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Roux-en-Y gastric bypass (RYGB) and laparoscopic adjustable gastric banding (LAGB) are
anatomically different bariatric operations. RYGB achieves greater weight loss compared with LAGB.
Changes in the gut microbiome have been documented after RYGB, but not LAGB, and the microbial
contribution to sustainable surgical weight loss warrants further evaluation. We hypothesized that
RYGB imposes greater changes on the microbiota and its metabolism than LAGB, and that the altered
microbiota may contribute to greater weight loss. Using multi-omic approaches, we analyzed fecal
microbial community structure and metabolites of pre-bariatric surgery morbidly obese (PreB-Ob),
normal weight (NW), post-RYGB, and post-LAGB participants. RYGB microbiomes were significantly
different from those from NW, LAGB and PreB-Ob. Microbiome differences between RYGB and PreB-
Ob populations were mirrored in their metabolomes. Diversity was higher in RYGB compared with
LAGB, possibly because of an increase in the abundance of facultative anaerobic, bile-tolerant and
acid-sensible microorganisms in the former. Possibly because of lower gastric acid exposure,
phylotypes from the oral cavity, such as Escherichia, Veillonella and Streptococcus, were in greater
abundance in the RYGB group, and their abundances positively correlated with percent excess
weight loss. Many of these post-RYGB microorganisms are capable of amino-acid fermentation.
Amino-acid and carbohydrate fermentation products—isovalerate, isobutyrate, butyrate and
propionate—were prevalent in RYGB participants, but not in LAGB participants. RYGB resulted in
greater alteration of the gut microbiome and metabolome than LAGB, and RYGB group exhibited
unique microbiome composed of many amino-acid fermenters, compared with nonsurgical controls.
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Introduction

Rising obesity rates and ineffective weight manage-
ment strategies have increased the prevalence of
bariatric surgeries to treat morbid obesity (Korner
et al., 2009). At present, laparoscopic adjustable
gastric banding (LAGB) and Roux-en-Y gastric
bypass (RYGB) are the most commonly performed
surgeries worldwide (Yurcisin et al., 2009); however,
RYGB achieves greater and more sustained weight
loss, and better resolution of obesity-related comor-
bidities such as diabetes and hyperlipidemia
(O'Brien, 2010).
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Both bariatric operations limit food intake. Although
LAGB surgery places an adjustable band around the
proximal stomach to restrict the flow of ingested food,
RYGB surgery creates a small gastric pouch by
partitioning the stomach into proximal and distal parts
(Korner et al., 2009). In addition, with RYGB, a section
of jejunum (that is, the Roux limb) is then connected to
the proximal gastric pouch, thereby excluding the
majority of the stomach, duodenum and proximal
jejunum from exposure to ingested food (Korner et al.,
2009). RYGB may induce malabsorption of digested
food, depending upon the length of the Roux limb,
change hormonal response for appetite (Korner et al.,
2009), increase intestinal transit and alter bile—acid
metabolism (le Roux et al., 2006), hence enhance
weight loss (Korner et al., 2009). Although an altered
response of ghrelin has been observed after LAGB, the
clinical significance of this finding remains uncertain
(Shak et al., 2008).
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A role of gut microbiota on host energy regulation
and metabolism has been postulated. The micro-
biome structure has been shown to differ between
lean and obese hosts (Ley et al., 2005) and altered
microbial metabolism in obese hosts appears to
contribute to weight gain (Turnbaugh et al., 2006).
After RYGB, humans (Zhang et al., 2009; Furet
et al., 2010) and animals (Li et al., 2011; Liou et al.,
2013) exhibited significantly different microbiome
structures than obese or lean comparators. Gut
microbiome appears to change after two other
bariatric operations: laparoscopic sleeve gastrectomy
(Damms-Machado et al., 2015) and vertical banded
gastroplasty (VBG) (Tremaroli et al., 2015). To our
knowledge, changes in gut microbiota after LAGB
surgery have not been studied.

Fecal transplants from post-RYGB mice/humans to
germ-free mice induced weight loss (Liou et al,
2013) and decreased the size of adipose tissue
(Tremaroli et al., 2015), independently from the
diet. Although the microbiota-associated mechanism
of weight loss remains unclear, several microbial
metabolites, such as short chain fatty acids (SCFAs),
have been suggested to have roles in host energy
regulation (Lin et al., 2012). For instance, propionate
and butyrate, which increase after RYGB surgery in
mice (Liou et al., 2013), have been implicated as
signaling molecules of the free fatty acid receptors
and seem to protect against diet-induced obesity (Lin
et al., 2012). In addition, branched chain fatty acids
(BCFAs)—isobutyrate and isovalerate—also serve as
signaling molecules and show potent activity against
the G protein-coupled receptors (Le Poul ef al., 2003)
and free fatty acid receptors (Schmidt et al., 2011).
By activating G protein-coupled receptors, micro-
biota can indirectly stimulate the release of appetite-
regulating neuropeptides, such as peptide YY and
glucagon-like peptide-1 (Psichas et al., 2015). More-
over, by producing BCFAs from branched chain
amino acids (BCAAs), microbiota can reduce host
BCAAs that were associated with metabolic syn-
drome (Yoon, 2016).

