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Abstract

Background: Roux-en-Y gastric bypass (RYGB) is an effective means to achieve sustained weight loss for morbidly

obese individuals. Besides rapid weight reduction, patients achieve major improvements of insulin sensitivity and

glucose homeostasis. Dysbiosis of gut microbiota has been associated with obesity and some of its co-morbidities,

like type 2 diabetes, and major changes of gut microbial communities have been hypothesized to mediate part of

the beneficial metabolic effects observed after RYGB. Here we describe changes in gut microbial taxonomic

composition and functional potential following RYGB.

Methods: We recruited 13 morbidly obese patients who underwent RYGB, carefully phenotyped them, and had

their gut microbiomes quantified before (n = 13) and 3 months (n = 12) and 12 months (n = 8) after RYGB.

Following shotgun metagenomic sequencing of the fecal microbial DNA purified from stools, we characterized the

gut microbial composition at species and gene levels followed by functional annotation.

Results: In parallel with the weight loss and metabolic improvements, gut microbial diversity increased within

the first 3 months after RYGB and remained high 1 year later. RYGB led to altered relative abundances of 31

species (P < 0.05, q < 0.15) within the first 3 months, including those of Escherichia coli, Klebsiella pneumoniae,

Veillonella spp., Streptococcus spp., Alistipes spp., and Akkermansia muciniphila. Sixteen of these species maintained

their altered relative abundances during the following 9 months. Interestingly, Faecalibacterium prausnitzii was

the only species that decreased in relative abundance. Fifty-three microbial functional modules increased their

relative abundance between baseline and 3 months (P < 0.05, q < 0.17). These functional changes included

increased potential (i) to assimilate multiple energy sources using transporters and phosphotransferase systems,

(ii) to use aerobic respiration, (iii) to shift from protein degradation to putrefaction, and (iv) to use amino acids

and fatty acids as energy sources.
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Conclusions: Within 3 months after morbidly obese individuals had undergone RYGB, their gut microbiota

featured an increased diversity, an altered composition, an increased potential for oxygen tolerance, and an

increased potential for microbial utilization of macro- and micro-nutrients. These changes were maintained for

the first year post-RYGB.

Trial registration: Current controlled trials (ID NCT00810823, NCT01579981, and NCT01993511).

Background

Obesity affects millions of people worldwide and its preva-

lence is increasing at a pandemic level. The causes of this

complex disease include genetic predisposition, epigenetic

changes, lifestyle habits, and a range of environmental

factors [1–3]. As obesity is the main risk factor for the de-

velopment of life-threatening comorbidities such as type 2

diabetes (T2D) and coronary heart disease [4], new strat-

egies for the prevention and treatment of obesity are ur-

gently needed. Roux-en-Y gastric bypass (RYGB) surgery

is currently the most effective treatment for severely obese

individuals as it induces rapid and sustained weight loss

and a significant improvement in glucose metabolism

and insulin sensitivity [5–7]. Post-surgery effects also

include improvements in inflammatory markers [8] and

reduction of adiposity [9, 10]. Although the exact mecha-

nisms underlying these beneficial effects of RYGB are not

yet fully understood, a few factors have been suggested to

play a key role: decrease in appetite and meal size [11],

change in food preferences, anatomical rearrangement of

the gut, significant changes in the secretion of satiety-

related intestinal peptides such as glucagon-like peptide-1

(GLP-1) [12–14], and a shift in bile acid metabolism [15].

The gut microbiota has been hypothesized as a factor

linking food intake to obesity, metabolic alterations,

and intestinal inflammation [5, 16]. Some microbes

produce pro-inflammatory molecules, such as lipopoly-

saccharides, which may affect host metabolism through

proteins produced by the host to mediate the immune re-

sponse [16, 17]. Moreover, obesity has been associated with

altered gut microbiota composition [18–20], reduced

microbial diversity [21], and reduced gene richness [22].

Dietary weight loss interventions in humans have resulted

in an increase in microbial gene richness and a shift

from obese to lean microbial compositions [19, 23].

Also, diets with different proportions of fat, carbohy-

drates, and proteins have been associated with changes

in the microbiota composition in humans [24, 25]

and rodents [26–28]. Finally, the gut microbes contrib-

ute to regulation of energy homeostasis and fat storage

[16, 22, 29–31].

As RYGB leads to metabolic improvements, and meta-

bolic changes are associated with gut microbial changes,

an important open question is whether specific changes

in the gut microbiota occur following RYGB. Previous

studies investigating changes in the gut microbiota after

bariatric surgery have observed increased microbial di-

versity and altered microbial composition, primarily an

increased relative abundance of the phylum Proteobac-

teria in both humans [32–35] and rodents [36, 37].

Studies also suggest that these microbial changes may be

independent of weight loss or caloric restriction, main-

tained up to 9 years after surgery, and are not con-

founded by pre-surgery body mass index (BMI) [10, 37].

Furthermore, colonization of germ-free mice with fecal

material from RYGB-operated mice caused weight loss

and reduced adiposity, providing evidence that RYGB-

associated gut microbiota can improve host metabolism

[10, 37]. None of the studies has followed the same sub-

jects for more than 6 months, however, and it is not

clear whether gut microbial changes occur within a short

period after RYGB or gradually over a longer period.

Here we present a longitudinal shotgun-sequencing-

based metagenomics study of 13 morbidly obese patients

examined before (baseline) and 3 months (n = 12) and

1 year after RYGB (n = 8). The aim of the study was to

investigate short- and long-term changes in gut micro-

bial composition and functional potential following

RYGB-induced intestinal rearrangement and associated

changes in body weight and metabolism.

Methods

Study participants

Study participants were recruited at Hvidovre Hospital,

Denmark as a part of the bariatric surgery program. All

patients had accomplished a preoperative 8 % diet-

induced total body weight loss before inclusion and met

the Danish criteria for bariatric surgery: (i) >20 years old

and (ii) either BMI >40 kg/m2 or BMI >35 kg/m2 with

T2D/hypertension. Fecal samples were collected as a

part of three larger studies investigating the effects of

RYGB on glucose metabolism [14, 38, 39]. In total, 13

patients (five men and eight women) with available fecal

samples at baseline were included in the current study

(Additional file 1: Figure S1). Of these, seven patients

had T2D pre-surgery, one had impaired glucose tolerance,

and five had verified normal glucose tolerance. All patients

received injections of vitamin B12 as well as dietary sup-

plements post-surgery in the form of calcium, vitamin D,

and multivitamin tablets.
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Anthropometric and biochemical measurements

Participants were examined before and 3 months and

1 year after RYGB. On the day of study, participants

were examined after a 12-h overnight fast and subjected

to a liquid meal test as reported [14, 38, 39]. Blood sam-

ples were drawn in the fasting state and at eight time

points after meal intake (−10, −5, 0, 15, 30, 45, 60, 90,

120, 180, and 240 minutes relative to meal start). An-

thropometrics were measured and plasma (p) glucose,

serum (s) insulin, p-GLP-1, and glycated hemoglobin

A1c (HbA1c) were analyzed as described [14, 38, 39].

The area under the curve (AUC) for p-glucose and p-

GLP-1 was calculated using the trapezoidal method.

Stool sample collection, DNA extraction, and

metagenomic sequencing

Stool samples were collected before RYGB (n = 13) as well

as 3 months (n = 12) and 1 year (n = 8) after the surgery

(Additional file 1: Figure S1). Patients collected fresh stool

samples at home that were immediately frozen in their

home freezer at −20 °C. Frozen samples were delivered to

the hospital within 2 days using insulating polystyrene

foam containers and were stored at −80 °C until DNA

extraction.

