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Bariatric surgeries, such as Roux-en-Y gastric bypass (RYGB) and sleeve

gastrectomy (SG), improve obesity and type 2 diabetes (T2D). Both surgeries
affect the gut microbiota, but their contribution to T2D remission remains
unclear. In this subanalysis (RYGB, n=39; SG, n =38) of the randomized
controlled Oseberg trial NCT01778738), in which participants underwent
either RYGB or SG surgery, we profiled the faecal microbiome of individuals
with obesity and T2D before and 12 months after surgery. We show that
bothsurgeries altered the microbiome in the same direction, but with larger
changes after RYGB. The SG-associated altered microbiome composition
correlated positively with circulating glucagon-like peptide 1levels, beta-cell
function and 5 year T2D remission. Remission was also linked to increased
generichness and metabolic potential for fermentation, methanogenesis and
butyrate production. Notably, these associations persisted after accounting
for the extent of weight loss. Our findings indicate that surgery-specific
microbial adaptations influence metabolicimprovements and may help to
explain heterogeneity in T2D remission after bariatric surgery.

Bariatric surgery is an effective treatment for severe obesity and
co-morbidities such as type 2 diabetes (T2D)". However, long-term
weight loss is heterogeneous among individuals following different
procedures’, and the metabolicimprovements underlying T2D remis-
sion are only partially explained by weight loss*. The gut microbiota,
the collective term for the microorganisms that inhabit the gut, is
altered after surgery and has been suggested to contribute to metabolic
improvementsin the host’’. The gut microbiota fermentsindigestible

dietary components, leading to the production of metabolites, for
example, short-chain fatty acids (SCFAs), which provide energy and
act as signalling molecules in the host'™. Bacterial gene richness and
SCFA-producingbacteria, especially butyrate producers, arereducedin
the gut microbiota of individuals with obesity and T2D""2, Accordingly,
increased gene richness and abundance of SCFA-producing bacteria
correlate with metabolic health™'* and also improved glucose control
in patients with T2D following dietary interventions". Furthermore,
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SCFAs and biosynthetic pathways for butyrate production have been
causally linked to insulin secretion, postprandial glycemic responses
and T2D risk™™. Therefore, these features may represent micro-
bial contributions to the outcomes of bariatric surgery relevant for
T2D management.

The type of surgical procedure appears to have animpact on the
extent of metabolic improvements after bariatric surgery. In a rand-
omized clinical trial in which the patients, attending physician and
statistician were blinded to the surgical procedure (the Osebergstudy),
we showed that RYGB was superior to SG, both in terms of weight loss
and T2D remission up to 5 years after surgery' . There are significant
differences in the anatomical rearrangements resulting from these
procedures, possibly contributing to the differences in microbiome
alterations previously observed when comparing RYGB and SG” 2.
However, these earlier studies were not designed to investigate the
impact of different surgeries on the gut microbiome and its potential
link to T2D remission.

To investigate the effects of RYGB and SG on the microbiome
and assess whether surgery-induced alterations were associated with
T2D remission, we characterized the faecal microbiome of 77 indi-
viduals with obesity and T2D from the Oseberg study”. Microbiome
profiling was performed by whole-genome sequencing at baseline and
12 months postoperatively.

Results

Clinical characteristics before and 12 months after surgery
Theindividualsincludedinthisstudy are asubset of participants from
the Oseberg trial who had provided faecal samples both before and
12 months after RYGB (n = 39) or SG (n = 38). Clinical characteristics at
baseline did not differ between the individuals randomized to either
surgery (Supplementary Table 1).

Both surgeries resulted in significant weight loss and improved
metabolic health 12 months after surgery, but there were differencesin
the extent ofimprovement between the groups (Supplementary Table1
and Fig. 1a), consistent with the results observed in the full cohort".
Compared with individuals who underwent SG, participants who
underwent RYGB lost more weight (Fig. 1a,b) and had greater reduc-
tions of fat mass, low-density lipoprotein and total cholesterol lev-
els (Supplementary Table 1 and Fig. 1a). Furthermore, we observed a
greater reductionin fasting blood glucose after RYGB compared to SG,
together with greaterincreaseininsulin secretion ( cell glucose sensi-
tivity (BGS)) and insulin sensitivity (HOMA2S), and higher circulating
levels of glucagon-like peptide 1 (GLP-1) after an oral glucose load (area
under the curve GLP-1and 15 min GLP-1) (Supplementary Table 1and
Fig.1a). Insulin sensitivity (MinmodSI) and the acute insulin response
toglucose (AIRg) measured using anintravenous glucose tolerance test
improved after both surgery types, but these improvements did not
differ between the groups (Supplementary Table 1). Consistent with
the largerimprovementsin metabolic markers, the T2D remissionrate
at 12 month follow-up was higher following RYGB than after SG (74%
versus 52%; logistic regression, P=0.046). Overall, these results sug-
gest that the superior metabolicimprovements after RYGB may involve
additional gastrointestinal mechanisms, such asincretin effects.