The objectives of our study were to: (i) determine
differences in microbial community structure after
RYGB and LAGB surgeries, (ii) identify microbe-
produced metabolites that distinguish two different
bariatric surgeries and (iii) reveal links between
microbiome and weight loss-associated products
after bariatric surgeries. To accomplish these objec-
tives, we studied the microbial community structure
and metabolic products in fecal samples from
individuals who had previously undergone either
RYGB or LAGB.

Materials and methods

Experimental design

The Institutional Review Boards of Mayo Clinic and
Arizona State University (IRB# 10-008725 for both)
approved our study and all participants provided
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signed informed consent. Our study compared gut
microbial ecology in four groups: participants who
had previously undergone RYGB (n=24) or LAGB
(n=14) surgeries, healthy normal weight (NW)
(n=10) and morbidly obese controls who were
scheduled to undergo bariatric surgery (PreB-Ob)
(n=15). Importantly, PreB-Ob participants were on a
recommended weight loss diet. The participants
were recruited between 2011 and 2014.

We excluded participants who had undergone other
types of gastrointestinal surgery or had uncontrolled
gastrointestinal or other chronic diseases. Prebiotic/
probiotic agents were avoided 2 weeks before feces
collection and antibiotic use was not allowed within
2 months of feces collection. Participants were asked to
refrain from the use of medications that can alter
gastrointestinal secretory or motor function (for exam-
ple, proton pump inhibitors or prokinetic agents) for at
least 2 weeks before feces collection; however, if they
were unable to do so, this did not disqualify them from
participation. Two post-LAGB participants were using
metformin, whereas three post-LAGB and two post-
RYGB participants were using a statin agent.

Our study focused on long-term changes in the gut
microbiota; hence, we included only participants
who had surgery >9 months before the sample
collection. Fecal samples were collected at the Mayo
Clinic, Scottsdale, AZ, USA, shipped to Arizona
State University on dry ice and stored at —80 °C.
Within 2 weeks before sample collection, we
obtained 4-day prospective food diaries and food
frequency questionnaires from the participants after
they had been educated by a dietitian on how to
record their food intake accurately. Dietary informa-
tion was analyzed using DietOrganizer software
(dietorganizer.com).

DNA extraction, 16S ribosomal RNA gene sequencing
and genomic predictions

We extracted genomic DNA using the QlAamp DNA
stool mini kit (Qiagen Inc., Valencia, CA, USA) as
previously described by Kang et al. (2015). Sequen-
cing was performed with an Illumina Miseq
Instrument using V4-V6 primers (forward: 5’-GTGC
CAGCMGCCGCGGTAA-3' and reverse: 5-ACAGCC
ATGCANCACCT-3’) at University of Minnesota
Genomic Center. Sequences were submitted to NCBI
Sequence Read  Archive under BioProject
PRJNA321731. Forward and reverse reads were
paired using PANDAseq (Masella et al., 2012) and
analyzed using the QIIME 1.9 suite (Caporaso et al.,
2010). Details of the analysis can be found in the
Supplementary Material S1. After quality filtering,
we attained a total of 3369231 sequences and
median number of sequences per sample was
50035.

We calculated alpha diversity metrics: phylogenetic
diversity whole tree (Faith, 1992) and equitability.
We used the Unifrac metric (Lozupone et al., 2006) for
beta diversity, and linear discriminant analysis effect



Table 1 Age, gender, time after surgery and medical condition
summary for experimental groups

NW  RYGB LAGB PreB-Ob

Number of participants 10 24 14 15
Age 42+15 51+x7 46+x11 509
Gender (F/M) 7/3 16/8 14/2 8/7
Time after surgery (months) NA 358 3412 NA
Diabetes (# of positives) 0 0 2 7
Hyperlipidemia (# of positives) 0 3 6 7
Hypertension (# of positives) 0 6 3 9
Arthritis (# of positives) 0 7 3 8

Abbreviations: F, female; LAGB, laparoscopic adjustable gastric
banding; M, male; NA, not applicable; NW, normal weight, PreB-Ob,
pre-bariatric surgery morbidly obese; RYGB, Roux-en-Y gastric bypass.
For age and time after surgery categories, the numbers represent
median values with median absolute deviation.

size (LEFSe) (Segata et al., 2011) to identify microbial
discriminants of surgeries. By overlaying class-level
phylotypes on principal coordinate analysis plots, we
identified phylotypes that separated groups on princi-
pal coordinate analysis. We predicted functional gene
content from 16S ribosomal RNA gene data using
Phylogenetic Investigation of the Communities by
Reconstruction of Unobserved States (PICRUSt)
(Langille et al., 2013). We analyzed wide-scale pheno-
typic properties of the microbiota with the BugBase
tool (Caporaso et al., 2010; Langille et al., 2013).