Microbial DNA was extracted from 200 mg of frozen

stool using the International Human Microbiome Stan-

dards (IHMS) standard operating procedure 07 V2 (http://

www.microbiome-standards.org/index.php?id=254). The

concentration and quality of the extracted DNA were esti-

mated using a Qubit Fluorometer (from Thermo Scientific)

and agarose gel electrophoresis. Whole genome shotgun se-

quencing was performed on the 33 fecal samples using the

Illumina HiSeq 2000 platform and paired-end sequencing

method (2 × 100 bp). We generated, on average, 76 million

reads per sample. Reads were quality controlled, accepting

only reads with a quality trimming cutoff of 20 and a mini-

mum length of 30 bp [40]. Contaminating human DNA se-

quences were removed by screening them against the

human genome (hg19). Sample information and read qual-

ity control summary statistics are provided in Additional

file 2: Table S1.

Taxonomic profiling of fecal metagenomes

Taxonomic abundance profiles were generated by MOCAT

software [40] by aligning screened high-quality reads

(alignment length cutoff 30 and minimum 97 % sequence

identity for the option “screen”) to a database consisting of

ten universal single-copy marker genes extracted from

3496 NCBI reference genomes and 263 metagenomes [41].

We obtained abundances for 477 species-level metage-

nomic operational taxonomic units (mOTUs). Taxa were

merged if their NCBI species annotation were the same

(e.g., multiple mOTUs were annotated as Faecalibacterium

prausnitzii and Fusobacterium nucleatum).

Functional annotation and functional profiling of fecal

metagenomes

An average of 77 % high-quality reads per sample

were mapped to the recently published 9.9 million

gene catalog established from cohorts of three different

continents [42]. From this catalog we used the 42.1 %

genes annotated with the Kyoto Encyclopedia of Genes

and Genomes (KEGG) orthology [43, 44] to obtain

KEGG orthologous group profiles. Abundances were

then calculated for KEGG modules and pathways by

summing the abundances for each KEGG orthologous

group that belonged to the same module or pathway,

respectively.

Relative abundance calculation and microbial feature

selection

The abundances quantified by MOCAT at the species

level were transformed to relative abundances by divid-

ing them by the total abundance per sample, including

the high-quality reads that could not be annotated to

any reference genome or metagenome. The species

relative abundances were summarized to phylum

levels based on the NCBI taxonomy by summing the

relative abundances of all the members belonging to

the same phylum. We removed low-abundance micro-

bial features as follows. Firstly, we removed microbial

features (taxa and functional units) that were present

in <10 % of all the samples. Secondly, we removed

taxa and functional units (KEGG modules or path-

ways) whose average relative abundance across all the

samples was lower than 0.01 and 0.001, respectively.

This filtering resulted in nine phyla, 105 mOTU spe-

cies, 266 KEGG modules, and 212 KEGG pathways

for the subsequent differential analyses. Functional

units that were not prokaryotic are not discussed in

the “Results” section. When calculating fold changes,

we added a pseudo-count to the relative abundances,

which was the lowest relative abundance observed for

the entire cohort.

Addressing compositional effects

Metagenomic studies of microbial communities sample a

fraction of the total genomic content (sampling depth),

which is then sequenced at a certain sequencing depth.

Both sampling depth and sequencing depth can vary by

several orders of magnitude between samples. As absolute

microbial counts (abundances) are normally not known

and measurements depend on sampling and sequencing

depths, community compositions are represented using

relative abundances [45]. Since relative abundances are

constrained (they must sum to 1 in a given community),

they are susceptible to compositional effects where an

increase in relative abundance of one component leads

to a compositional decrease in the relative abundance
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of other components. Differential analysis based on

relative abundances thus needs careful interpretation

as compositional effects can introduce spurious differ-

ences in relative abundances while the absolute abun-

dances are not different. We developed a simple

method that enabled us to evaluate if our results were

biologically real or a consequence of studying compos-

itional data (relative abundances). The method is a

simple algorithm that tests if the fold change of each

taxon varies between time points when we exclude

each of the other taxa from the relative abundance

table. The algorithm proceeds, first, by leaving one

taxon out of the relative abundances table. Second, it

renormalizes the table by dividing the relative abun-

dances by the total sum of relative abundance to make

all the taxa relative abundances sum to 1 again. Lastly,

it calculates the fold change (log2) between time points

and performs a Wilcoxon signed-rank test for each

taxon. We repeated this process for all the taxa consid-

ered and evaluated whether our results (fold change of

microbes) were spurious or not using the least signifi-

cant P value calculated for each taxon. We have pub-

lished the R source code for this algorithm at GitHub

(https://github.com/apalleja/compositionality_test/).

Statistical analysis

The anthropometric and clinical measures have been

reported previously [14, 38], but here we present these

data as a function of time. To have a better overview of

how they globally change during the study time frame,

we projected their values at the three time points into

the principal component analysis (PCA) space. We also

measured their change normalized by months (changes

between baseline and 3 months divided by 3 and be-

tween 3 months and 1 year divided by 9). Species and

gene richness and the Shannon diversity index were

evaluated to estimate the microbial diversity before and

after RYGB.

PCA was also performed on the log10 transformed rela-

tive abundances of the mOTU species. Permutational

multivariate analysis of variance (PERMANOVA) was

used to assess the effects of the surgery (before/after), gly-

cemic status before surgery (normal glucose tolerant or

T2D), usage of metformin before surgery (five of seven

T2D patients had taken metformin before surgery), BMI,

waist/hip ratio, and postprandial p-GLP-1. We did not in-

clude in the analysis fasting p-glucose, fasting p-insulin,

HbA1c, and postprandial p-insulin and p-glucose as they

are collinear with glycemic status. We performed the ana-

lysis using the function “adonis” in the “vegan” package in

R. A distance matrix was obtained by calculating Canberra

distances among samples based on the relative abundances

of mOTU species and the permuted P value was obtained

by 10,000 permutations, as performed in a previous study

[46]. We controlled for multiple testing using Benjamini–

Hochberg (BH) false discovery rate (FDR).

We used a non-parametric statistical test to show which

microbial features (taxa and functional units) changed

their abundance significantly between time points. Since

this is a longitudinal study and samples are therefore

not independent, we used a two-sided Wilcoxon

signed-rank test, which accounts for paired samples.

The P value distribution for each statistical test was an-

alyzed to examine how our test performed across all

hypotheses. The proportion of null hypothesis on these

P value distributions was estimated by the “q value”

method (http://github.com/jdstorey/qvalue) [47], which

has been previously used in gut microbiome analysis [29,

48, 49] (these are reported in Additional file 1: Figures

S5–S10). To correct for multiple testing, we also calcu-

lated q values using the BH FDR. For each test we reported

unadjusted P values and their corresponding BH FDR q

values (q). We used a consistent unadjusted P value cutoff

of 0.05. As different feature types exhibited different distri-

butions of P values, the same unadjusted P value cutoff

leads to different estimates of FDRs and adjusted q values

for different features, ranging from q < 0.04 to q < 0.22.

Our study was underpowered (n = 13, n = 12, n = 8 in

three time points) to test hundreds of features (105 micro-

bial species and 266 microbial functions) with stringent

cutoffs (such as q < 0.05). Therefore, to avoid missing pos-

sible effects of RYGB in low-abundance microbial species

and functions, we allowed lenient FDRs corresponding to

P < 0.05, namely q < 0.08, q < 0.15, q < 0.16, q < 0.17, and q

< 0.22. However, to ensure that results are interpreted

with caution, we explicitly reported the upper bounds for

number of false positives when the FDR was above 10 %.

We did discard microbial changes in three cases when

P < 0.05 corresponded to extremely high FDRs, namely

q > 0.86, q > 0.91, and q > 0.99. For completeness we

also report the q values from the Storey “q value”

method in Additional file 1: Tables S3 and S4. They are

generally quite similar to the BH FDR q values. All the

data analysis and statistical testing were performed with R

(version 3.2.0; http://www.R-project.org/).