RYGB produces larger compositional shifts and a more
homogenous gut microbiota
We analysed whole-genome metagenomic data to determine how
the gut microbiota changed after RYGB and SG, and inrelation to T2D
remission. In agreement with earlier studies®, gut microbiotagene rich-
ness increased after both surgery types (Fig. 1c), and the increase was
larger in individuals who were in remission from T2D at the 12 month
follow-up (Fig. 1d).

The composition of the gut microbiota at baseline did not dif-
fer between the groups randomized to RYGB or SG (permutational
MANOVA, P=0.25). Gut microbiota profiles 12 months after RYGB or

SGwere concordant along the first two principal coordinates (Fig. 1e),
suggesting similar effects of the two procedures on the overall com-
position. However, RYGB explained 5.3% of the gut microbiota com-
positional variation (permutational MANOVA, P = 0.0001) while SG
only explained1.9% (permutational MANOVA, P = 0.045) (Fig.1e). The
larger effect of RYGB remained significant after adjustment for weight
loss (R*=0.03,P=0.001).

We also observed lower inter-individual Bray-Curtis dissimilar-
ity after RYGB compared to both baseline and SG (Fig. 1f), indicating
amore homogeneous composition after RYGB. However, the average
inter-individual variation 12 months after surgery was larger than the
intra-individual variation from baseline for both RYGB and SG (Fig. 1g).
Theseresults show that theimpact of bariatric surgery is smaller than
the inter-individual variation, and the gut microbiota remains indi-
vidualized after surgery, as seeninindividuals who have not undergone
surgical intervention®.

Analysis of gut microbiota composition using sampling time as
a constraining variable showed that surgery explained 2.5% of the
overall compositional variation (permutational MANOVA, P=1x107*)
(Fig. 1h). The surgery-induced change based on the first component
of constrained ordination (CAP1) was greater after RYGB than after
SG, even after adjustment for weight loss (linear model, P=0.0001),
and was more homogenous after RYGB (Fig. 1h, boxplots). We also
observed that CAP1 was higher, albeit non-significantly, after SG but
not after RYGB inindividuals with T2D remission compared with those
not in remission (Fig. 1i). Species linked to high CAP1included Akker-
mansia muciniphila and uncharacterized species from Prevotella
(Prevotella sp900557255), Oscillospirales (CAG-180 sp000432435,
CAG-103 sp000432375), Christensenellales (PeH17 sp000435055)
and Lachnospiraceae (UBA11774 sp003507655)**. By contrast, species
linked to low CAPlincluded Agathobacter rectalis (previously known as
Eubacterium rectale), several species in Bacteroides, Ruminococcus_B
gnavus and Mediterraneibacter torques (previously known as Rumino-
coccustorques) (Fig.1j). Werepeated these analyses within each surgery
group and observed that the top 25 species linked to CAP1were similar
after either surgery. However, Escherichia coli correlated positively
with CAP1after RYGB but negatively after SG (Extended Data Fig.1a,b).

Gut microbiota profiles correlate with metabolic improvements,
particularly after SG. Surgery-induced microbiota change (CAP1)
correlated positively with baseline gene richness and negatively with
baseline hemoglobin Alc (HbAlc), fasting blood glucose and carbohy-
drateintake, normalized by total energy, in participants randomized to
SGbutnotin those randomized to RYGB (Fig. 2a). InSG, baseline gene
richness was associated with both higher gene richness at 12 months
as well as larger CAP1, while it correlated positively only with insulin
secretion (BGS) in participants randomized to RYGB.

Following the more heterogeneous microbiome shiftsand greater
variation between individuals after SG, CAP1showed positive correla-
tions at the 12 month follow-up with gene richness, BGS and GLP-1
responses, particularly after SG (Fig. 2a). Gene richness at 12 months
correlated negatively with fasting blood glucose and HbAlcin the full
cohort and with C-reactive protein (CRP) in participants with RYGB.
Positive correlations were observed with improved GLP-1 responses
at 12 months in the full cohort (Fig. 2a). Insulin secretion (AIRg) and
insulin sensitivity (MinmodSI) assessed intravenously at 12 months did
not correlate with CAP1or gene richness at 12 monthsin the full cohort
or in participants with SG, but a positive correlation was observed
between generichness at12 months and AIRg in participants with RYGB
(Fig. 2a). In SG, gene richness at the 12 month follow-up correlated
negatively with baseline HbAlc and fasting blood glucose and lower
fasting blood glucose after surgery (Fig. 2a). Neither CAP1 nor gene
richness at 12 months correlated with postoperative dietary intake,
whether expressed in absolute grams or normalized to energy intake,
ineither RYGB or SG (Fig. 2a).
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Fig. 1| Microbiome composition after bariatric surgery is associated with
metabolicimprovements. a, Density plots of log,(fold changes) (calculated
at12 months from baseline) for clinical variables in participants with RYGB
(purple) or SG (pink). Differences between RYGB and SG were tested using the
Wilcoxon rank-sum test: *P,; < 0.05; **P,4; < 0.01; **P,4; < 0.001. b, Boxplots of
weightloss calculated as percentage of baseline weight (P = 0.0003, Wilcoxon
rank-sum test). ¢, Microbiome gene richness at baseline (PRE) and 12 months
after surgery (12 mo) in RYGB and SG; lines connect samples from the same
individual (P=0.0004 for RYGB, P= 0.001for SG; Wilcoxon signed-rank test).
d, Microbiome gene richness at baseline and 12 mo for individuals with T2D
remission (yellow) or no remission (black); lines connect samples from the same
individual. The effect of T2D remission on the increase in gene richness was
significantly larger than the effect of surgery (LongDat; see Methods).