Biochemical characterization of feces

For each fecal specimen, approximately 1g of wet
weight was diluted with 20ml of 18 Q water. The
homogenate was vortexed for 10 min, centrifuged at
13000r.p.m. for 15min and then filtered through
0.2-pm PVDF membranes (Pall Corporation, East
Hills, NY, USA). A global metabolomics approach
was used to obtain assignment and quantitation of
metabolites via nuclear magnetic resonance (‘H-
NMR). The 1D "H-NMR spectra of all samples were
collected following standard Chenomx (Edmonton,
Alberta, Canada) sample preparation and data
collection guidelines (Weljie et al., 2006) (see
Supplementary Material S1 for detailed protocol).
The concentrations were normalized to grams of dry
fecal weight. A subset of samples (n=44) were
prepared in triplicate extractions and duplicates for
'H-NMR to verify intra-individual variation was
smaller than inter-individual variation (Supplemen-
tary Table S1).

Statistics

Statistical analyses were conducted using the IBM
SPSS for Macintosh, version 23.0 (Armonk, NY,
USA). Group medians were compared using the
Mann-Whitney U-test and were reported with median
absolute deviation values. Spearman’s rank-order
correlation coefficients were calculated between
microbial phylotypes and percent excess weight loss
(%EWL). False discovery rate corrected P,y
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values<0.05 using Monte Carlo simulations were
considered statistically significant. Further statistical
tests on distance matrixes: permutational analysis of
variance, analysis of similarity and Adonis were
performed (Supplementary Material S1).

Results and Discussion

RYGB was more effective than LAGB
Table 1 shows number of participants and character-
istics in each group. NW and RYGB participants had
lower body mass index (BMI) than the LAGB and
PreB-Ob participants, as shown in Figure 1a. The
median BMI (kg m™) of the populations were: NW:
22.32, RYGB: 30.8, LAGB: 36.6 and PreB-Ob: 43.48.
Despite substantial weight loss, the majority of the
participants from RYGB and LAGB groups remained
in the overweight or obese categories based upon a
BMI > 25 kg m. Before surgery, the RYGB group was
composed of mainly overweight and obese partici-
pants, whereas the LAGB group was mainly composed
of obese and severely obese participants (BMI
>30kgm™). Pre-RYGB and pre-LAGB BMIs were
not statistically different (Mann—Whitney U-test
P=0.104). Although post-LAGB BMIs were greater
than post-RYGB BMIs, because of the large variation
within the LAGB group, this difference was statisti-
cally insignificant (Mann—Whitney U-test P=0.118).
In order to assess surgical success, we calculated %
EWL, a commonly used clinical outcome that defines
the weight loss normalized to the EWL needed to reach
an ideal body weight defined by a BMI of 25 kgm™
(Boza et al., 2010). Figure 1b shows that %EWL was
significantly higher for the RYGB group than the LAGB
group (P<0.05), an observation consistent with pre-
vious long-term (Boza et al, 2010) and short-term
findings (Tice et al., 2008). The higher success rate
(%EWL) in the RYGB compared with the LAGB group
was not related to a difference in the time of data
collection with respect to the time from the surgery: the
median times of data collection after the surgery were
35+8 and 34+12 months for RYGB and LAGB,
respectively. In addition, Figure 1c shows that %EWL
was independent of the average calories consumed
based on 4-day food diaries, as LAGB and RYGB
groups consumed similar amounts of calories that were
less than the NW and PreB-Ob. Importantly, although
LAGB and RYGB participants consumed similar
amounts of calories per day (Supplementary Table
S2), %EWL was significantly lower for LAGB group
than RYGB group. Based on food frequency question-
naires (Supplementary Table S2), the RYGB group
consumed fewer calories than the other groups, and
PreB-Ob consumed more than the others, although this
finding was not statistically significant.

