amplified and sequenced in parallel with experimental specimens to monitor for contamination. 
Genomic DNA (gDNA) was eluted in Tris-EDTA and stored at −80 °C until use in construction of sequenc-
ing libraries, and DNA quality and quantity was monitored by gel electrophoresis and fluorescent dsDNA assay 
on a Qubit device. Corresponding fecal samples were also collected and stored in nucleic acid preservative for 
long-term storage as back-up specimens, and for additional experiments, e.g., qPCR validation.

Multiplex 16S allele PCR and sequencing. Microbial genomic DNA was extracted from the human and murine 
stool samples (see below) using the DNeasy PowerSoil HTP 96 Kit (MoBio). The 16S rRNA gene V4 region were 
PCR amplified and sequenced using the Illumina HiSeq. 2500 platform to generate ~15,000 250 base pairs (bp) 
paired end reads per sample as described previously77, including a water control sample.

Sequence identification and filtering. Identification of the sequences (ESV) in each sample was performed 
employing DADA278, using default parameters unless indicated otherwise. Illumina forward and reverse 
sequences from both human and mice were split by sample using the QIME79 function “split_sequence_file_on_
sample_ids.py”. Subsequently, all the reverse and forward human and mice sequences were combined. Paired 
reverse and forward sequences were filtered and both truncated to a maximum 150 base-pair lengths. Sequences 
were demultiplexed, and the error sequencing rates were learned and employed to infer the most likely reverse 
and forward sequences, which were subsequently merged to create a final sequence table. Only non-chimeric 
sequences whose lengths were between 250 to 255 bp were used for the downstream analysis. ESV taxonomy was 
assigned using Green Genes database (gg_13_8) with at least 90% similarity. All analyses were done in R80.
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Association of human stool microbial sequences with diet, adiposity and geographical location and other physiological 
variables. ESV DADA2 generated table was separated into the two species for downstream analysis. Human sam-
ples whose total number of reads was below the total number of sequences measured in the control water sample 
(<10,100 total reads) were disregarded. Similarly, sequences whose all reads were below 10 counts and/or were 
present in low abundant (≤1%) were further excluded. ESV counts were summarized at different phylogenetic 
levels and plotted with ggplot281. Both, ESV counts and taxonomical level summarized counts were normalized 
using metagenomeSeq.82 before plotting. Only sequences whose counts were above the average effective sample size 
were used for normalization with metagenomeSeq. Relationships between alpha (i.e., Chao1, Shannon and Inverse 
Simpson index) and beta diversity with obesity and country were established using PERMANOVA from vegan R 
package. UNIFRAC distances65, not Bray-Curtis or Jaccard, were calculated with non-normalized abundance, yet 
they were rarefied to 1,000 counts. PERMANOVA models for beta diversity measurements accounted for partic-
ipant age. Generalized linear models (GLMs) were employed for the determination of the most likely phenotypic 
variables associated with each microbial sequence as implemented in metagenomeSeq.82. Except contrasts between 
location and obesity differences (e.g., obese vs. lean, American vs. Ghanaians, obese Ghanaians vs. lean Ghanaians) 
that were only adjusted by participants age, all the other GLMs for the different measured physiological variables 
(e.g., butyric acid, glucose levels) were corrected by location, BMI and age. Multiple comparisons were adjusted 
using false discovery rate83 (FDR) and ESVs whose FDR-corrected p-value ≤ 0.001 were deemed significant, unless 
stated otherwise. All analyses were done with R using functions encoded in the phyloseq package84. To examine the 
relationship between the abundance of microbial genes associated with butyrate metabolism, based on ESV for 16S 
rRNA amplicons obtained from DADA2, we conducted an analysis using Piphilin44.

Random forest networks between microbiome communities, obesity and country of origin. Two different random 
forest models were generated to predict obesity and country of origin based on microbial abundance, partici-
pant’s age and country or obesity, respectively. In both cases, random forest parameters were optimized in two 
different steps: a) using 70% of the data as training-set, the rest as testing-set and large ranges for the explored 
variables (i.e., number of variables randomly sampled as candidates at each split, number of trees to grow, size of 
sample to draw tree, minimum size of terminal nodes), the set of parameters that minimize the total error of the 
model were chosen; b) this parameter set was subsequently employed to discriminate the maximum number of 
variables required to achieve the minimum possible error to avoid overfitting using a 10-fold cross-validation. 
We identified 152 for predicting obesity and 20 for predicting country. The most important variables up to the 
maximum number determined using the 10-fold cross-validation were employed to re-optimize random forest 
model parameters. A total of 1,000 jackknife iterations were completed employing the previous optimized param-
eters with 70% of the ESVs and 70% of the samples for each iteration. Variables whose geometric average rank was 
below the minimum number of required variables, 20 and 152 for the country and obese model respectively, at a 
confidence level p-value (FDR corrected ≤ 0.001) were included in the network, a total of 14 and 122. Predictive 
capabilities of each random forest model were calculated based on the best top predictors.