e, Dimension reduction of species composition of baseline and 12 mo samples
using principal component (PCo) analysis on Bray-Curtis dissimilarity; shown
arePColand2.Largecircles indicate group average values, and arrows indicate
the standard deviation from the mean. f, Boxplots of average inter-individual
Bray-Curtis dissimilarity (one value per sample) calculated for baseline and

12 mo samples (RYGB 12 mo and SG 12 mo). ns, not significant. g, Boxplots of
average inter-individual Bray-Curtis dissimilarity calculated for 12 mo samples

Beta-coefficients

(one value per sample), and intra-individual Bray-Curtis dissimilarity calculated
between samples from each individual (baseline versus 12 mo) in the RYGB and
SG groups. h, Constrained analysis of principal coordinates using sampling

time (PRE and 12 mo) as constraining variable on Bray-Curtis dissimilarity. First
component of constrained ordination (CAP1) and first multidimensional scaling
variable (MDS]1) are plotted; lines connect samples from the same individual.
Top, silhouettes represent density plots for CAP1in baseline samples (grey) and
12 mo samples for RYGB (purple) and SG (pink); boxplots represent CAP1in12 mo
samples for the RYGB and SG groups (P = 0.0002, for weight-loss-adjusted linear
model). i, Boxplots for CAP1at12 mo in participants with RYGB or SG, divided
according to T2D remission. j. Bar plot of beta coefficients for the top 25 species
contributing to CAP1. Boxplots show the median (centre), interquartile range
(IQR; 25th-75th percentiles) and whiskers extending to 1.5x IQR. P values are
from two-sided Wilcoxon signed-rank tests unless otherwise specified. RYGB,
n=39 participants; SG, n = 38 participants, each with paired samples at baseline
and 12 months. Bio_fat, fat mass; FBG, fasting blood glucose; Cpeptid, connecting
peptide; ISR AUC_OGTT, insulin secretion rate, area under the curve, during oral
glucose tolerance test; Chol, total cholesterol; LDL, low density lipoprotein, TG,
triglycerides; HDL, high density lipoprotein.
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grams (g) and energy normalized (gperE). *P < 0.05. RYGB, n =39 participants;
SG, n =38 participants, each with paired samples at baseline and 12 months.
CHO _gperE, carbohydrates intake, gram per energy; fat, fat intake; creat,
creatinine; FFM, fat free mass; diaBP, diastolic blood pressure; sysBP, systolic
blood pressure.

These results show that a specific gut microbiota composition,
represented by high CAP1, and high gene richness 12 months after
surgery was more likely to be observed in individuals with more con-
trolled glucose metabolism and high gene richness at baseline, as well
asinindividuals with greater GLP-1and insulin responses after an oral
glucoseload and better glycemic control after surgery. In most cases,
the correlations were stronger in those randomized to SG (Fig. 2a),
the group with less pronounced and more heterogeneous metabolic
improvements showing a lower T2D remission rate 12 months after
surgery (Fig.1a and Supplementary Table1).

Species altered by RYGB and SG. Next, we assessed how RYGB and
SG affected the abundance of gut microbial species. As several com-
mon drugs affect gut microbiota composition”, and medication use
changed after surgery (Supplementary Table 1), we filtered out features
that covaried with change in use of statins, antihypertensive medica-
tions and proton pump inhibitors. Metformin use covaried strongly
with remission status and therefore could not be controlled for. Addi-
tionally, given that we observed different weight loss after RYGB and
SG (Fig.1a,b), and as weight loss might drive microbiome changes, we
also examined which species-level changes covaried with changes in
weight, body composition and metabolic parameters, and whether
these relationships differed from associations with T2D remission.

Species that increased significantly in abundance after either
surgery type included uncharacterized Lachnospiraceae (UBA11774
sp003507655), Christensenellales and Oscillospiraceae, as well as
Alistipes spp., Streptococcus spp., Akkermansia spp. and Lachnospira
eligens (previously known as Eubacterium eligens) (Fig. 3a,d,e and
Supplementary Table 2). Species that decreased significantly in abun-
dance after either surgery type included M. torques and R. gnavus,
whichhavebeenlinked tointestinalinflammation, metabolic syndrome
and T2D"*, as well as species known to metabolize complex carbo-
hydrates, such as Bacteroides spp. and Blautia wexlerae (Fig. 3a,f and
Supplementary Table 2).