Post-RYGB and PreB-Ob participants had distinctive
fecal microbiomes and metabolomes

We evaluated community-level differences in the fecal
microbiota of NW, RYGB, LAGB and PreB-Ob
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Figure 1 Subject’s BMI, %EWL and average daily calorie intake. (a) BMI distribution of the participants that participated in this study.
Empty circles represent BMI at the time of sampling and full circles represent recorded BMI before surgeries retrospectively. The
horizontal dashed lines indicate the BMI-based weight categories according to National Institutes of Health guidelines (nhlbi.nih.gov).
(b) %EWL for the RYGB and LAGB groups. The RYGB group had significantly higher % EWL than the LAGB participants. (¢) Median
calorie intake per experimental group. *Denotes Mann—Whitney U-test P<0.05.

populations using principal coordinate analysis of
unweighted and weighted Unifrac metrics (Lozupone
et al., 2006). Weighted Unifrac analysis, which takes
into account abundances of operational taxonomic
units and reflects differences in the most dominant
operational taxonomic units, did not show any specific
clustering pattern (Supplementary Figure S1A),
although NW group was significantly distant from the
other groups on PCol (Supplementary Figure S1B).
Unweighted Unifrac analysis accounts for the presence
or absence of operational taxonomic units; hence, it
reflects changes in less dominant phyla. In PCo1, the
microbiomes of RYGB and PreB-Ob participants formed
clusters having a degree of separation from the
other groups based on unweighted Unifrac distances
(Figure 2a). The microbiomes of LAGB participants
were closer to PreB-Ob participants. Based on permuta-
tional analysis of variance and analysis of similarity
analyses on unweighted Unifrac distances, RYGB and
PreB-Ob groups (P=0.001 for both) and RYGB and
LAGB groups (P=0.001 for both) were significantly
different. Analysis of similarity R values indicate that
bariatric surgery, in particular RYGB, had a significant
effect on the microbiota variability (analysis of similar-
ity: R between RYGB and PreB-Ob groups=0.51, and
between RYGB and LAGB groups =0.42).

As shown in Supplementary Figure S2, micro-
biomes did not cluster based on other patient-
specific data, such as BMI, diet composition, gender
or age (permutational analysis of variance P>0.05).
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Therefore, RYGB surgery was the principal factor
responsible for the alteration of gut microbial
community structure.

As seen in Figure 2b, the unweighted Unifrac
distance between the RYGB and PreB-Ob groups
was greater than the distance between the RYGB
and NW groups, evidence that RYGB community
profiles were more similar to NW than PreB-Ob
profiles. This trend was not valid for LAGB partici-
pants; the distance between LAGB and Pre-Ob were
comparable to the distance between LAGB and NW.

As we observed the greatest difference between
RYGB and PreB-Ob groups based on unweighted
Unifrac distances, we visualized these groups with
the class-level phylotypes that promoted their separa-
tion. Figure 2c illustrates that the presences of unique
phylotypes from Bacilli, Gammaproteobacteria, Fuso-
bacteriia and Flavobacteriia led the microbiome of
RYGB participants to separate from the microbiome
of PreB-Ob participants because of higher abundances
in the RYGB (Figure 2d). They also were in greater
abundance in the LAGB group, compared with
nonsurgical groups. Based on LEFSe scores (Segata
et al., 2011), as shown in Supplementary Figure S3,
Bacilli, Gammaproteobacteria and Prevotellaceae
were the microbial signatures discriminating RYGB
microbiota from nonsurgical microbiome (NW and
PreB-Ob). Gammaproteobacteria and Bacilli also
discriminated RYGB from the LAGB group. Flavo-
bacteriia and Porphyromonadacea discriminated
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Figure 2 Microbial community structure after RYGB and LAGB surgeries compared with NW and PreB-Ob controls. (a) Unweighted
Unifrac distances between the samples visualized using principal coordinate analysis showed two distinctive clusters: RYGB and

PreB-Ob. (b) Pairwise comparison of median unweighted Unifrac

distances between the groups. (c) Class-level phylotypes on principal

coordinates show the taxa that are responsible for clustering of RYGB participants. (d) Relative abundance of the four main class-level
phylotypes that separated the RYGB group from NW, LAGB and PreB-Ob groups. (e) Principal component analysis (PCA) of fecal
metabolites. (f) Spearman’s rho correlations between Gammaproteobacteria, Fusobacteriia, Flavobacteriia and Bacilli and fecal

metabolites.

LAGB participants from nonsurgical participants, and
Bacteroidaceae discriminated the LAGB group from
the RYGB group.

Our findings reinforce previous studies that
Gammaproteobacteria and Fusobacteriia increased
in relative abundance after RYGB (Zhang et al., 2009;
Furet et al., 2010; Graessler et al. 2013). High levels

of Gammaproteobacteria phylotypes have been asso-
ciated with weight loss in post-RYGB participants
(Furet et al., 2010), but Fusobacteriia have not been
evaluated in the context of weight loss or adiposity.
In addition, Bacilli and Flavobacteriia were enriched
after RYGB surgery, a trend not previously reported.
Interestingly, Bacilli include many species, such as
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Lactobacillus, which have been associated with
weight loss (Santacruz et al., 2009). Flavobacteriia
were found to be at lower abundance in diabetic
population compared with non-diabetic population
(Mrozinska et al., 2016).