Co-occurrence networks and topological network features. SparCC46 was employed to determine the relationship 
between the microbial species abundance in each sample. We employed filtered and normalized counts that changed 
as a function of the country of origin and/or changes in weight (p-value (FDR-corrected) ≤0.1). SparCC default 
parameters were employed. SparCC was evaluated 50 times using bootstrapping with replacement (30% of the sam-
ples). The same matrix that was created for each bootstrapping was randomized by ESVs to generate the randomized 
ESV table, i.e., null model. Edges that had a p-value (FDR-corrected) ≤0.01 and their probability were above, in 
absolute value, the probability with the greatest mode were further selected. Networks were represented the final 
networks using Cytoscape85. Relationships between the topological network features and the four different cohorts 
were estimated as previously described86. Briefly, we determined several common network topological features (e.g., 
edge density, network diameter, transitivity, number of communities, importance, eigen value, modularity, and edge 
betweeness and distance). All the network topological features of each cohort were independently estimated and 
normalized to compare them between groups. Statistical significance of the differences between the four cohorts 
and the calculated network features were determined using the non-parametric Wilcox sum-rank test. Comparisons 
between the ESVs normalized abundance and network characteristics have been obtained by Spearman correla-
tion test in R. Network stability were determined based on the approach developed by Albert et al.47. Nodes were 
removed based on their betweenness levels or in their degree. Loss of connectivity was calculated as the ratio of the 
total summation of the distances between the nodes with respect to the original distances between them using the 
package NetSwan. The rate of variation in the loss of connectivity was estimated based on the differences between 
consecutive fractions of nodes removed. Significance of connectivity lost was determined by randomly selected 10% 
of the edges and assigning them to non-connected nodes, for a total of 500 times and significance was determined 
using a t-test between the fractions of nodes removed when the trends reach no connectivity for orderind the nodes 
by their betweenness levels or in their degree. The R package ggplot2 was employed to generate all the graphs.

Part 2: Fecal Microbiota Transplant study. The murine protocol was approved and conducted in com-
pliance with the University of Northwestern IACUC committee requirements. First, the 8-week old specific path-
ogen free C57BL/6J male mice were prepared for FMT by oral delivery of antibiotics in the drinking water for 
72 hours. C57BL/6J mice are well characterized with regards to diet induced obesity87, while males were selected 
given the observation that females may be more resistant to metabolic alterations88,89 and males have previously 
successfully completed FMT90. The antibiotic cocktail in the drinking water consisted of 1.125 g aspartame, 0.15 g 
vancomycin, and 0.3 g of neomycin in sterile water. During the final 12 hours, polyethylene glycol 3350 was added 
to the drinking water to make up a 10% (w/v) solution, and the mice were fasted. Stored fecal material from the 
one of the participants from each of the four human groups (obese US, obese Ghana, lean US, and lean Ghana) 
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were weighed and freshly reconstituted in sterile saline at 0.1 g/ml, and 250ul of the solution for oral gavage daily 
every day for 7 days. The selected participant’s fecal sample contained the median total SCFAs (g) amount for 
each of the 4 groups, a lean U.S., an obese U.S., a lean Ghana, or an obese Ghana subject (4 mice per experimental 
group). During the gavage week, fecal material was suspended in reduced PBS and stored in aliquots at −80 °C. 
Following this, the mice received a high-fat chow after the transplant and were weighed weekly for the duration 
of the study (6 weeks total). The composition of the diet was 60.3% kcal from fat, 21.4% carbohydrate and 18.3% 
from protein (Harlan Laboratories (TD.06414). While food intake was not monitored, food was replenished in 
similar amounts at the same time points in all cages. Fecal samples were collected weekly for the duration of the 
study. At the 6th week, the mice were fasted overnight for fasting glucose and insulin measurements as outlined 
below. Blood was obtained from the tail vein and glucose levels monitored using a OneTouch UltraMini glucom-
eter (LifeScan, Inc., Milpitas, CA) Insulin levels were determined by ELISA (Alpco, Salem, NH).