Inline with the more homogenous composition found after RYGB
(Fig.1h), more species changed significantly inabundance after RYGB
than after SG (Fig. 3a and Supplementary Table 2). Examples of species
thatincreased significantly after RYGB included abundant, but unchar-
acterized, Firmicutes only known as metagenome-assembled genomes
(suchas CAG-170 sp000432135), potential butyrate producers in Alis-
tipes, Christensenella minuta and the butyrate producer Anaerobutyri-
cumsoehngenii (Fig. 3a and Supplementary Table 2). The abundance of
other common butyrate producers, such as Faecalibacterium clade D

and Anaerostipes spp., and carbohydrate degraders such as Bifidobac-
terium and Bacteroides spp. decreased after RYGB (Fig. 3a).

A smaller number of species were significantly altered in abun-
dance only after SG (Fig. 3a and Supplementary Table 2). Theseincluded
increases in the recently described species Gemmiger, an abundant
but still poorly characterized Clostridiales phylogenetically placed
between Ruminococcus and Faecalibacterium®, and Eisenbergiella
tayi, a recently isolated non-proteolytic butyrate producer in the
Lachnospiraceae family?.

In agreement with the similar compositional profiles observed
12 months after surgery between the groups (Fig. 1le), the abun-
dance of most of the species covaried with CAP1 (Fig. 3a and
Supplementary Table 2) and with gene richness regardless of surgery
type (Fig.3b and Supplementary Table 2). Only two of the species that
changed significantly in abundance after both surgeries shifted in
different directions, increasing after RYGB and decreasing after SG
(Fig. 3a); these species belonged to the genus Escherichia and their
abundance at12 months covaried with CAP1 following RYGB (Fig. 3b).

Finally, we assessed how changesinabundance of the measured spe-
cies covaried with metabolic variablesand T2D remission after 12 months
(in both groups combined) (Fig. 3c and Supplementary Table 2). For
many species, the change in abundance covaried with weight, param-
eters of body composition and glucose metabolism as well as GLP-1
responses (Fig. 3c). For most species linked with T2D remission (for
example, Alistipes senegalensis, Alistipes timonensis and L. eligens), the
changeinabundance also covaried with metabolicimprovements and
weightreduction (Fig. 3c,g). For several Akkermansia species, changein
abundance covaried with weight and fat mass change but not with T2D
remission (Fig. 3c,h). Changes in abundance for a few species, which
were uncharacterized and mostly belonged to Christensenellales (for
example, PeH17 sp000435055), covaried with T2D remission and not
with weight or fat mass|loss (Fig. 3c,i). Therefore, these results show that
most species-level changes covaried with changes in weight and body
composition, but some features linked to T2D remission did not. None
ofthese species-level changes covaried with changes in macronutrient
intake (Supplementary Table 2).

Altered microbiome functional potential after RYGB and SG.
By using KEGG orthologs (KOs), we observed that the microbiome
functional potential was significantly altered after RYGB (per-
mutational MANOVA on KOs, R*=0.027, P=0.0302) (Fig. 4a and
Supplementary Table 3), but not after SG (R*=0.021, P=0.0920). We
also observed that the functional potential 12 months after surgery
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differed significantly between the surgery types (R? = 0.026, P= 0.0325)
(Fig. 4a). To evaluate whether the lack of a significant functional shift
after SG was because of heterogeneity in this group, we repeated the
analysis in SG participants who achieved T2D remission. In this sub-
group, the functional shift was larger and close to significance (n =40,
R?>=0.043, P=0.055). Similarly, when excluding SG participants with
weightloss ofless than 10 kg, a significant functional shift was observed
(n=66,R*=0.029, P=0.044). Therefore, functional changes after SG
occurespecially inindividuals with greater metabolicimprovements,
but the heterogeneity of weight loss and T2D remission in the whole
SG group dilutes the overall signal.

To identify metabolic pathways affected by surgery, we summa-
rized KOs into gut metabolic modules (GMMs)?*°, Abundance of the
following GMMs changed in the same direction after RYGB and SG:
pyruvate dehydrogenase complex (MFO072, producing acetyl-CoA
from pyruvate) and lysine degradation I (MFOO57, producing butyrate
through the lysine pathway) increased, while sucrose degradation
(MF0010, MFOO011) and sulfate reduction (MF0102) decreased (Fig. 4b).
Pyruvate dehydrogenase complex and lysine degradation I covaried
with CAP1independent of surgery type and gene richness 12 months
after surgery (Fig. 4b and Supplementary Table 4).

Abundance of most GMMs, including MFO093 for propion-
ate production, changed significantly only after RYGB (Fig. 4b).
Consistent with changes at the species level (Fig. 3a), pathways for
metabolism of amino acids and diamines, such as arginine, lysine and
putrescine (MFO052, MF0058 and MFO082), widespread in Proteo-
bacteria, were also increased after RYGB, together with modules for
oxygen-dependent metabolism, such as ferredoxin oxidoreductase and
vanillate conversion (MFO069 and MCO0O08). Furthermore, anaerobic
fatty acid oxidation (MF0059), also widespread in Proteobacteria®,
increased and covaried with CAP1 only after RYGB (Fig. 4b,c).