Results and discussion
Gut microbial diversity increases after RYGB in parallel

with metabolic improvements

We have previously reported that, 3 months after RYGB

surgery, BMI, fasting p-glucose, fasting s-insulin, and

HbA1c significantly decreased, while postprandial p-GLP-

1 secretion significantly increased in the subjects studied

here [14, 38, 39]. The projection of all the phenotypic data

considered in our study on the principal component space

showed an overall change in anthropometric and clin-

ical markers after RYGB (Additional file 1: Figure S2).

We investigated whether the metabolic improvements
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and gut microbial changes occurred within short-term

(within 3 months) or long-term following RYGB using

samples collected 3 months and 1 year after RYGB.

Additionally, to study the role of gut microbiota in rela-

tion to the metabolic improvements, we chose to investi-

gate BMI, fasting p-glucose, postprandial p-glucose, and

postprandial p-GLP-1 as indicators of health status after

RYGB. BMI, fasting p-glucose, and postprandial p-GLP-

1 differed between baseline and 3 months (Additional

file 1: Figure S3; Wilcoxon signed-rank test; P = 0.00049,

P = 0.0042, and P = 0.00098, respectively). Only BMI and

fasting p-glucose differed between 3 months and 1 year

after RYGB (Additional file 1: Figure S3; Wilcoxon signed-

rank test; P = 0.016 and P = 0.047, respectively). However,

when we normalized the changes by the number of

months within each time interval, we observed that the

shift towards a healthier metabolism occurred mainly

within the first 3 months after RYGB (Fig. 1a). Though

these improvements were maintained during the following

9-month period, the rate of improvement was markedly

lower.

We estimated gut microbial species compositions using

the species-level mOTU approach, based on single-copy

phylogenetic marker genes [41]. As previous studies have

shown a positive association between a healthy metabolic

state and increased microbial diversity and gene richness

[22, 23], we first estimated the microbial alpha-diversity

using three measures: species richness, species Shannon

index, and gene richness. Compared with baseline, the

Shannon index at the species level showed a weak ten-

dency to increase 3 months and 1 year after RYGB

(Additional file 1: Figure S4a; Wilcoxon signed-rank

test; P = 0.077 and P = 0.15, respectively). While species

richness was higher 3 months after RYGB and this higher

richness was maintained at 1 year (Wilcoxon signed-rank

test; P= 0.0096 and P= 0.0078, respectively; Additional file 1:

Figure S4b), gene richness exhibited a tendency to increase

only after 1 year (Wilcoxon signed-rank test; P = 0.078;

a) b)

Fig. 1 Metabolic and microbial diversity improvements during a 1-year period after RYGB. Box plots represent features measured at the three

different time points. Lines connect the measures from the same subject. For each pairwise comparison between time points, the P value of the

Wilcoxon signed-rank test (P), the difference between the medians (Δ), and difference between medians normalized by time difference (Δ′) are

denoted. a Host metabolism improvements. Postprandial glucose and GLP-1 levels were calculated as area under the curve during a standardized

meal test. b Microbial species diversity improvements
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Additional file 1: Figure S4c). The discrepancy between spe-

cies richness and gene richness could be due to lack of

power when using n = 12 samples. When we normalized

the changes in species richness and Shannon index by the

number of months (Fig. 1b), we observed that most

changes occurred within the first 3 months and were

merely maintained during the last 9 months. Thus, the mi-

crobial diversity improvements mirrored the trends of

metabolic improvements.

Persistent changes in the gut microbial composition

induced by RYGB

We visualized the changes in overall gut microbial spe-

cies composition induced by RYGB using a principal

component analysis of the log-transformed relative

abundances (Fig. 2), which showed a clear separation

between baseline samples and those after RYGB. Such

separation could not be observed between 3-month and

1-year samples, suggesting that most of the changes in

microbial composition occurred within 3 months and

those changes were maintained up to 1 year. RYGB in-

duces physiological and metabolic changes in the sub-

jects, which may also be contributing to the changes in

the microbiome composition. In order to evaluate this,

we performed a permutational analysis of variance

(PERMANOVA) test to quantify the variance explained

by RYGB as well as other physiological and metabolic

parameters. RYGB surgery, T2D status (before surgery),

metformin usage (before surgery), p-GLP-1 levels (at each

time point), and BMI (at each time point) explained the

variation in species composition (P < 0.05; q < 0.06;

Additional file 2: Table S2). As we included both normal

glucose tolerant and T2D patients, our PERMANOVA re-

sults suggest that RYGB alters the gut microbial compos-

ition in both groups. Our finding on the effect of T2D

status agrees with previous reports on altered gut micro-

bial composition in T2D patients [29, 30]. It is interesting

to note that baseline T2D status had an effect on gut mi-

crobial composition up to 1 year after RYGB. At baseline,

most T2D patients (five out of seven) in the cohort were

taking metformin, which has recently been reported to

alter gut microbial composition and confound the gut mi-

crobial signatures associated with T2D [46]. Therefore, we

cannot distinguish the microbial changes due to T2D sta-

tus from microbial changes induced by taking metformin.

Previous studies have hypothesized that GLP-1 secretion

can be stimulated by bacterial metabolites such as short

chain fatty acids through GPR41/43-dependent mecha-

nisms [50], which could explain the association between

p-GLP-1 levels and gut microbial composition. Finally,

PERMANOVA results suggest that BMI could explain the

variation in gut microbial composition but to a lesser ex-

tent than the surgery. Previous studies have reported that

the gut microbial changes identified by them were not

confounded by BMI [10, 37]. Our results do not contra-

dict their conclusions but suggest that, in our cohort, BMI

can explain some additional variation in gut microbial

composition beyond what is explained by RYGB.

We next investigated compositional changes in individual

taxa following RYGB using Wilcoxon signed-rank tests on

relative abundances. Verifying taxonomic changes using

relative abundance is susceptible to compositional effects,

where an isolated increase in absolute abundance of just one

taxon will lead to a dissipated decrease in relative abundance

of all other taxa as the relative abundances must always sum

to 1 [45]. Although there is an ongoing discussion about

how to differentiate compositionality-induced changes from

real changes [45, 51–53], this is not commonly addressed in

microbiome studies. We developed a procedure to assess

whether compositionality had influenced our results. When

a taxon exhibited a significant difference in relative abun-

dance between two time points, we verified whether this

difference was a compositional effect due to a difference

in another taxon. We tested if the former would still ex-

hibit a difference if the latter was never observed in any of

the samples. By systematically repeating this procedure for

all other taxa and evaluating the least significant P value,

we could discard spurious differences arising due to com-

positional effect (see “Methods” for details).

At the phylum level, compared with baseline, Proteo-

bacteria and Fusobacteria showed an increase in relative

abundance 3 months after RYGB (Wilcoxon signed-

rank test, P < 0.05, q < 0.04; Additional file 2: Table S3).

Fig. 2 Gut microbial community differences induced by RYGB.

Principal component analysis based on log transformed mOTU

species abundances shows a clear separation between pre-RYGB

and post-RYGB fecal samples. The variation explained by each com-

ponent is shown on its axis. MO months, Y year
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The same two phyla exhibited increased abundance

levels after 1 year compared with baseline (P < 0.05, q <

0.08; Additional file 2: Table S4) and we did not observe

any significant phylum level changes between 3 months

and 1 year (q > 0.91). At the species level, 31 species

changed their relative abundance within the first

3 months (Wilcoxon signed-rank test; P < 0.05, q < 0.15,

suggesting that up to five species could be false posi-

tives; Fig. 3; Additional file 1: Figure S5; Additional file

2: Table S3). Nineteen species changed between base-

line and 1 year (P < 0.05, q < 0.22, suggesting that up to

five could be false positives; Fig. 3; Additional file 1:

Figures S6; Additional file 2: Table S4), including 16 of

the 31 species that changed within the first 3 months.