Total Hepatic Triglyceride Determination. Livers were excised from the animals and flash frozen in liquid nitro-
gen. Prior to analysis, livers were weighed and homogenized as before91. Total triglycerides were assayed using the 
Infinity Triglyceride Liquid Stable Reagent (ThermoFisher Scientific, Waltham, MA).

Measurement of intestinal Free Fatty Acid receptor expression. Mouse epithelial cells were collected by scraping 
the mouse colon and small intestine as previously described92. Total RNA of ileal epithelial cells was extracted 
using TRIzol reagent (catalog number 15596-02; Life Technologies). RNA was first reverse-transcribed into 
cDNA with the iScript cDNA synthesis kit (catalog number 170-8891; Bio-Rad) according to the manufac-
turer’s instructions. The reverse-transcribed cDNA reaction products were subjected to real-time quantitative 
polymerase chain reaction (qPCR) using the CTFX 96 Real-time System (catalog number C1000; Bio-Rad) 
and SYBR Green supermix (catalog number 172-5124; Bio-Rad) according to the manufacturer’s instruc-
tions. All expression levels were normalized to β-actin levels of the same sample. All real-time PCR was per-
formed in triplicate. Optimal primer sequences were designed using Primer-BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) or were obtained from Primer Bank (http://pga.mgh.harvard.edu/primerbank/) primer 
pairs listed. The forward and reverse primers of beta-actin were TGTTACCAACTGGGACGACA and 
CTGGGTCATCTTTTCACGGT, respectively. The forward and reverse primers of free fatty acid receptor 2, Ffa2, 
respectively; 5′-GGCTTCTACAGCAGCATCTA-3′ and 5′-AAGCACACCAGGAAATTAAG-3′, for free fatty acid 
receptor 3, Ffa3, were 5′-TTGCTAAACCTGACCATTTCGG-3′ and 5′-GATAGGCCACGCTCAGAAAAC-3′, 
for forward and reverse primers. Differences in the 2−∆Ct, being ∆Ct the variations of the Ct values between sam-
ples and β-actin controls, were tested using non-parametric statistics, specifically Kruskal-Wallis.

Association of murine stool microbial sequences after FMT with adiposity and geographical location and other phys-
iological variables. The sequence table was separated into the two species for downstream analysis. Murine 
samples whose total number of reads was below the water control (10,100 total reads) were removed. Similarly, 
sequences where none of the reads were above 5 counts were further excluded, as well as low abundant sequences 
(≤0.01%). ESV counts were summarized at different phylogenetic levels and plot with ggplot281. Both, sequences 
counts and taxonomical level summarized counts were normalized using metagenomeSeq.82 before plotting. 
Only ESVs whose counts were above the average effective sample size were accounting for posterior studies. 
Relationships between alpha (i.e., Chao1, Shannon and Inverse Simpson index) and beta diversity with obe-
sity and country of origin were established using PERMANOVA from vegan R package. UNIFRAC distances65, 
not Bray-Curtis or Jaccard, were calculated with non- normalized counts and were rarefied to 2,500 counts. 
Generalized linear models (GLMs), as implemented in metagenomeSeq, allowed the determination of the most 
likely phenotypic variables associated with each microbial sequence. Except contrasts between location and obe-
sity difference (e.g., obese vs. lean, US vs. Ghanaians, obese Ghanaians vs. lean Ghanaians), all the other GLMs for 
the different measured physiological variables (e.g., butyric acid, glucose levels) were adjusted by site, and obesity, 
and murine weight variation after 6-weeks post FMT. Sequences whose p-value ≤ 0.01 were deemed significant. 
All analyses were done with R using functions encoded in the phyloseq package84.

Comparison of mice and human phenotypes. The original sequence table that includes both, human and murine 
samples, obtained from DADA2 was employed (see above). Samples whose total number of reads was below 
the total number of reads of the control water sample (10,100 total reads) were removed. Similarly, sequences 
whose none of their reads were above 5 counts were further excluded as well as low abundant sequences (≤0.1%). 
Sequences counts were normalized using metagenomeSeq.82. Only sequences whose counts were above the aver-
age effective sample size were including in subsequent steps. GML from metagenomeSeq package were employed 
to determine the sequences that were different between the average counts in obese Ghanaians and US (both 
obese and lean) and lean Ghanaian in the human samples only and in the murine samples only (p-value ≤ 0.05). 
These ESVs were employed to subsequently construct the phylogenetic tree. All analyses were done with R using 
functions encoded in the phyloseq package84.