Several GMMs that increased after RYGB also increased after
SG, albeit non-significantly. These included pathways for amino
acid metabolism to pyruvate, such as MFOO025 (tryptophan degrada-
tion) and MFO032 (methylaspartate pathway for glutamate catab-
olism), which were linked to remission (Extended Data Fig. 2a and
Supplementary Table 4), as well as MFO045 (cysteine degradation)
and MF0048 (serine degradation). MFO064, for triacylglycerol deg-
radation, also had a similar pattern and was linked with remission
and gene richness 12 months after surgery (Extended Data Fig. 2a and
Supplementary Table 4). In addition, MF0100 and MFO099, the GMMs
for methanogenesis from carbon dioxide and hydrogen, which cova-
ried with gene richness 12 months after surgery and with CAP1 after SG
(Fig.4b,d,e and Supplementary Table 4), also increased after surgery.
Similarly, MF0103, the GMM for mucin degradation, also increased.
The increased capacity for methanogenesis and mucus degradation
probably reflects the results at the species level (for example, increased
abundance of methanogenic archaea Methanobrevibacter smithii and
the mucin degrader A. muciniphila) (Supplementary Table 2).

GMMs with decreased abundance after RYGB included path-
ways for degradation of monosaccharides, disaccharides and poly-
saccharides (for example, fructose, MFOO15; arabinose, MFO014;
melibiose, MFO09; arabinoxylan, MFO0O01; and pectin, MFO03);
several of these pathways covaried with CAP1in one or both surgery
types and T2D remission (MFO001, MFO002, MF0009) (Fig. 4b,

Extended Data Fig. 2a and Supplementary Table 4). Consistent with
these results, and possibly related to the decrease of Bacteroides and
Bifidobacterium spp. (Fig. 3a), the saccharolytic potential decreased
afterbothRYGB and SG, particularly inindividuals who achieved remis-
sion (Extended DataFig.2b and Supplementary Table 4). Pathways for
pyruvate metabolism to ethanol (MFO090) and formate (MF0074) also
decreased after RYGB and non-significantly after SG, together with
galacturonate degradation (MF0022) and the Entner-Doudoroff path-
way (MF0066) (Extended DataFig. 3), suggesting decreased potential
for non-glycolytic energy metabolism after bariatric surgery®.
Finally, the pay-off phase of glycolysis (MFO068) and acetate
production from acetyl-CoA (MFO086) increased significantly only
after SG and were linked to gene richness, CAP1 and, for MFO068, T2D
remission (Fig. 4b and Supplementary Table 4). Overall, these results
indicate that the fermentative potential for production of butyrate
increased after either surgery type, whereas the potential for production
of acetate and propionate increased after SG and RYGB, respectively
(Extended Data Fig. 3). Bariatric surgery also increased the potential
for metabolism of fatty acids, as indicated by the increase of triacylg-
lycerol degradation (MFO064) and anaerobic fatty acid beta—oxidation
(MF0059), but withalarger effect after RYGB. Oxygen-dependent metab-
olismwasspecificallyincreased only after RYGB (MFO069 and MCO0O08).

Altered patterns of carbohydrate and amino acid fermentation
after bariatric surgery. Bariatric surgery, particularly RYGB, has been
associated with shifts in microbial fermentation patterns, including
increased amino acid fermentation®®. To further investigate the fer-
menting capacity of the microbiome, we determined the faecal levels of
SCFAs (acetate, propionate and butyrate), branched-chain fatty acids
(BCFAs; isovalerate and isobutyrate), lactate and succinate at baseline
and 12 months after surgery.

We observed that the increases in functional potential were
not reflected in the faecal SCFAs concentrations that decreased
12 months after surgery, while the levels of BCFAs did not change
(Extended Data Fig. 4a and Supplementary Table 5). Lactate and suc-
cinate are intermediary metabolites that do not accumulate in the
humangut*, and thelower levels after RYGB possibly suggest increased
removal after this surgery. Of note, acetate faecal concentrations
decreased in all individuals irrespective of T2D remission, whereas
the decrease in propionate and butyrate faecal levels was driven by
reduced levels in individuals with T2D remission 12 months after sur-
gery (Extended Data Fig. 4b and Supplementary Table 5).

To assess the overall output of microbial fermentations from
carbohydrates and proteins, we calculated the ratio of BCFAs to SCFAs
(BCFA/SCFA). Consistent with results from cross-sectional studies in
RYGB’**, BCFA/SCFA increased after both surgery types (Fig. 5a).

After adjustment for the extent of weight loss, the BCFA/SCFA
ratio at12 months correlated positively with gene richness at 12 months
(Fig. 5b, bottom). The change in BCFA/SCFA covaried with shifts in
GMMs after surgery (for example, sucrose and galacturonate deg-
radation (MFOO11, MF0022) and butyrate production from lysine
(MF0057)) (Fig. 5b, top). BCFA/SCFA at 12 months also correlated posi-
tively with higher relative abundance of these GMMs and of other path-
ways for butyrate and SCFAs production (for example, butyrate kinase
gene (MF0088), succinate consumption (MFO083) and propionate

Fig. 3 |Species altered by RYGB and SG. a, Species significantly altered after
RYGB and SG (P,¢;< 0.05, Wilcoxon signed-rank test) with an average count of
more than 6,500 or covarying with remission. Additional statistics are provided
in Supplementary Table 2. Points show effect sizes (Cliff’s delta) for the change
following surgery (RYGB, purple; SG, pink). b, Significant weight-loss-adjusted
Spearman’s rho correlations (P < 0.05) for species abundances with gene richness
at12 mo (green) and CAP1in12 mo samples for RYGB (purple) and SG (pink).