However, we did not observe significant changes in species

abundances when comparing the gut microbiota compos-

ition at 3 months and 1 year after RYGB (Wilcoxon

signed-rank test; q > 0.99; Additional file 1: Figure S7),

which provides further evidence that the remodeling of the

microbial community occurred mainly within the first

3 months after the surgery. Figure 3 shows the RYGB-

associated fold changes for these 31 differentially abundant

species. When we performed the test for compositional ef-

fect, only four of these species lost their significance (P >

0.05) when another species was considered absent (Fig. 3),

suggesting that most taxonomic changes reported here are

not affected by compositionality. Most of the 31 species,

including two affected by compositionality (Actinomyces

odontolyticus and F. nucleatum), exhibited a marked differ-

ence in their fold change when Prevotella copri was consid-

ered absent. The genus Prevotella is the main driver of the

Prevotella enterotype [54] and exhibits a bimodal distribu-

tion, with high relative abundance in some individuals and

a low relative abundance in others [55], which explains

why simulating the absence of P. copri leads to marked

changes in the relative abundance of other species.

Escherichia coli and Klebsiella pneumoniae showed a

dramatic increase after RYGB (Fig. 3). Previous studies

have reported the increase of E. coli after RYGB and have

pointed to its higher efficiency to harvest energy during

Fig. 3 Changes in individual gut microbial species following RYGB. Median fold changes in relative abundances of 31 mOTU species that

changed between baseline and 3 months (3MO, bottom panel), and 16 among these that changed between baseline and 1 year (1Y, top panel)

after RYGB. For each bacterial species, the cloud of circles represents all fold changes calculated when excluding one other species from the

abundance table. The horizontal grey lines at −1 and 1 mark when the microbes halved or doubled their relative abundance. Exclusion of

Prevotella copri substantially altered the fold change for many species and the corresponding fold change is denoted as an empty triangle. The

colored band in each panel shows the statistical significance of Wilcoxon signed-rank tests after our compositionality test. Asterisks mark species

that have already been reported in previous studies
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host starvation status, giving them an advantage in the

post-RYGB starvation-like condition during the first

months after the surgery [34]. Ten species belonging to

the genus Streptococcus, four from Veillonella, two from

Alistipes, Bifidobacterium dentium, Enterococcus faecalis,

F. nucleatum, and Akkermansia muciniphila also in-

creased their abundance after RYGB (Fig. 3). Our results

agree with previous findings that A. muciniphila, a

mucin-degrading bacterium, is associated with reduc-

tion in adiposity, inflammation, glucose intolerance,

and body fat mass [56]. The increase in aero-tolerant

Proteobacteria, including Streptococcus spp., E. coli, K.

pneumoniae, and E. faecalis, might result from a higher

presence of oxygen in distal parts of the gut due to the

anatomical rearrangements as reported previously [35,

57]. Changes in pH after RYGB may also affect these

aero-tolerant anaerobic microbes by inducing changes

in the redox potential of the gut [58]. Furthermore, a

decrease in acid secretions due to the reduced size of

the stomach could make the gastric barrier less strin-

gent for oral microbiota such as Streptococcus spp., to-

gether with F. nucleatum, B. dentium and a few

Veillonella spp., which are metabolically dependent on

Streptococcus spp. in oral biofilms [59]. The only spe-

cies that decreased after RYGB in our study was the

butyrate-producing F. prausnitzii, which is surprising

as it has been associated with beneficial effects on host

metabolism and negatively correlated with inflamma-

tion markers [60]. A previous study using metagenomic

sequencing has also reported a post-RYGB decrease of

F. prausnitzii in six obese T2D patients [35]. On the

contrary, another study using quantitative PCR re-

ported that, in obese T2D patients, F. prausnitzii

showed a trend to increase 3 months after RYGB and

stayed at the increased level 6 months after RYGB [33].

The latter study also reported that, in obese non-diabetic

individuals, F. prausnitzii decreased significantly 3 months

after RYGB and returned back to basal levels 6 months

after RYGB. Here we observed that F. prausnitzii de-

creases following RYGB for most of the diabetic and

non-diabetic patients. Taken together, our study has

reproduced six previously observed species-level changes

in obese individuals after RYGB (E. coli, K. pneumoniae,

Veillonella dispar, Veillonella parvula, E. faecalis, and F.

prausnitzii). Previous studies have also reported changes

in the relative abundance of Acinetobacter spp., Citrobac-

ter spp., Clostridium spp., Enterobacter spp., Pseudomonas

spp., Shigella spp., Staphylococcus spp., Vibrio spp., and

Yersinia spp. [10, 32, 35], which we could not verify in our

study (see Additional file 2: Table S5 for the full list of

species). We also observed an increase in Alistipes spp.,

Streptococcus spp., two other Veillonella spp., and A.

muciniphila that are unique to this study (see Additional

file 2: Table S5 for the full list of species).

Altered microbial functions after RYGB

To characterize the changes in functional potential of mi-

crobes to adapt to the gut rearrangement after RYGB, we

estimated the relative abundances for KEGG modules and

pathways in each sample. We found 62 KEGG modules

that changed in relative abundance between baseline and

3 months after RYGB (Wilcoxon signed-rank test, P <

0.05, q < 0.17, suggesting that up to 11 modules could be

false positives; Additional file 1: Figure S8; Additional file

2: Table S3), and 63 KEGG modules that changed between

baseline and 1 year (Wilcoxon signed-rank test, P < 0.05,

q < 0.16, suggesting that up to ten could be false positives;

Additional file 1: Figure S9; Additional file 2: Table S4),

while we did not observe significant changes between

3 months and 1 year (q > 0.86; Additional file 1: Figure

S10). Most of these changes (53 out of 62 in the former

and 56 out of 63 in the latter) reflected an increase in rela-

tive abundance over time (Fig. 4), which may reflect the

increased species richness after RYGB. Of the 53 modules

that increased their abundance within the first 3 months,

44 sustained it for a year. Thus, the functional changes

mirrored the taxonomic changes, where most changes

had occurred during the first 3 months and were merely

maintained during the following 9 months.

Among the KEGG modules that increased their abun-

dance after RYGB, we observed several nutrient trans-

port systems (Fig. 4). Morbidly obese patients who have

undergone bariatric surgery have a smaller stomach

pouch and their food intake skips the duodenum, which

causes malabsorption of essential vitamins, minerals,

and drugs [61]. To compensate for this malnutrition, pa-

tients follow a diet rich in proteins and take calcium,

iron, and multivitamin supplements (see “Methods”).

We observed an increased potential for microbial trans-

port systems of thiamine, vitamin B12, manganese, iron,

and zinc (Fig. 4), which could reflect the increased avail-

ability of these compounds that are also essential for

microbes. Transport systems of phosphonates were also

increased after RYGB. Some bacteria such as E. coli and

Klebsiella spp. can utilize these compounds as an alter-

native source of phosphorus by breaking their C–P

bonds [62].

There was also an increased abundance of transport

systems for monosaccharides such as D-xylose, rham-

nose, D-allose, and L-arabinose after RYGB. In E. coli,

the presence of L-arabinose in the absence of glucose

dynamically activates the operon that drives the catab-

olism of arabinose [63]. Arabinose is present in rice,

wheat, beans, oats, or plant polysaccharides. Thus, our

finding may reflect changes in diet, for example, a shift

in food preferences towards lower-calorie-dense foods

as reported after RYGB [64–66].

Other transport systems that increased in abundance

after RYGB are the phosphotransferase systems (PTS;
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Fig. 4), which are only found in bacteria. PTS catalyze

the transport and phosphorylation of numerous mono-

saccharides, disaccharides, amino sugars, polyols, and

other sugar derivatives into the bacterial cell. Their in-

crease could be attributed to an increased ability of mi-

crobes to assimilate all available sugars to compensate

for the reduced dietary intake. Figure 4 also shows the

increased potential of amino acid uptake, suggesting

the utilization of amino acids as a source of energy, and

an increased potential for beta-oxidation of fatty acids,

indicating the utilization of these fatty acids as a source

of energy.