Statistical Analysis for human analysis. Human data are presented as mean ± standard deviation, or percentage. 
Associations were explored using regression analysis for continuous variables, and logistic regression for cate-
gorical outcomes (yes/no). An alpha p-value of 0.05 was utilized to denote statistical significance, unless noted 
otherwise. Lean Ghanaians were used as reference for comparisons. Partial correlation coefficients were used to 
explore the relationship between fecal SCFAs and dietary fiber components, adjusting for site and age. The analy-
ses were performed in STATA v.14 (College Station, TX, USA), and R80.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://pga.mgh.harvard.edu/primerbank/
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Research Involving Human Participants and/or Animal. All procedures performed in studies involv-
ing human participants were in accordance with the ethical standards of the institutional and/or national research 
committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. 
The murine protocol was approved and conducted in compliance with the University of Northwestern IACUC 
committee requirements.

Informed consent. Informed consent was obtained from all individual participants included in the study.

References
 1. Turnbaugh, P. J. et al. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 444, 1027–1031 

(2006).
 2. Turnbaugh, P. J. et al. A core gut microbiome in obese and lean twins. Nature 457, 480–484 (2009).
 3. Backhed, F. et al. The gut microbiota as an environmental factor that regulates fat storage. Proc Natl Acad Sci USA 101, 15718–15723 

(2004).
 4. Collado, M. C., Isolauri, E., Laitinen, K. & Salminen, S. Distinct composition of gut microbiota during pregnancy in overweight and 

normal-weight women. Am J Clin Nutr 88, 894–899 (2008).
 5. Everard, A. et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl 

Acad Sci USA 110, 9066–9071 (2013).
 6. Dao, M. C. et al. Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: relationship 

with gut microbiome richness and ecology. Gut 65, 426–436 (2016).
 7. Armougom, F., Henry, M., Vialettes, B., Raccah, D. & Raoult, D. Monitoring bacterial community of human gut microbiota reveals 

an increase in Lactobacillus in obese patients and Methanogens in anorexic patients. PLoS One 4, e7125 (2009).
 8. Santacruz, A. et al. Gut microbiota composition is associated with body weight, weight gain and biochemical parameters in pregnant 

women. Br J Nutr 104, 83–92 (2010).
 9. Faith, J. J., Ahern, P. P., Ridaura, V. K., Cheng, J. & Gordon, J. I. Identifying gut microbe-host phenotype relationships using 

combinatorial communities in gnotobiotic mice. Sci Transl Med 6, 220ra211 (2014).
 10. Fei, N. & Zhao, L. An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. Isme J 7, 

880–884 (2013).
 11. Lax, S. et al. Longitudinal analysis of microbial interaction between humans and the indoor environment. Science 345, 1048–1052 

(2014).
 12. Karlsson, F. H., Nookaew, I. & Nielsen, J. Metagenomic data utilization and analysis (MEDUSA) and construction of a global gut 

microbial gene catalogue. PLoS Comput Biol 10, e1003706 (2014).
 13. Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. Nature 486, 222–227 (2012).
 14. Haro, C. et al. The gut microbial community in metabolic syndrome patients is modified by diet. The Journal of nutritional 

biochemistry 27, 27–31 (2016).
 15. Haro, C. et al. Two Healthy Diets Modulate Gut Microbial Community Improving Insulin Sensitivity in a Human Obese Population. 

J Clin Endocrinol Metab 101, 233–242 (2016).
 16. Mika, A. et al. Exercise is More Effective at Altering Gut Microbial Composition and Producing Stable Changes in Lean Mass in 

Juvenile versus Adult Male F344 Rats. PLoS One 10, e0125889 (2015).
 17. Moussaoui, N. et al. Chronic Early-life Stress in Rat Pups Alters Basal Corticosterone, Intestinal Permeability, and Fecal Microbiota 

at Weaning: Influence of Sex. J Neurogastroenterol Motil 23, 135–143 (2017).
 18. Lin, A. et al. Distinct distal gut microbiome diversity and composition in healthy children from Bangladesh and the United States. 