¢, Effect sizes (Cliff’s delta) for covariates classified as either ‘entangled with
covariate’ or ‘reducible to covariate’ in explaining species changes following

surgery (LongDat). d-f, log,, relative abundance of selected species at baseline
and 12 mo after surgery in RYGB and SG; lines connect samples from the same
individual. g-i, log,, relative abundance of selected species at baseline and 12 mo
after surgery in participants divided by T2D remission at 12 mo. Lines connect
samples from the same individual. Boxplots show the median (centre), IQR (25th-
75th percentiles) and whiskers extending to 1.5% IQR. P values are from two-sided
Wilcoxon signed-rank tests unless otherwise specified. RYGB, n = 39 participants;
SG, n =38 participants, each with paired samples at baseline and 12 months.
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Fig. 4| The microbiome functional potential shifted after bariatric surgery.

a, Dimension reduction of KO compositionin baseline and 12 mo samples

using PCo analysis on Bray-Curtis dissimilarity; shown are PCo1and 2. Circles
indicate group average values, and arrows indicate the standard deviation from
the mean. b, GMMs significantly altered after RYGB and SG. Shown are features
with P,g; < 0.1(Wilcoxon signed-rank test). Additional statistics are presented

in Supplementary Table 4. The first column shows effect sizes (Cliff’s delta) for
changes following surgery (RYGB, purple; SG, pink). The second column shows
significant weight-loss-adjusted Spearman’s rho correlations (P < 0.05) for GMMs
withgene richness at12 mo (green), and CAP1in 12 mo samples for RYGB (purple)
and SG (pink). The third column shows effect sizes for covariates classified
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as either ‘entangled with covariate’ or ‘reducible to covariate’ in explaining
species changes following surgery (LongDat). Colours of GMM names represent
‘amino acid degradation’ (blue), ‘carbohydrate degradation’ (green) and ‘gas
metabolism’ (pink). c-e, Abundance of selected GMMs at baseline and 12 mo after
surgery in RYGB and SG; lines connect samples from the same individual.

¢, MF0059 (RYGB; P=0.03,SG; P=0.40); d, MFO100 (RYGB; P= 0.019, SG;
P=0.27); ¢, MFO0099 (RYGB; P=0.017,SG; P = 0.18). Boxplots show the median
(centre), IQR (25th-75th percentiles) and whiskers extending to 1.5x IQR. P values
are from two-sided Wilcoxon signed-rank tests unless otherwise specified. RYGB,
n=39 participants; SG, n = 38 participants, each with paired samples at baseline
and 12 months.

production (MFO0095, MF0094)) (Fig. 5b, bottom). These associations
were mostly driven by SG and probably reflected the heterogeneity of
microbial shifts after this procedure.

Butyrate production potential is increased 12months after
surgery. To specifically quantify the potential for butyrate production
and test the link with T2D remission, we quantified the terminal genes
for butyrate production from carbohydrates (that is, but and buk)
and amino acids (that is, ato for the lysine pathway and 4hbt for the
4-aminobutyrate pathway)™.

The abundance of but and buk, the two most prevalent terminal
genes, was not significantly different after surgery, but the abundance

of ato and 4hbt increased significantly after either surgery type
(Fig. 6a—c, Supplementary Table 6 and Extended Data Fig. 5a). Abun-
dance of buk, 4hbt and ato at 12 months covaried with CAP1 in both
groups, independent of extent of weight loss, and with generichness
and BCFA/SCFA at 12 months (Fig. 6¢ and Supplementary Table 6).
However, atowas the only gene thatincreased inabundance exclusively
inthose whowere in T2D remission (Fig. 6d and Extended Data Fig. 5).
Abundance of ato at baseline was also significantly associated with
BCFA/SCFA at baseline (Fig. 6e) as well as with CAP1 (Fig. 6f). Thus,
levels of ato before surgery may have predictive value for specific
microbiota configurations after bariatric surgery, fermentation capac-
ity and T2D remission.