The KEGG module for cytochrome c oxidase complex

and the module for prokaryotic biosynthesis of ubiquin-

one also increased in abundance after RYGB. The former

is the last enzyme of the electron transport chain in both

bacteria and eukaryotic mitochondria. Ubiquinone, known

as coenzyme Q10, also plays a crucial role as an electron

carrier in the electron transport chain. The increased rela-

tive abundance of these two modules together with the

increase of facultative anaerobes such as E. coli, K. pneu-

moniae, E. faecalis, and Streptococcus spp. suggest a shift

towards aerobic respiration among the facultative anaer-

obes to benefit from a higher presence of dissolved oxygen

in the hindgut after RYGB [57]. Electron transport

chains are major sites of premature electron leakage to

oxygen, generating superoxide and potentially resulting

in increased oxidative stress. Post-RYGB, we observed

an increased abundance of a module encoding glutathi-

one biosynthesis from glutamate and an increased

abundance of transport systems of both glutamate and

glutathione (Fig. 4). In bacteria, glutathione, in addition

to its key role in maintaining the proper oxidation state

of protein thiols, also protects the cell from oxidative

and osmotic stress [67]. Thus, the increased capacity in

glutathione biosynthesis and transport suggests that the

gut microbes may be using glutathione to combat oxi-

dative stress.

Intriguingly, following RYGB we observed an increase

in abundance of two KEGG modules involved in putres-

cine transportation (Fig. 4). Although protein digestion

is not impaired after RYGB [68], the increased potential

for putrescine transportation might indicate a certain

level of putrefaction in the colon, as other authors have

hypothesized when studying the fecal metabolic profiles

after RYGB in a non-obese rat model [36]. Fast pouch

emptying and a delayed small intestinal transit time have

been reported for RYGB patients [69]. Reduction of

gastric acid secretion after surgery [70, 71], which plays

a key role in protein digestion by activating proteolytic

enzymes, might cause more incompletely digested pro-

teins to reach the colon. Under these circumstances, a

longer intestinal transit time could provide enough time

for microbes to catabolize these proteins, resulting in the

production of polyamines such as putrescine [36, 72],

which is involved in key functions such as DNA and

Fig. 4 Microbial functional changes following RYGB. Box plots represent fold changes (log2) in the 53 KEGG modules that increased in relative

abundance between baseline and 3 months (3MO, left panel) and 44 among these that increased between baseline and 1 year (1Y, right panel)

after RYGB. The different KEGG functional categories are represented by different colors and grouped together when possible with corresponding

labels at the right side of the plot. PTS phosphotransferase systems, GABA gamma-aminobutyric acid
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membrane stabilization but becomes toxic at high doses

and can even produce carcinogenic nitrosamines [73].

Putrescine has been found in elevated concentrations in

fecal samples post-RYGB in rats [36]. Enterobacteriaceae

spp. such as E. coli or Klebsiella spp. can produce putres-

cine by decarboxylation of the amino acids ornithine and

arginine [73], of which we also observed an increased

transportation potential after RYGB (Fig. 4). The increased

capacity to transport putrescine could also reflect the

antioxidant and anti-inflammatory properties of this

polyamine for microbes when oxidative stress increases

[74–76]. Microbial processing of putrescine can pro-

duce gamma-aminobutyric acid (GABA) [77], which is

an inhibitory neurotransmitter of the mammalian cen-

tral nervous system and has been found increased in

fecal samples after RYGB in a rat model [36]. This

neurotransmitter is thought to stimulate the intestinal

cells to release GLP-1 [78, 79]. Increased levels of GLP-

1 observed after RYGB in our cohort (Fig. 1; Additional

file 1: Figure S3) is consistent with this link. The increase

in GLP-1 can, in turn, stimulate the biosynthesis of GABA

via pancreatic beta-cells [80]. An increased capacity for

GABA biosynthesis and GABA shunt (closed loop to pro-

duce and maintain the supply of GABA) pathways

observed after RYGB (Fig. 4) provides further evidence for

this metabolic path after RYGB.

Conclusions

We recruited morbidly obese human patients undergoing

RYGB, performed a longitudinal study of the effects of

RYGB on gut microbiota, and compared the short-term

effects (after 3 months) with the long-term effects (after

1 year). Our analyses showed an increased gut microbial

diversity and an altered microbial composition in conjunc-

tion with the metabolic improvements seen after RYGB.

Most of these changes occurred within the first 3 months

and were maintained during the following 9 months.

Although we cannot prove a causal role for gut micro-

bial changes in relation to the metabolic improvements,

a recent study has shown that transferring post-RYGB

microbiota from humans to germ-free mice leads to fat

mass regulation [10], suggesting that the altered microbiota

could contribute to metabolic changes. Thus, our study

opens up new possibilities for thorough characterization of

gut microbial changes immediately following RYGB in

order to verify their contribution to metabolic health

improvement.

Fig. 5 A model of gut microbial changes following RYGB. Blue boxes show inferred changes in microbial features (functional potential or taxonomic),

while green boxes show the effects induced by RYGB either in the gut or in the host metabolism. Black boxes indicate hypotheses based on

our data or other studies. Arrows connect shifts that are related. Since we did not measure inflammation markers we do not report an increase

or decrease in inflammation, but we connect it to an observed change based on existing literature. All features shown here exhibited changes

3 months after RYGB and most maintained the changes up to 1 year after RYGB. Asterisks denote features that did not maintain the changes

1 year after RYGB
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We also developed procedures to rule out spurious

changes in microbial relative abundance due to com-

positional effects. Microbial changes observed here

were RYGB-specific and different from changes due to

weight loss interventions [26]. Our interpretation of

data is in accordance with recent observations in mice

[37]. Collectively the available evidence suggests that

the microbial changes after RYGB are more driven by

the intestinal rearrangement rather than weight loss.

Proteobacteria and Fusobacteria increased their relative

abundance and the butyrate-producer F. prausnitzii de-

creased after RYGB. The increase in abundance of

aero-tolerant bacteria from the phylum Proteobacteria,

together with the increased abundance of genes encoding

key components in the electron transport chain, indicated

adaptation to a higher presence of oxygen in the distal gut

after RYGB, as previously reported [32, 35, 57] (Fig. 5). In-

creased abundance of various systems of transportation

and uptake of vitamins, minerals, organic compounds,

simple sugars, and amino acids could suggest an increased

potential of microbes to assimilate essential compounds

and all possible energy substrates as compensatory mech-

anisms to counteract reduced food intake after RYGB. We

observed an increased microbial potential to transport pu-

trescine, which could even contribute to a higher secretion

of GLP-1 via GABA biosynthesis (Fig. 5). In future studies,

it would also be relevant to measure the fecal putrescine

content to assess the extent to which protein putrefaction

occurs after RYGB and to relate this measure to any po-

tential health risk that may be caused by this toxin.

By identifying swift and consistent changes that oc-

curred within 3 months and were maintained for a year in

morbidly obese humans, we have modeled the persistent

gut microbial changes induced by RYGB (Fig. 5). Further

studies characterizing such changes at a finer time scale

immediately after surgery will shed more light on the dy-

namic adaptation of gut microbiota to RYGB and their

role in metabolic improvements.

Additional files

Additional file 1: Ten supporting figures. A figure caption for each is

given within the file. (PDF 716 kb)

Additional file 2: Five supporting tables. A table caption of each is

given within the file. (XLSX 84 kb)

Abbreviations

BH: Benjamini–Hochberg; BMI: body mass index; FDR: false discovery rate;

GABA: gamma-aminobutyric acid; GLP-1: glucagon-like peptide-1;

HbA1c: hemoglobin A1c; KEGG: Kyoto Encyclopedia of Genes and

Genomes; mOTU: metagenomic operational taxonomic unit; p: plasma;

PCA: principal component analysis; PERMANOVA: permutational

multivariate analysis of variance; PTS: phosphotransferase systems;

RYGB: Roux-en-Y gastric bypass; s: serum; T2D: type 2 diabetes.