PloS one 8, e53838 (2013).
 19. Lopez-Legarrea, P., Fuller, N. R., Zulet, M. A., Martinez, J. A. & Caterson, I. D. The influence of Mediterranean, carbohydrate and 

high protein diets on gut microbiota composition in the treatment of obesity and associated inflammatory state. Asia Pacific journal 
of clinical nutrition 23, 360–368 (2014).

 20. De Filippo, C. et al. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural 
Africa. Proceedings of the National Academy of Sciences of the United States of America 107, 14691–14696 (2010).

 21. Luke, A. et al. A mixed ecologic-cohort comparison of physical activity & weight among young adults from five populations of 
African origin. BMC public health 14, 397 (2014).

 22. Durazo-Arvizu, R. A. et al. Rapid increases in obesity in Jamaica, compared to Nigeria and the United States. BMC Public Health 8, 
133 (2008).

 23. Penalver Bernabe, B., Cralle, L. & Gilbert, J. A. Systems biology of the human microbiome. Curr Opin Biotechnol 51, 146–153 (2018).
 24. Greenblum, S., Turnbaugh, P. J. & Borenstein, E. Metagenomic systems biology of the human gut microbiome reveals topological 

shifts associated with obesity and inflammatory bowel disease. Proc Natl Acad Sci USA 109, 594–599 (2012).
 25. Coyte, K. Z., Schluter, J. & Foster, K. R. The ecology of the microbiome: Networks, competition, and stability. Science 350, 663–666 

(2015).
 26. Faust, K. et al. Microbial co-occurrence relationships in the human microbiome. PLoS Comput Biol 8, e1002606 (2012).
 27. Lozupone, C. et al. Identifying genomic and metabolic features that can underline early successional and opportunistic lifestyles of 

human gut symbionts. Genome research 22, 1974–1984 (2012).
 28. Tims, S. et al. Microbiota conservation and BMI signatures in adult monozygotic twins. Isme Journal 7, 707–717 (2013).
 29. Cardona, C., Weisenhorn, P., Henry, C. & Gilbert, J. A. Network-based metabolic analysis and microbial community modeling. Curr 

Opin Microbiol 31, 124–131 (2016).
 30. Barlow, G. M., Yu, A. & Mathur, R. Role of the Gut Microbiome in Obesity and Diabetes Mellitus. Nutr Clin Pract 30, 787–797 

(2015).
 31. Layden, B. T. et al. Short chain fatty acids and their receptors: new metabolic targets. Transl Res 161, 131–140 (2013).
 32. Krebs, M. et al. Mechanism of amino acid-induced skeletal muscle insulin resistance in humans. Diabetes 51, 599–605 (2002).
 33. Smith, P. M. et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569–573 

(2013).
 34. Fernandes, J., Su, W., Rahat-Rozenbloom, S., Wolever, T. M. & Comelli, E. M. Adiposity, gut microbiota and faecal short chain fatty 

acids are linked in adult humans. Nutr Diabetes 4, e121 (2014).
 35. Salonen, A. et al. Impact of diet and individual variation on intestinal microbiota composition and fermentation products in obese 

men. Isme J 8, 2218–2230 (2014).
 36. Ludwig, D. S. et al. Dietary fiber, weight gain, and cardiovascular disease risk factors in young adults. JAMA 282, 1539–1546 (1999).
 37. Montonen, J., Knekt, P., Jarvinen, R., Aromaa, A. & Reunanen, A. Whole-grain and fiber intake and the incidence of type 2 diabetes. 

Am J Clin Nutr 77, 622–629 (2003).
 38. Tucker, L. A. & Thomas, K. S. Increasing total fiber intake reduces risk of weight and fat gains in women. J Nutr 139, 576–581 (2009).
 39. Dugas, L. R. et al. Cardiovascular risk status of Afro-origin populations across the spectrum of economic development: findings 

from the Modeling the Epidemiologic Transition Study. BMC Public Health 17, 438 (2017).



www.nature.com/scientificreports/

1 6SCIENTIfIC REPoRTS |         (2018) 8:17135  | DOI:10.1038/s41598-018-35230-9

 40. Luke, A. et al. Protocol for the modeling the epidemiologic transition study: a longitudinal observational study of energy balance 
and change in body weight, diabetes and cardiovascular disease risk. BMC Public Health (2011).