Nature Metabolism


http://www.nature.com/natmetab

Article https://doi.org/10.1038/s42255-026-01525-9

a b
)
©
014 - o 10 / I sub
& O BCFA/SCFA in all subjects
012 4 S o NA o Qp e 0 %o © BCFA/SCFA in RYGB
010 | © O BCFA/SCFAin SG
< : N
L » -1.0
3 008 8 | BCFA/SCFA, all subjects at 12 mo
T 0.06 & BCFA/SCFA, RYGB at 12 mo
O
D 0.04 O BCFA/SCFA, SGat 12 mo
N L NN\ SN\ \J N\
0.02 4 RS PN A AN oeoo\\
K & '&\O\Q;\\ 5&\ QO\ & Q \o L & <’° é’b ’0 \b'zy’\\ S ]
o © SRS LN g CaR SRR 00 & b° PP &P <&
g O (P3O & & Fed S S @q \° S D O
o bb@)b@ SN I I Q @ & £ b Q
Ll e @ <2 & @ B -@ Q,Q.Q & -0.5 0.5
IS VE S FF @ LCFLC RO & ,
EREIONS \'\OQK\* FOIAS &° /\\O & & \\b«/\\@ g & Spearman’s rho
&P P00 B PP R R P SN o7 S
DT RINT B P e WO O, R P
S 00\00(0 S %9@@ 5 P 52O <<°0 57
CEELLN? N &L & VPE S P
EEE LGP S ¢ < S S
R\ X AR <
\ 5
A\ v
$
3
X

Fig. 5| Altered fermentation after bariatric surgery. a, BCFA/SCFA ratios at
baseline and 12 mo after surgery in RYGB and SG (RYGB, P= 0.001; SG, P= 0.006).
Lines connect samples from the same individual. b, Bottom, Spearman’s rho
between BCFA/SCFA and GMMs at 12 mo; white asterisks indicate weight-loss-
adjusted and false discovery rate-adjusted P < 0.1. Top, change in BCFA/SCFA
ratio (Cliff’s delta) when the change in ratio between time points covaried with

the change of surgery in all samples (LongDat). Boxplots show the median
(centre), IQR (25th-75th percentiles) and whiskers extending to 1.5x IQR. P values
are from two-sided Wilcoxon signed-rank tests unless otherwise specified. RYGB,
n =39 participants; SG, n = 38 participants, each with paired samples at baseline
and 12 months. Additional statistics provided in Supplementary Table 5.

To identify taxa bearing the terminal genes for butyrate produc-
tionand that were alteredin abundance by surgery, we clustered genes
into co-abundant gene clusters and annotated clusters with more than
700 genes (that is, metagenomic species, MGS) that contained the
terminal genes for butyrate production. Consistent with increased
abundance of ato and 4hbt after surgery, several MGS that increased in
abundance after bariatric surgery contained 4hbt, ato or both (Fig. 6g
and Supplementary Tables 7 and 8). These MGS were taxonomically
annotated as species in Alistipes, Intestinimonas, Odoribacter and
Flavonifractor, which have been reported to contain 4hbt™. The gen-
eraPeH17 and Phillin the Christensenellales order were the only MGS
bearing ato thatincreased after surgery (Fig. 6g), suggesting that these
uncharacterized bacteria might contribute to the increased butyrate
production potential after bariatric surgery and are potentially linked
to T2D remission.

To investigate how gut microbiota configurations 12 months
after surgery relate to measures of glucose metabolism important
for T2D remission, we performed a network analysis for CAP1, gene
richness, species, GMMs and clinical variables associated with T2D
remission. This analysis identified more interactions after SG, which
againprobably reflected the higher heterogeneity in metabolic pheno-
types and microbiota composition after this procedure. At 12 months
after SG, the abundance of Alistipes spp. and PeH17 sp000435055
positively associated with ato abundance, CAP1, GLP-1responses and
BGS, while CAP1 and BGS were negatively associated with R. gnavus
(Extended Data Fig. 6). Overall, these results indicate that higher levels
of Alistipes spp., PeH17 sp000435055 and ato are potentiallyimportant
to achieve a gut microbiota configuration with low levels of R. gnavus
and high BGS after surgery. The positive association between CAP1and
PeH17 sp000435055 and the negative associations between R. gnavus
and both CAP1and BGS were also observed after RYGB, thus indicating
that these interactions may be important for metabolicimprovements
independent of surgery type.

Surgery type-specific microbiome contributions to T2D remission.
We next investigated microbiome alterations that covaried with T2D
remission at 12 months after each surgery type separately to identify

potential surgery-type-specific contributions to remission. To test the
contribution to altered fermentation outputs, we also assessed the
covariation of these features with BCFA/SCFA.

Abundance of ato and gene richness covaried with remission
after both RYGB and SG and levels of ato correlated with BCFA/SCFA
12 months after surgery (Fig. 7a-c and Supplementary Table 9), but the
increased ratio of BCFA/SCFA covaried only with remission after SG
(Fig. 7d). Abundance of PeH17 sp000435055 covaried with remission
after either surgery type, while abundance of Phill sp001940855, Firm11
sp900540045, E. tayi and the GMM MFO0O068 for glycolysis (pay-off
phase) covaried with remission only after SG (Fig. 7d). Abundance
of the pyruvate dehydrogenase complex (MF0072) and acetyl-CoA
to acetate (MFO086) covaried with remission only after SG (Fig. 7a),
while theincrease in potential for methanogenesis (MFO099) covaried
with remission only after RYGB (Fig. 7a). However, targeted analysis
showed that methanogenesis increased only in the subgroup with
remission after both SG and RYGB (MFO0099 and MF0100; Fig. 7e,f).
We also found that Proteobacteria such as Escherichia and Kleb-
siella pneumoniae covaried with remission after RYGB; Fig. 7a,g). In
agreement, vanillate conversion (GMM MCO0008) (Fig. 7a), includ-
ing the KO for the vanillate monooxygenase (vanB; K03863), and
KOs for the E. coli respiratory complex cytochrome o ubiquinol oxi-
dase (K02297, K02298, K02299, K02300; KEGG module M00417)
increased after RYGB in the subgroup with remission (Fig. 7h and
Supplementary Table 3), suggesting thatincreased oxygen-dependent
metabolism in the gut is associated with remission specifically
inRYGB.