Acknowledgements

This work has been funded by the TARGET research initiative (Danish

Strategic Research Council [0603-00484B]), the Danish Diabetes Academy

supported by the Novo Nordisk Foundation, the Danish Council for

Independent Research (Medical Sciences), the Danish Diabetes Association,

and the Novo Nordisk Foundation (grant NNF14CC0001). The Novo Nordisk

Foundation Center for Basic Metabolic Research (http://

www.metabol.ku.dk) is an independent Research Center at the University of

Copenhagen partially funded by an unrestricted donation from the Novo

Nordisk Foundation.

Availability of data and materials

The high quality reads have been deposited in the European Nucleotide

Archive with accession number ERP014480. Relative abundances of taxa and

functional features can be downloaded at http://arumugamlab.sund.ku.dk/

SuppData/Palleja_et_al_2016_GBP/. We have published the R source code for

the algorithm that performs the compositionality test at https://github.com/

apalleja/compositionality_test/.

Authors’ contributions

TH, OP, and MA conceived the project and supervised all phases of the project.

NJ, KB, CD, and KSB performed sample collection and carried out patient

phenotyping. KA performed microbial DNA extraction. CZ, YL, SL, and QF

performed shotgun metagenomics sequencing followed by taxonomic and

functional profiling. AP and AK designed and performed the data analysis. MA,

TH, and OP supervised the data analysis. AP and MA wrote the paper. KA, TN,

AK, SM, JJH, TH, and OP revised the paper. All authors contributed to data

interpretation, discussions, and editing of the paper. All authors read and

approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Consent for publication

Consent was not required as data are anonymized.

Ethics approval and consent to participate

All participants gave written informed consent before entering the study.

The studies were approved by the Municipal Ethical Committee of

Copenhagen and conducted in accordance with the Declaration of Helsinki

II. The studies were registered at www.clinicaltrials.gov (ID NCT00810823,

NCT01579981, and NCT01993511).

Author details
1The Novo Nordisk Foundation Center for Basic Metabolic Research, Faculty

of Health and Medical Sciences, University of Copenhagen, 2200

Copenhagen, Denmark. 2BGI-Shenzhen, Shenzhen 518083, China.
3Department of Endocrinology, Hvidovre Hospital, 2650 Hvidovre, Denmark.
4Department of Biomedical Sciences, Faculty of Health Sciences, University of

Copenhagen, 2200 Copenhagen, Denmark. 5Faculty of Health Sciences,

University of Southern Denmark, 5000 Odense, Denmark. 6Danish Diabetes

Academy, 5000 Odense, Denmark. 7iCarbonX, Shenzhen 518083, China.
8Beijing Advanced Innovation Center for Food Nutrition and Human Health,

College of Food Science and Nutritional Engineering, China Agricultural

University, Beijing 10083, China. 9Department of Biology, University of

Copenhagen, 2200 Copenhagen, Denmark.

Received: 11 January 2016 Accepted: 4 May 2016

References

1. Mutch DM, Clément K. Unraveling the genetics of human obesity. PLoS

Genet. 2006;2:e188.

2. Sandholt CH, Grarup N, Pedersen O, Hansen T. Genome-wide association

studies of human adiposity: zooming in on synapses. Mol Cell Endocrinol.

2015;418(Pt 2):90–100.

3. Sandholt CH, Pedersen O. Obesity: beige adipocytes–will they beat obesity?

Nat Rev Endocrinol. 2015;11:694–6.

4. Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL, Anis AH. The

incidence of co-morbidities related to obesity and overweight: a systematic

review and meta-analysis. BMC Public Health. 2009;9:88.

Palleja et al. Genome Medicine  (2016) 8:67 Page 11 of 13

dx.doi.org/10.1186/s13073-016-0312-1
dx.doi.org/10.1186/s13073-016-0312-1
http://www.metabol.ku.dk
http://www.metabol.ku.dk
http://arumugamlab.sund.ku.dk/SuppData/Palleja_et_al_2016_GBP/
http://arumugamlab.sund.ku.dk/SuppData/Palleja_et_al_2016_GBP/
https://github.com/apalleja/compositionality_test/
https://github.com/apalleja/compositionality_test/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/NCT00810823
http://www.clinicaltrials.gov/NCT01579981
http://www.clinicaltrials.gov/NCT01993511


5. Aron-Wisnewsky J, Clement K. The effects of gastrointestinal surgery on gut

microbiota: potential contribution to improved insulin sensitivity. Curr

Atheroscler Rep. 2014;16:454.

6. Sjöström L, Narbro K, Sjöström CD, Karason K, Larsson B, Wedel H, Lystig T,

Sullivan M, Bouchard C, Carlsson B, et al. Effects of bariatric surgery on

mortality in Swedish obese subjects. N Engl J Med. 2007;357:741–52.

7. Werling M, Fändriks L, Björklund P, Maleckas A, Brandberg J, Lönroth H, le Roux

CW, Olbers T. Long-term results of a randomized clinical trial comparing Roux-en-

Y gastric bypass with vertical banded gastroplasty. Br J Surg. 2013;100:222–30.

8. Catalan V, Gomez-Ambrosi J, Ramirez B, Rotellar F, Pastor C, Silva C,

Rodriguez A, Gil MJ, Cienfuegos JA, Fruhbeck G. Proinflammatory cytokines

in obesity: impact of type 2 diabetes mellitus and gastric bypass. Obes Surg.

2007;17:1464–74.

9. Williams DB, Hagedorn JC, Lawson EH, Galanko JA, Safadi BY, Curet MJ,

Morton JM. Gastric bypass reduces biochemical cardiac risk factors. Surg

Obes Relat Dis. 2007;3:8–13.

10. Tremaroli V, Karlsson F, Werling M, Stahlman M, Kovatcheva-Datchary P, Olbers

T, Fandriks L, le Roux CW, Nielsen J, Backhed F. Roux-en-Y gastric bypass and

vertical banded gastroplasty induce long-term changes on the human gut

microbiome contributing to fat mass regulation. Cell Metab. 2015;22:228–38.

11. Dirksen C, Jørgensen NB, Bojsen-Møller KN, Kielgast U, Jacobsen SH, Clausen

TR, Worm D, Hartmann B, Rehfeld JF, Damgaard M, et al. Gut hormones,

early dumping and resting energy expenditure in patients with good and

poor weight loss response after Roux-en-Y gastric bypass. Int J Obes (Lond).

2013;37:1452–9.

12. le Roux CW, Aylwin SJ, Batterham RL, Borg CM, Coyle F, Prasad V, Shurey S,

Ghatei MA, Patel AG, Bloom SR. Gut hormone profiles following bariatric

surgery favor an anorectic state, facilitate weight loss, and improve

metabolic parameters. Ann Surg. 2006;243:108–14.

13. Thaler JP, Cummings DE. Minireview: Hormonal and metabolic mechanisms

of diabetes remission after gastrointestinal surgery. Endocrinology. 2009;150:

2518–25.

14. Jorgensen NB, Dirksen C, Bojsen-Moller KN, Jacobsen SH, Worm D, Hansen

DL, Kristiansen VB, Naver L, Madsbad S, Holst JJ. Exaggerated glucagon-like

peptide 1 response is important for improved beta-cell function and

glucose tolerance after Roux-en-Y gastric bypass in patients with type 2

diabetes. Diabetes. 2013;62:3044–52.

15. Patti ME, Houten SM, Bianco AC, Bernier R, Larsen PR, Holst JJ, Badman MK,

Maratos-Flier E, Mun EC, Pihlajamaki J, et al. Serum bile acids are higher in

humans with prior gastric bypass: potential contribution to improved

glucose and lipid metabolism. Obesity (Silver Spring). 2009;17:1671–7.