 41. Miller, T. L. & Wolin, M. J. Pathways of acetate, propionate, and butyrate formation by the human fecal microbial flora. Applied and 
environmental microbiology 62, 1589–1592 (1996).

 42. Escobar, J. S., Klotz, B., Valdes, B. E. & Agudelo, G. M. The gut microbiota of Colombians differs from that of Americans, Europeans 
and Asians. BMC Microbiol 14, 311 (2014).

 43. Ou, J. et al. Diet, microbiota, and microbial metabolites in colon cancer risk in rural Africans and African Americans. The American 
journal of clinical nutrition 98, 111–120 (2013).

 44. Iwai, S. et al. Piphillin: Improved Prediction of Metagenomic Content by Direct Inference from Human Microbiomes. PLoS One 11, 
e0166104 (2016).

 45. Corpet, D. E. et al. Colonic protein fermentation and promotion of colon carcinogenesis by thermolyzed casein. Nutr Cancer 23, 
271–281 (1995).

 46. Friedman, J. & Alm, E. J. Inferring correlation networks from genomic survey data. PLoS Comput Biol 8, e1002687 (2012).
 47. Albert, R., Jeong, H. & Barabasi, A. L. Error and attack tolerance of complex networks. Nature 406, 378–382 (2000).
 48. Fuller, M. et al. The short-chain fatty acid receptor, FFA2, contributes to gestational glucose homeostasis. Am J Physiol Endocrinol 

Metab 309, E840–851 (2015).
 49. Nguyen, T. L., Vieira-Silva, S., Liston, A. & Raes, J. How informative is the mouse for human gut microbiota research? Dis Model 

Mech 8, 1–16 (2015).
 50. den Besten, G. et al. The role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J 

Lipid Res 54, 2325–2340 (2013).
 51. Sokol, H. et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of 

Crohn disease patients. Proc Natl Acad Sci USA 105, 16731–16736 (2008).
 52. Lin, H. V. et al. Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 

3-independent mechanisms. PLoS One 7, e35240 (2012).
 53. Meehan, C. J. & Beiko, R. G. A phylogenomic view of ecological specialization in the Lachnospiraceae, a family of digestive tract-

associated bacteria. Genome Biol Evol 6, 703–713 (2014).
 54. Cho, I. et al. Antibiotics in early life alter the murine colonic microbiome and adiposity. Nature 488, 621–626 (2012).
 55. Ley, R. E. et al. Obesity alters gut microbial ecology. Proc Natl Acad Sci USA 102, 11070–11075 (2005).
 56. Wang, L., Zhou, B., Zhou, W. & Yang, Y. Odor-induced mood state modulates language comprehension by affecting processing 

strategies. Sci Rep 6, 36229 (2016).
 57. Henao-Mejia, J. et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 482, 179–185 (2012).
 58. Samuel, B. S. & Gordon, J. I. A humanized gnotobiotic mouse model of host-archaeal-bacterial mutualism. Proc Natl Acad Sci USA 

103, 10011–10016 (2006).
 59. Poroyko, V. A. et al. Chronic Sleep Disruption Alters Gut Microbiota, Induces Systemic and Adipose Tissue Inflammation and 

Insulin Resistance in Mice. Sci Rep 6, 35405 (2016).
 60. Dugas, L. R., Fuller, M., Gilbert, J. & Layden, B. T. The obese gut microbiome across the epidemiologic transition. Emerg Themes 

Epidemiol 13, 2 (2016).
 61. Suzuki, T. A. & Worobey, M. Geographical variation of human gut microbial composition. Biol Lett 10, 20131037 (2014).
 62. Tyakht, A. V. et al. Human gut microbiota community structures in urban and rural populations in Russia. Nature communications 

4, 2469 (2013).
 63. Schnorr, S. L. et al. Gut microbiome of the Hadza hunter-gatherers. Nature communications 5, 3654 (2014).
 64. O’Keefe, S. J. et al. Fat, fibre and cancer risk in African Americans and rural Africans. Nat Commun 6, 6342 (2015).
 65. Lozupone, C. & Knight, R. UniFrac: a new phylogenetic method for comparing microbial communities. Applied and environmental 

microbiology 71, 8228–8235 (2005).
 66. Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K. & Knight, R. Diversity, stability and resilience of the human gut 

microbiota. Nature 489, 220–230 (2012).
 67. Dugas, L. R. et al. Accelerometer-measured physical activity is not associated with two-year weight change in African-origin adults 

from five diverse populations. PeerJ 5, e2902 (2017).
 68. Dugas, L. R. et al. Obesity-related metabolite profiles of black women spanning the epidemiologic transition. Metabolomics 12 