We evaluated whether distinctive microbiomes of
RYGB and PreB-Ob groups also resulted in distinc-
tive fecal metabolomes by using principal compo-
nent analysis. Figure 2e shows the distribution
of fecal metabolomes of NW, RYGB, LAGB and
PreB-Ob groups based on 71 metabolites that were
detected with 'H-NMR. Although groups did not
separate on principal component analysis based on
their metabolomes, similar to the observations that
are derived from microbiome data, RYGB and PreB-
Ob groups showed the greatest separation. NW
metabolomes showed narrow distribution, an indica-
tion that metabolomes of NW participants were
similar to each other compared with participants in
other groups. These findings suggest that obesity and
RYGB surgery not only changed the microbial
community structure, but also changed the microbial
functions, reflected by the metabolome.

To probe the associations between fecal micro-
biome and metabolome, we calculated Spearman’s
rho coefficients between the four phylotypes
(Gammaproteobacteria, Mollicutes, Bacilli and Fuso-
bacteriia) that separated RYGB from PreB-Ob and
fecal metabolites; we considered coefficients greater
than the critical value (for n=60, critical value=
0.254) with a P-value <0.05 as significant. Figure 2f
shows that Gammaproteobacteria and Bacilli posi-
tively correlated with amino-acid fermentation
and degradation products: isobutyrate, isovalerate,
valerate and o-cresol (see Supplementary Table S3
for concentrations). In addition, the abundance
of Gammaproteobacteria positively correlated with
cadaverine, another protein degradation product.
Enrichment of the genes involved in protein degra-
dation after RYGB was previously reported (Palleja
et al., 2016), and our fecal metabolome data validate
enhanced protein degradation after RYGB surgery. In
addition, Bacilli and Flavobacteriia negatively corre-
lated with nucleic acid degradation products such as

xanthine, thymidine, uracil, hypoxanthine, thymine
and 2-deoxyinosine.

In summary, RYGB and LAGB had different long-
term effects on gut microbiomes and metabolomes.
RYGB had a stringent clustering effect on microbial
phylotypes, whereas LAGB did not impose any condi-
tion that distinguished its microbiome from nonsurgical
groups. Differences in microbiomes and metabolomes
between the RYGB and other groups may be explained
by changes to the gastrointestinal environmental
created by the surgery, which we discuss below.

Bariatric surgeries change the microbial diversity in the gut
We evaluated variations within the experimental
groups. As seen in Figure 3a, NW, LAGB and PreB-
Ob groups had comparable within-group unweighted
Unifrac distances. RYGB group had the smallest
within-group distance (P<0.05) possibly because of
restrictive diets or food intolerances after the surgery
(Schweiger et al., 2010). Moreover, surgery-induced
alterations in environmental conditions, such as an
increased abundance of bile acids on gut microbiota
after RYGB surgery (Bhutta et al., 2015), can reduce
variation within the RYGB group.

The rearrangement of the gastrointestinal tract
after RYGB alters gut pH, oxygen content and bile-
acid concentrations, and nutrient exposure that are
delivered to the colon (Li et al., 2011), these factors
can affect microbial diversity. In order to understand
the impact of anatomically distinct bariatric surgeries
on microbial diversity, we compared post-RYGB and
post-LAGB microbial diversity with non-matched
nonsurgical NW and PreB-Ob participants. Accord-
ing to the alpha diversity indexes, the RYGB group
had significantly higher diversity than LAGB and
PreB-Ob groups (P<0.05), as seen in Figure 3b.
The PreB-Ob group had the lowest microbial
diversity, and our results are in agreement with
previous reports that obese individuals have lower
alpha diversity (Turnbaugh et al., 2006; Qin et al.,
2010). NW and RYGB groups had higher equitability
scores than LAGB and PreB-Ob (Figure 3c), indicat-
ing that phylotypes were more equally distributed
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Figure 3 Within-community variation and alpha diversity indexes reveal differences in the community structure. (a) Within-group
Unweighted Unifrac distance was the smallest for the RYGB group. Alpha diversity parameters: (b) PD whole tree and (c) equitability

indexes for diversity and evenness.
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in these groups. Lower diversity and evenness in
PreB-Ob and LAGB groups may be attributed to their
relatively higher dietary fat consumption and imbal-
anced diets (Supplementary Figure S4).

The high diversity in RYGB participants may be
explained by the altered environmental conditions
after RYGB (Li et al., 2011). For instance, a slight
increase in the gut pH after RYGB can enhance the
survival of acid-sensitive microorganisms (Chung
et al., 2016), and increased oxygen in the gut
can promote the growth of facultative anaerobes
(Hartman et al., 2009). In addition, an altered bile
flow after RYGB can stimulate the growth of bile-
acid-transforming bacteria (Li et al, 2011). As
anatomical rearrangement is not part of LAGB,
similar changes would not be anticipated. Therefore,
only RYGB creates the large environmental changes
in the gut critical for colonization and succession of
novel microbial species in the colon.