16. Tremaroli V, Backhed F. Functional interactions between the gut microbiota

and host metabolism. Nature. 2012;489:242–9.

17. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM,

Fava F, Tuohy KM, Chabo C, et al. Metabolic endotoxemia initiates obesity

and insulin resistance. Diabetes. 2007;56:1761–72.

18. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity

alters gut microbial ecology. Proc Natl Acad Sci U S A. 2005;102:11070–5.

19. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut

microbes associated with obesity. Nature. 2006;444:1022–3.

20. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An

obesity-associated gut microbiome with increased capacity for energy

harvest. Nature. 2006;444:1027–31.

21. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE,

Sogin ML, Jones WJ, Roe BA, Affourtit JP, et al. A core gut microbiome in

obese and lean twins. Nature. 2009;457:480–4.

22. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, Almeida M,

Arumugam M, Batto JM, Kennedy S, et al. Richness of human gut

microbiome correlates with metabolic markers. Nature. 2013;500:541–6.

23. Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E, Almeida M,

Quinquis B, Levenez F, Galleron N, et al. Dietary intervention impact on gut

microbial gene richness. Nature. 2013;500:585–8.

24. Duncan SH, Lobley GE, Holtrop G, Ince J, Johnstone AM, Louis P, Flint HJ.

Human colonic microbiota associated with diet, obesity and weight loss. Int

J Obes (Lond). 2008;32:1720–4.

25. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,

Ling AV, Devlin AS, Varma Y, Fischbach MA, et al. Diet rapidly and

reproducibly alters the human gut microbiome. Nature. 2014;505:559–63.

26. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of

diet on the human gut microbiome: a metagenomic analysis in humanized

gnotobiotic mice. Sci Transl Med. 2009;1:6ra14.

27. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-induced obesity is linked

to marked but reversible alterations in the mouse distal gut microbiome.

Cell Host Microbe. 2008;3:213–23.

28. Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M,

Chen YY, Knight R, Ahima RS, Bushman F, Wu GD. High-fat diet determines

the composition of the murine gut microbiome independently of obesity.

Gastroenterology. 2009;137:1716–24. e1711–1712.

29. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, Liang S, Zhang W, Guan Y, Shen D, et

al. A metagenome-wide association study of gut microbiota in type 2

diabetes. Nature. 2012;490:55–60.

30. Karlsson FH, Tremaroli V, Nookaew I, Bergstrom G, Behre CJ, Fagerberg B,

Nielsen J, Backhed F. Gut metagenome in European women with normal,

impaired and diabetic glucose control. Nature. 2013;498:99–103.

31. Bäckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF,

Gordon JI. The gut microbiota as an environmental factor that regulates fat

storage. Proc Natl Acad Sci U S A. 2004;101:15718–23.

32. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, Parameswaran

P, Crowell MD, Wing R, Rittmann BE, Krajmalnik-Brown R. Human gut

microbiota in obesity and after gastric bypass. Proc Natl Acad Sci U S A.

2009;106:2365–70.

33. Furet JP, Kong LC, Tap J, Poitou C, Basdevant A, Bouillot JL, Mariat D,

Corthier G, Doré J, Henegar C, et al. Differential adaptation of human gut

microbiota to bariatric surgery-induced weight loss: links with metabolic

and low-grade inflammation markers. Diabetes. 2010;59:3049–57.

34. Kong LC, Tap J, Aron-Wisnewsky J, Pelloux V, Basdevant A, Bouillot JL,

Zucker JD, Doré J, Clément K. Gut microbiota after gastric bypass in human

obesity: increased richness and associations of bacterial genera with

adipose tissue genes. Am J Clin Nutr. 2013;98:16–24.

35. Graessler J, Qin Y, Zhong H, Zhang J, Licinio J, Wong ML, Xu A, Chavakis T,

Bornstein AB, Ehrhart-Bornstein M, et al. Metagenomic sequencing of the

human gut microbiome before and after bariatric surgery in obese patients

with type 2 diabetes: correlation with inflammatory and metabolic

parameters. Pharmacogenomics J. 2013;13:514–22.

36. Li JV, Ashrafian H, Bueter M, Kinross J, Sands C, le Roux CW, Bloom SR, Darzi

A, Athanasiou T, Marchesi JR, et al. Metabolic surgery profoundly influences

gut microbial-host metabolic cross-talk. Gut. 2011;60:1214–23.

37. Liou AP, Paziuk M, Luevano Jr JM, Machineni S, Turnbaugh PJ, Kaplan LM.

Conserved shifts in the gut microbiota due to gastric bypass reduce host

weight and adiposity. Sci Transl Med. 2013;5:178ra141.

38. Jorgensen NB, Jacobsen SH, Dirksen C, Bojsen-Moller KN, Naver L, Hvolris L,

Clausen TR, Wulff BS, Worm D, Lindqvist Hansen D, et al. Acute and long-

term effects of Roux-en-Y gastric bypass on glucose metabolism in subjects

with type 2 diabetes and normal glucose tolerance. Am J Physiol

Endocrinol Metab. 2012;303:E122–31.

39. Martinussen C, Bojsen-Møller KN, Dirksen C, Jacobsen SH, Jørgensen NB,

Kristiansen VB, Holst JJ, Madsbad S. Immediate enhancement of first-phase

insulin secretion and unchanged glucose effectiveness in patients with type

2 diabetes after Roux-en-Y gastric bypass. Am J Physiol Endocrinol Metab.

2015;308:E535–44.

40. Kultima JR, Sunagawa S, Li J, Chen W, Chen H, Mende DR, Arumugam M,

Pan Q, Liu B, Qin J, et al. MOCAT: a metagenomics assembly and gene

prediction toolkit. PLoS One. 2012;7:e47656.

41. Sunagawa S, Mende DR, Zeller G, Izquierdo-Carrasco F, Berger SA, Kultima

JR, Coelho LP, Arumugam M, Tap J, Nielsen HB, et al. Metagenomic species

profiling using universal phylogenetic marker genes. Nat Methods. 2013;10:

1196–9.

42. Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, Arumugam M, Kultima JR,

Prifti E, Nielsen T, et al. An integrated catalog of reference genes in the

human gut microbiome. Nat Biotechnol. 2014;32:834–41.

43. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.

Nucleic Acids Res. 2000;28:27–30.

44. Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M. Data,

information, knowledge and principle: back to metabolism in KEGG. Nucleic

Acids Res. 2014;42:D199–205.

45. Lovell D, Pawlowsky-Glahn V, Egozcue JJ, Marguerat S, Bähler J.

Proportionality: a valid alternative to correlation for relative data. PLoS

Comput Biol. 2015;11:e1004075.

46. Forslund K, Hildebrand F, Nielsen T, Falony G, Le Chatelier E, Sunagawa S,

Prifti E, Vieira-Silva S, Gudmundsdottir V, Krogh Pedersen H, et al.

Disentangling type 2 diabetes and metformin treatment signatures in the

human gut microbiota. Nature. 2015;528:262–6.

Palleja et al. Genome Medicine  (2016) 8:67 Page 12 of 13



47. Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc

Natl Acad Sci U S A. 2003;100:9440–5.

48. Yu J, Feng Q, Wong SH, Zhang D, Liang QY, Qin Y, Tang L, Zhao H,

Stenvang J, Li Y, et al. Metagenomic analysis of faecal microbiome as a tool

towards targeted non-invasive biomarkers for colorectal cancer. Gut. 2015.

doi:10.1136/gutjnl-2015-309800.

49. Zaura E, Brandt BW, Teixeira de Mattos MJ, Buijs MJ, Caspers MP, Rashid MU,

Weintraub A, Nord CE, Savell A, Hu Y, et al. Same Exposure but Two

Radically Different Responses to Antibiotics: Resilience of the Salivary

Microbiome versus Long-Term Microbial Shifts in Feces. MBio. 2015;6:

e01693-15.