(2016).
 69. Dugas, L. R. et al. Gut microbiota, short chain fatty acids, and obesity across the epidemiologic transition: the METS-Microbiome 

study protocol. BMC Public Health 18, 978 (2018).
 70. Luke, A. et al. Relation between body mass index and body fat in black population samples from Nigeria, Jamaica, and the United 

States. Am J Epidemiol 145, 620–628 (1997).
 71. Carriquiry, A. L. Estimation of usual intake distributions of nutrients and foods. J Nutr 133, 601S–608S (2003).
 72. Steyn, N. P., Nel, J. H., Parker, W. A., Ayah, R. & Mbithe, D. Dietary, social, and environmental determinants of obesity in Kenyan 

women. Scand J Public Health 39, 88–97 (2011).
 73. Santiago-Torres, M. et al. Familial and individual predictors of obesity and insulin resistance in urban Hispanic children. Pediatr 

Obes 11, 54–60 (2016).
 74. Santiago-Torres, M., Adams, A. K., Carrel, A. L., LaRowe, T. L. & Schoeller, D. A. Home food availability, parental dietary intake, and 

familial eating habits influence the diet quality of urban Hispanic children. Child Obes 10, 408–415 (2014).
 75. Moreau, N. M. et al. Simultaneous measurement of plasma concentrations and 13C-enrichment of short-chain fatty acids, lactic acid 

and ketone bodies by gas chromatography coupled to mass spectrometry. Journal of chromatography. B, Analytical technologies in the 
biomedical and life sciences 784, 395–403 (2003).

 76. Richardson, A. J., Calder, A. G., Stewart, C. S. & Smith, A. Simultaneous determination of volatile and non-volatile acidic 
fermentation products of anaerobes by capillary gas chromatography. Letters in Applied Microbiology 9, 5–8 (1989).

 77. Caporaso, J. G., Paszkiewicz, K., Field, D., Knight, R. & Gilbert, J. A. The Western English Channel contains a persistent microbial 
seed bank. Isme Journal 6, 1089–1093 (2012).

 78. Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat Methods 13, 581-+ (2016).
 79. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat Methods 7, 335–336 (2010).
 80. R Core Team R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria 

(2014).
 81. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York (2009).
 82. Paulson, J. N., Stine, O. C., Bravo, H. C. & Pop, M. Differential abundance analysis for microbial marker-gene surveys. Nat Methods 

10, 1200-+ (2013).
 83. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate - a Practical and Powerful Approach to Multiple Testing. J Roy 

Stat Soc B Met 57, 289–300 (1995).
 84. McMurdie, P. J. & Holmes, S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. 

PLoS One 8, e61217 (2013).
 85. Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome research 

13, 2498–2504 (2003).



www.nature.com/scientificreports/

17SCIENTIfIC REPoRTS |         (2018) 8:17135  | DOI:10.1038/s41598-018-35230-9

 86. Ma, B. et al. Geographic patterns of co-occurrence network topological features for soil microbiota at continental scale in eastern 
China. Isme Journal 10, 1891–1901 (2016).

 87. RStudioTeam RStudio: Integrated Development for R, (RStudio, Inc., Boston, 2016).
 88. Hwang, L. L. et al. Sex differences in high-fat diet-induced obesity, metabolic alterations and learning, and synaptic plasticity deficits 

in mice. Obesity (Silver Spring) 18, 463–469 (2010).
 89. Pettersson, U. S., Walden, T. B., Carlsson, P. O., Jansson, L. & Phillipson, M. Female mice are protected against high-fat diet induced 

metabolic syndrome and increase the regulatory T cell population in adipose tissue. PLoS One 7, e46057 (2012).
 90. Ridaura, V. K. et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 341, 1241214 (2013).
 91. Ludvik, A. E. et al. HKDC1 Is a Novel Hexokinase Involved in Whole-Body Glucose Use. Endocrinology 157, 3452–3461 (2016).
 92. Wu, S. et al. Intestinal epithelial vitamin D receptor deletion leads to defective autophagy in colitis. Gut 64, 1082–1094 (2015).