Weight loss-associated oral microbial phylotypes were
enriched in the fecal microbiomes after RYGB

Supplementary Table S4 documents that the RYGB
group had more facultative anaerobes and fewer
anaerobes than the other groups, which supports a
previous hypothesis that RYGB surgery increases the
oxygen content of the gut (Zhang et al., 2009). As
shown in Figure 4, RYGB significantly enriched or
depleted microorganisms from five different classes:
Clostridia, Bacilli, Erysipelotrichi, Gammaproteobac-
teria and Bacteroidia. Some of our findings confirm
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previous findings about the microbiome after RYGB
surgery: Escherichia (Liou et al., 2013), Streptococ-
cus (Palleja et al., 2016) and Veillonella (Palleja
et al., 2016) were in greater abundance in post-RYGB
individuals or animals. In addition, we observed
greater abundances of Trabulsiella, Coprococcus and
Prevotella and lower abundances of Oscillospira,
Coprobacillus, Holdemania and Bacteroides in the
RYGB group. The relative abundances of these
microbial phylotypes were similar in LAGB and
PreB-Ob groups.

Changes in microbial community composition
after RYGB can be explained by the combination of
multiple drastic alterations in the gut environment.
For instance, bile-tolerant Streptococcus (Lim et al.,
2004), Escherichia (Begley et al., 2005), Enterococ-
cus (Begley et al., 2005) and Bacteroides (Begley
et al., 2005); facultative anaerobic Escherichia
(Turner et al., 2003) and Streptococcus (Turner
et al., 2003); and acid-sensible Bacteroides (Duncan
et al., 2009), Escherichia (Duncan et al., 2009), and
Coprococcus (Duncan et al., 2009) species increased
in relative abundance after RYGB.

Some of the phylotypes that were enriched in the
RYGB, such as Veillonella, Enterococcus, Haemo-
philus, Prevotella and Streptococcus, are commonly
found together in individuals with dental cavities or
periodontitis (Liljemark and Bloomquist, 1996).
Proton pump inhibitors, which reduce gastric acid
secretions, increased the abundance of oral cavity
associated microorganisms including Enterococcus,
Streptococcus and Veillonella (Imhann et al., 2016).
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Table 2 Spearman correlation coefficients between genus-level phylotypes in fecal samples and %EWL and BMI distribution of subjects

%EWL BMI
Spearman’s rho P-value Spearman’s rho P-value

Escherichia 0.34 0 Ruminococcus -0.316 0.012
Akkermansia 0.34 0 Unidentified Rikenellaceae -0.278 0.029
Unidentified Peptococcaeae 0.334 0 Coprococcus -0.273 0.032
Streptococcus 0.364 0 Unidentified Ruminococcaceae -0.271 0.033
Veillonella 0.367 0 Bacteroides 0.292 0.021
Unidentified Gemellaceae 0.405 0 Sutterella 0.314 0.013
Carnobacterium 0.458 0

Bifidobacterium -0.391 0

Sutterella -0.303 0

Abbreviations: BMI, body mass index; %EWL, % excess weight loss.

Critical values above 0.254 with P<0.05 were considered significant correlations.

The great abundance of these phylotypes after RYGB
suggests that the conditions in the gut after this
surgery allowed higher transport and survival of oral
microorganisms and promoted growth of the upper-
gastrointestinal tract species in the distal bowel by a
similar aggregation mechanism as oral biofilm for-
mation. In addition, Prevotella and Escherichia
proliferate in the large bowel of mice when gastric
acid secretion is inhibited (Kanno et al., 2009).
As RYGB reduces gastric acid contact with the
nutrient stream (Rubin et al., 2004) and increases
the distal excluded stomach pH to ~4 (Liou et al.,
2013), these facultative anaerobes from the oral
mucosa, which thrive at neutral pH levels, can
bypass harsh stomach acid in transit to the colon
(Palleja et al., 2016). In contrast, low abundance of
these species after LAGB, where normal digestive
physiology is retained, further supports that the
observed microbiome changes were because of rear-
rangement of the gastrointestinal tract after RYGB
surgery. We did not see a significant difference in fecal
pH NW=7.4, RYGB=7.2, LAGB=7.8 and PreB-Ob=
7.4), probably because biochemical selection of
species happens within the stomach and small
intestine, before microorganisms reach the colon.