50. Everard A, Cani PD. Gut microbiota and GLP-1. Rev Endocr Metab Disord.

2014;15:189–96.

51. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive

analysis and graphics of microbiome census data. PLoS One. 2013;8:e61217.

52. McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome

data is inadmissible. PLoS Comput Biol. 2014;10:e1003531.

53. Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J,

Huttenhower C. Microbial co-occurrence relationships in the human

microbiome. PLoS Comput Biol. 2012;8:e1002606.

54. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,

Fernandes GR, Tap J, Bruls T, Batto JM, et al. Enterotypes of the human gut

microbiome. Nature. 2011;473:174–80.

55. Koren O, Knights D, Gonzalez A, Waldron L, Segata N, Knight R,

Huttenhower C, Ley RE. A guide to enterotypes across the human body:

meta-analysis of microbial community structures in human microbiome

datasets. PLoS Comput Biol. 2013;9:e1002863.

56. Dao MC, Everard A, Aron-Wisnewsky J, Sokolovska N, Prifti E, Verger EO,

Kayser BD, Levenez F, Chilloux J, Hoyles L, et al. Akkermansia muciniphila

and improved metabolic health during a dietary intervention in obesity:

relationship with gut microbiome richness and ecology. Gut. 2015. doi:

10.1136/gutjnl-2014-308778.

57. Hartman AL, Lough DM, Barupal DK, Fiehn O, Fishbein T, Zasloff M, Eisen JA.

Human gut microbiome adopts an alternative state following small bowel

transplantation. Proc Natl Acad Sci U S A. 2009;106:17187–92.

58. Sandoval D. Bariatric surgeries: beyond restriction and malabsorption. Int J

Obes (Lond). 2011;35 Suppl 3:S45–9.

59. Mashima I, Nakazawa F. The interaction between Streptococcus spp. and

Veillonella tobetsuensis in the early stages of oral biofilm formation. J

Bacteriol. 2015. pii: JB.02512-14. [Epub ahead of print].

60. Miquel S, Leclerc M, Martin R, Chain F, Lenoir M, Raguideau S, Hudault S,

Bridonneau C, Northen T, Bowen B, et al. Identification of metabolic

signatures linked to anti-inflammatory effects of Faecalibacterium

prausnitzii. MBio. 2015;6:e00300-15.

61. Sawaya RA, Jaffe J, Friedenberg L, Friedenberg FK. Vitamin, mineral, and

drug absorption following bariatric surgery. Curr Drug Metab. 2012;13:1345–55.

62. Kononova SV, Nesmeyanova MA. Phosphonates and their degradation by

microorganisms. Biochemistry (Mosc). 2002;67:184–95.

63. Schleif R. Regulation of the L-arabinose operon of Escherichia coli. Trends

Genet. 2000;16:559–65.

64. Shin AC, Berthoud HR. Food reward functions as affected by obesity and

bariatric surgery. Int J Obes (Lond). 2011;35 Suppl 3:S40–4.

65. Manning S, Pucci A, Batterham RL. Roux-en-Y gastric bypass: effects on feeding

behavior and underlying mechanisms. J Clin Invest. 2015;125:939–48.

66. Zheng H, Shin AC, Lenard NR, Townsend RL, Patterson LM, Sigalet DL,

Berthoud HR. Meal patterns, satiety, and food choice in a rat model of

Roux-en-Y gastric bypass surgery. Am J Physiol Regul Integr Comp Physiol.

2009;297:R1273–82.

67. Mardinoglu A, Shoaie S, Bergentall M, Ghaffari P, Zhang C, Larsson E,

Bäckhed F, Nielsen J. The gut microbiota modulates host amino acid and

glutathione metabolism in mice. Mol Syst Biol. 2015;11:834.

68. Bojsen-Møller KN, Jacobsen SH, Dirksen C, Jørgensen NB, Reitelseder S,

Jensen JE, Kristiansen VB, Holst JJ, van Hall G, Madsbad S. Accelerated

protein digestion and amino acid absorption after Roux-en-Y gastric bypass.

Am J Clin Nutr. 2015;102:600–7.

69. Dirksen C, Damgaard M, Bojsen-Møller KN, Jørgensen NB, Kielgast U,

Jacobsen SH, Naver LS, Worm D, Holst JJ, Madsbad S, et al. Fast pouch

emptying, delayed small intestinal transit, and exaggerated gut hormone

responses after Roux-en-Y gastric bypass. Neurogastroenterol Motil. 2013;25:

346–e255.

70. Mason EE, Munns JR, Kealey GP, Wangler R, Clarke WR, Cheng HF, Printen

KJ. Effect of gastric bypass on gastric secretion. 1977. Surg Obes Relat Dis.

2005;1:155–60. discussion 161–152.

71. Smith CD, Herkes SB, Behrns KE, Fairbanks VF, Kelly KA, Sarr MG. Gastric acid

secretion and vitamin B12 absorption after vertical Roux-en-Y gastric bypass

for morbid obesity. Ann Surg. 1993;218:91–6.

72. Welters CF, Dejong CH, Deutz NE, Heineman E. Effects of parenteral arginine

supplementation on the intestinal adaptive response after massive small

bowel resection in the rat. J Surg Res. 1999;85:259–66.

73. Wunderlichová L, Buňková L, Koutný M, Jančová P, František B. Formation,

degradation, an detoxification of putrescine by foodborne bacteria: a

review. Compr Rev Food Sci Food Saf. 2014;13:1012–30.

74. Bird J, Mohd-Hidir S, Lewis DA. Putrescine–a potent endogenous anti-

inflammatory substance in inflammatory exudates. Agents Actions. 1983;13:

342–7.

75. Lovaas E, Carlin G. Spermine: an anti-oxidant and anti-inflammatory agent.

Free Radic Biol Med. 1991;11:455–61.

76. Li JV, Reshat R, Wu Q, Ashrafian H, Bueter M, le Roux CW, Darzi A,

Athanasiou T, Marchesi JR, Nicholson JK, et al. Experimental bariatric surgery

in rats generates a cytotoxic chemical environment in the gut contents.

Front Microbiol. 2011;2:183.

77. Kurihara S, Kato K, Asada K, Kumagai H, Suzuki H. A putrescine-inducible

pathway comprising PuuE-YneI in which gamma-aminobutyrate is degraded

into succinate in Escherichia coli K-12. J Bacteriol. 2010;192:4582–91.

78. Ashrafian H, le Roux CW. Metabolic surgery and gut hormones–a review of

bariatric entero-humoral modulation. Physiol Behav. 2009;97:620–31.

79. Gameiro A, Reimann F, Habib AM, O’Malley D, Williams L, Simpson AK,

Gribble FM. The neurotransmitters glycine and GABA stimulate glucagon-

like peptide-1 release from the GLUTag cell line. J Physiol. 2005;569:761–72.

80. Urbain JL, Penninckx F, Siegel JA, Vandenborre P, Van Cutsem E,

Vandenmaegdenbergh V, De Roo M. Effect of proximal vagotomy and

Roux-en-Y diversion on gastric emptying kinetics in asymptomatic patients.

Clin Nucl Med. 1990;15:688–91.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Palleja et al. Genome Medicine  (2016) 8:67 Page 13 of 13

http://dx.doi.org/10.1136/gutjnl-2015-309800
http://dx.doi.org/10.1136/gutjnl-2014-308778

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Study participants
	Anthropometric and biochemical measurements
	Stool sample collection, DNA extraction, and metagenomic sequencing
	Taxonomic profiling of fecal metagenomes
	Functional annotation and functional profiling of fecal metagenomes
	Relative abundance calculation and microbial feature selection
	Addressing compositional effects
	Statistical analysis

	Results and discussion
	Gut microbial diversity increases after RYGB in parallel with metabolic improvements
	Persistent changes in the gut microbial composition induced by RYGB
	Altered microbial functions after RYGB

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