Acknowledgements
The authors would like to acknowledge the original METS study participants and site-specific clinic staff 
members. The current work is funded in part by the National Institutes of Health R01DK80763, R01DK090360 
and R01DK111848. L.R.D. is supported by NIH R01-DK111848. B.P.B. is supported by the Arnold O. Beckman 
Postdoctoral Award. J.S. is supported by the R01 DK105118 and DOD BC160450P1 awards. B.T.L. is supported 
by NIH R01-DK104927 and Department of Veterans Affairs, Veterans Health Administration, Office of Research 
and Development, VA merit (Grant no. 1I01BX003382).

Author Contributions
L.R.D., B.P.B., B.T.L., and J.A.G. conceived the idea and wrote the manuscript. L.R.D., J.P.R., and A.L. all collected 
the human data; M.P., S.J.P., J.S., and B.T.L. collected and interpreted the murine data. B.P.B. performed the 
statistical, computational and network structure analyses. L.R.D., B.P.B., M.P., L.B., F.N., J.A.G., J.S., and B.T.L. all 
wrote the manuscript. L.R.D., J.A.G. and B.T.L. supervised the project. S.K. performed the human analysis, and 
contributed to the microbiome experimental design. O.F. performed the SCFAs analyses. N.G. performed the 
final microbiome sequencing of the human and murine gut microbiota. X.G. performed the bioinformatics and 
biostatistics analysis of the sequence data on the initial data. E.C.T. performed the microbiome sequencing on 
the initial data. Q.D., H.L., X.G. and D.N. contributed to the microbiome pilot experimental design and pilot data 
analysis. L.D. is the principal investigator of the METS-Microbiome project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35230-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-35230-9
http://creativecommons.org/licenses/by/4.0/

	Decreased microbial co-occurrence network stability and SCFA receptor level correlates with obesity in African-origin women ...
	Results
	Differences in Participant Characteristics. 
	Dietary differences and association to fecal SCFA concentration. 
	Geographic site, compared to adiposity, describes the majority of variance in fecal microbiota. 
	SCFAs and other physiological variables associate with ESVs. 
	Lean Ghanaian stool microbiota had significantly greater co-occurrence network density, connectivity and stability. 
	Part 2: The gut microbiota from a lean Ghanaian is associated with a reduction in weight gain following a high fat diet. 
	Co-occurrence network analysis demonstrates that the mice humanized with lean Ghanaian stool had significantly greater netw ...
	Interactions between metabolic physiologic parameters and mice gut microbiota. 

	Discussion
	Conclusion
	Materials and Methods
	Part 1. Human gut microbiota and SCFA measurement. 
	Participant selection. 
	Body composition, lifestyle and biochemical measurements. 
	Fecal Short Chain Fatty Acids Analysis. 
	Isolation of nucleic acids. 
	Multiplex 16S allele PCR and sequencing. 
	Sequence identification and filtering. 
	Association of human stool microbial sequences with diet, adiposity and geographical location and other physiological varia ...
	Random forest networks between microbiome communities, obesity and country of origin. 
	Co-occurrence networks and topological network features. 

	Part 2: Fecal Microbiota Transplant study. 
	Total Hepatic Triglyceride Determination. 
	Measurement of intestinal Free Fatty Acid receptor expression. 
	Association of murine stool microbial sequences after FMT with adiposity and geographical location and other physiological  ...
	Comparison of mice and human phenotypes. 
	Statistical Analysis for human analysis. 

	Research Involving Human Participants and/or Animal. 
	Informed consent. 

	Acknowledgements
	Figure 1 Biochemical measurements for the Ghana lean (GL), Ghana obese (GO), US lean (UL), and US obese (UO) groups.
	Figure 2 Taxonomic differences in the fecal composition of lean and obese Ghanaian and US women.
	Figure 3 Human co-abundance networks for lean Ghanaian (a), obese Ghanaians (b), lean US women (c) and obese US women (d).
	Figure 4 Fecal transplants of stool samples from human participants into antibiotic-depleted mice.
	Figure 5 Microbial abundance in murine stool samples after fecal transplants.
	Figure 6 Relationship between co-abundance network topological features and depleted ESVs in human and mice fecal samples.
	Figure 7 Changes in sequences abundances as a function of different physiological and biochemical variables.
	Table 1 Participant Characteristics and Fecal Short Chain Fatty Acids by Site and Weight Category: METS-Microbiome cohort (N = 100).
	Table 2 Interaction Network Topology.