A majority of the genus-level phylotypes that were
enriched in the RYGB group positively correlated
with %EWL. Table 2 shows Spearman correlation
coefficients of the relationships between genera and
EWL% and BMIL. When we performed Spearman’s
correlation on the combined data set, we observed
that Akkermansia, Escherichia, Veillonella, Entero-
coccus and Carnobacterium with unidentified phy-
lotypes from Gemellaceae and Peptococcaeae,
positively correlated with %EWL. In humans and
animals, an increase in the relative abundance of
Escherichia after RYGB surgery has been associated
with weight reduction and adiposity independently
from diet (Furet et al., 2010; Liou et al., 2013).
Escherichia, Enterococcus, Streptococcus and Veil-
lonella were signatures of RYGB surgery that dis-
criminated RYGB from both nonsurgical and LAGB
groups (Supplementary Figure S3). These phylo-
types were not abundant in LAGB and PreB-Ob
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groups, although the participants within those
groups were on negative energy balance. In addition,
these phylotypes did not show any significant
correlation with the dietary listed in Supple-
mentary Table S2; hence, we conclude that changes
in these phylotypes that correlated with % EWL were
because of surgery and independent from diet.

We observed negative correlation between phylo-
types including Bifidobacterium and Sutterella and %
EWL (Table 2). Sutterella was observed in greater
abundances in diet-induced obese mice compared with
lean mice (Clarke et al., 2013) whereas Bifidobacterium
is associated with lean metabolic types (Million et al.,
2011). Sutterella and Bacteroides were positively
correlated with BMI indicating that they were more
abundant in the obese individuals. On the other hand,
Ruminococcus, Coprococcus and unidentified phylo-
types from Ruminococcaceae and Rikenellaceae nega-
tively correlated with the BMI. Ruminococcus and
Coprococcus (Kasai et al., 2015) have been associated
with an obese metabolic type, but we speculate that
these changes may reflect diverse diets and host phy-
siology and, therefore, the relationship is ambiguous.

Butyrate, propionate and branched chain fatty acids
were at great concentrations only in post-RYGB group
As seen in Figure 5a, the concentration of acetate, a
major carbohydrate fermentation product, was higher
in the PreB-Ob group, followed by the LAGB, RYGB
and NW groups. The RYGB group had the highest
concentrations of butyrate and propionate. In addition,
LAGB and PreB-Ob groups had comparable levels of
butyrate and propionate, and NW had the lowest
concentrations of these two SCFAs. Liou et al. (2013)
showed that fecal propionate concentration increases
after RYGB surgery. In contrast to our findings,
Tremaroli et al. (2015) reported that post-RYGB and
post-VBG patients had lower levels of SCFAs includ-
ing propionate. However, owing to minor anatomical
differences between LAGB and VBG, variations
between the populations, and differences in sample
preparation methods, the results from Tremaroli et al.
(2015) and our study are not comparable.
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Figure 5b shows the fecal butyrate-to-acetate and
propionate-to-acetate ratios in the groups, which
indicate changes in fermentative pathways of gut
microbes after surgery. The butyrate-to-acetate ratio
was significantly higher in the RYGB group, and the
propionate-to-acetate ratio was significantly higher in
RYGB compared with LAGB and PreB-Ob groups. Our
findings suggest that RYGB-enriched microbiota or
conditions that favor the accumulation of more
reduced SCFAs, such as butyrate rather than acetate.
Although we observed a greater concentration of
butyrate in the RYGB group, relative abundances of
many well-known butyrate producers, such as Eubac-
terium and Roseburia (Louis and Flint, 2009), were
not significantly higher in the RYGB group compared
with the other groups (P> 0.05), with the exception of
Coprococcus (Hold et al., 2003) (Figure 4). As relative
abundances of phylotypes do not reflect their true
quantities, we avoid making a connection between the

* and ** denote Mann—Whitney U-test P, value <0.05 and <0.01, respectively.

relative abundances of butyrate producers and con-
centration of butyrate among the groups.

We also measured BCFAs, these are fermentation
products of BCAA. Figure 5c shows that the RYGB
samples had the highest concentrations of BCFAs:
isobutyrate and isovalerate. Tremaroli et al. (2015)
also observed greater concentrations of BCFAs in
post-RYGB and post-VBG participants compared
with BMI-matched controls. Our results are similar,
however, we did not observe greater concentrations
of these BCFAs in LAGB participants showing that
VBG and LAGB affect the gut microbiome and
metabolism very differently.

When we looked at the abundance of BCAAs, we
observed that the concentrations were not statistically
different among the groups, although NW participants
had slightly lower concentrations of BCAAs (Figure 5d).
Using PICRUSt (Supplementary Table S5) to analyze
predicted genes involved in the BCFA production
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(leucine, isoleucine and valine degradation, KEGG path-
way 00280) and consumption pathways (leucine, iso-
leucine and valine biosynthesis, KEGG pathway 00290),
we found that genes associated with BCFA production
were significantly more abundant in the NW group
compared with the other groups, as shown in Figure 5e.
The predicted genes involved in BCFA production, such
as acyl-coA hydrolase and branched chain ketoacid
dehydrogenases (Thierry et al, 2002), were in greater
abundance in the RYGB group, compared with the other
groups. Microorganisms can deaminate BCAAs to o-
ketoisovaleric and o-keto-f-methylvaleric acids, the pre-
cursors of BCFAs (Thierry et al., 2002). Branched chain
aminotransferase (BcaT) and branched chain-o-ketoacid
dehydrogenase can yield o-ketoisocaproic acid and
isovaleryl-CoA, respectively, which can be converted
into BCFAs (Diaz-Pérez et al., 2016).

Tremaroli et al. (2015) showed that the microbial
pathways in RYGB and VBG participants shifted
from carbohydrate to protein fermentation. Our data
on SCFAs, BCFAs, BCAAs, and the genes involved
in amino-acid fermentation in the RYGB group
strengthen the trend observed by Tremaroli et al.
(2015). We did not note this kind of shift in post-
LAGB participants although Tremaroli et al. (2015)
observed it after VBG, a surgery similar to LAGB.

Phylotypes that produce SCFAs and BCFAs form a
metabolic network that involves production of vita-
mins and fermentation of carbohydrates and proteins.
For example, Streptococcus, Escherichia, Prevotella
and Enterococcus ferment sugars and produce lactate
and pyruvate for microorganisms that cannot utilize
sugars, such as Veillonella (Hojo et al., 2009).
Veillonella produces vitamin K, which stimulates the
growth of Prevotella (Hojo et al., 2009). As illustrated
in Figure 5f, microbial phylotypes such as Fusobacter-
jum (Bachrach et al., 2004), Prevotella (Wallace
et al., 1999), and Streptococcus (Wallace et al., 1999)
can degrade proteins and peptides into amino
acids. Microbial phylotypes that became enriched after
RYGB, including Veillonella, Prevotella, Escherichia
and Streptococcus can ferment amino acids and
carbohydrates (Dai et al., 2011). Microbial phylotypes
such as Prevotella and Enterococcus ferment BCAAs
(valine and leucine) into BCFAs (isovalerate and
isobutyrate) (Takahashi et al., 1997). Finally, Prevotella
produce alkali to neutralize the pH because of acid
production during amino-acid fermentation to BCFA
(Takahashi et al., 1997).

SCFAs and BCFAs can have many effects on host
energy metabolism. Acetate has been associated with
fat depositions in the liver (Siddiqui et al., 2015),
whereas butyrate and propionate have been asso-
ciated with weight loss (Lin et al., 2012). Higher
fecal propionate concentrations also were observed
in mice that received fecal transplants from lean
or post-RYGB mice, and they correlated with
diet-independent weight loss (Liou et al., 2013;
Ridaura et al., 2013). Propionate and, to a lesser
extent, butyrate can regulate weight loss hormones,
such as glucagon-like peptide-1 (Lin et al., 2012),
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and both were previously shown to protect against
obesity (Lin et al., 2012). Besides glucagon-like
peptide-1, propionate can induce secretion of
appetite-reducing hormone peptide YY (Chambers
et al., 2015). Therefore, propionate-to-acetate ratio is
an important factor for the evaluation of microbiota’s
contribution to host energy balance.

Conversion of BCAA to BCFA is optimal above
neutral pHs (Thierry et al., 2002). The reduction in
gastric acid secretion after RYGB (Rubin et al., 2004)
may stimulate the production of BCFA by increasing
the BCFA-producing bacteria or favor thermody-
namics of these reactions. A previous study showed
that leptin-deficient obese mice had lower isobuty-
rate levels than controls, indicating that the obese
mice had lower leucine and valine fermentation
(Won et al., 2013). Moreover, increased BCFAs and
other SCFAs have been associated with increased
satiety via increases in peptide YY (Haenen et al.,
2013). An increase in satiety hormones, was pre-
viously observed in individuals who have had RYGB
(Karra and Batterham, 2010). Our results of higher
concentrations of BCFAs in the RYGB group,
independent from diet, suggest that RYGB surgery
enhanced the abundance of bacteria and pathways
producing BCFAs. Limitations in carbohydrate
intake may lead to a switch from fermentation of
carbohydrates to amino acids by the gut microbiota
in post-RYGB participants. In summary, RYGB had
higher concentration of SCFAs and BCFAs that can
interact with free fatty acid receptors and regulate
the hunger/satiety response, suggesting a microbiota-
associated role in sustained weight loss. These
important changes were not observed after LAGB.

In conclusion, we observed major differences in
the structure of the fecal microbiome and metabo-
lome in post-RYGB and post-LAGB participants,
compared with PreB-Ob and NW participants. The
differences were more substantial in post-RYGB than
post-LAGB and may be attributable to the very diffe-
rent environmental conditions caused by the radi-
cally altered gastrointestinal anatomy post-RYGB.
This comparative bariatric surgery approach pro-
vides evidence that changes in human gastrointest-
inal anatomy are reflected in the microbiome and
weight loss-associated microbial metabolites.
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