Microbiome features can predict 5-year T2D remission. Finally, we
investigated whether the microbiome alterations observed 12 months
after surgery could predict remission at the 5 year follow-up. We found
that 49% of the individuals with RYGB and 27% of the individuals with
SG were still in remission after 5 years (Fig. 8a). Compared to the
12 month remission status (Fig. 1i), CAP1 was significantly larger for
individuals who remained in remission 5 years after SG, but was high
in both remitters and non-remitters following RYGB (Fig. 8b). After
SG, the higher weight loss observed in remitters after 12 months was

Nature Metabolism


http://www.nature.com/natmetab
https://www.ncbi.nlm.nih.gov/nuccore/K03863
https://www.ncbi.nlm.nih.gov/nuccore/K02297
https://www.ncbi.nlm.nih.gov/nuccore/K02298
https://www.ncbi.nlm.nih.gov/nuccore/K02299
https://www.ncbi.nlm.nih.gov/nuccore/K02300
https://www.ncbi.nlm.nih.gov/nuccore/M00417

Article

https://doi.org/10.1038/s42255-026-01525-9

2,000
1,200

1,500 4 1,000

800
1,000 4
600

4hbt (counts)
ato (counts)

500 4 400

200

PRE 12 mo PRE 12 mo PRE 12 mo PRE 12 mo

RYGB SG RYGB SG

d
buk

1,200
4hbt
1,000

but
800

B B

ato (counts)

ato o]

T T T T A e B B A e
-1.0 -05 0 05 10 0 0.6
Effect size (Cliff's delta) Spearman’s rho

surgery weight-loss adj.

600

400

200

E§

BCFA/SCFA_All
BCFA/SCFA_SG
BCFA/SCFA_RYGB

@ P, <0.1inRYGB
O P,;>0.1inRYGB
) Py <01 in SG
O P,>0.1inSG

@ CAP1in RYGB (12 mo)
@ CAP1in SG (12 mo)
@ Gene richness (12 mo)

Non-
remitters

e SG; rho =0.44, P = 0.0061

RYGB; rho = 0.39, P=0.013

SG; rho = 0.57, P= 0.00076
RYGB; rho = 0.40, P.= 0.012

700
600
500
400
300
200
100

400

ato (counts), PRE
ato (counts), PRE

200

0.02 0.04 0.06 0.08
BCFA/SCFA, PRE

-1.0-05 0 0.5 10
CAP1

1.5 20

Fig. 6 | Butyrate production potential increases after bariatric surgery.
Counts at baseline and 12 mo after surgery 4hbt (a, 4-aminobutyrate pathway,
RYGB; P=0.000007,SG; P=0.02) and ato (b, lysine pathway; RYGB; P=0.01,
SG; P=0.009). Lines connect samples from the same individual. Boxes show
median and IQR; whiskers specify +1.5x IQR. ¢, Change in the abundance of
butyrate production terminal genes and correlations with gene richness, CAP1
at12 mo and the BCFA/SCFA ratio. The first column shows effect sizes (Cliff’s
delta) for change following surgery (two-sided) for RYGB (purple) and SG (pink).
The second column shows significant weight-loss-adjusted Spearman’s rho
correlations (P < 0.05) with gene richness at 12 mo (green), and CAP1in12 mo
samples for RYGB (purple) and SG (pink). The third column shows Spearman’srho
correlations between BCFA/SCFA at 12 mo and the abundance of terminal genes

PRE 12 mo PRE 12 mo

B but/buk only
[ 4hbt
[ ato or 4hbt+ato

Row z-score
relative abundance

CAG00325;0__Lachnospirales;g__Ruminococcus_B;s__
CAGO00063;0__Lachnospirales;s_ Ruminococcus_B gnavus
CAG00265;0__Peptostreptococcales;s_Intestinibacter sp900540355

CAGO00303;0__Lachnospirales;s__Eubacterium_G sp000435815
CAG00209;0__Lachnospirales;s_ Clostridium_Q saccharolyticum_A
CAG00242;0_Oscillospirales;s_ Eubacterium_R sp000436835

CAGO00038;0__Bacteroidales;s__Bacteroides eggerthii
CAGO00244;0_Oscillospirales;s_Lawsonibacter sp900066825
CAGO00037;0_Oscillospirales;s__Faecalibacterium prausnitzii_D
CAGO00148;0__Lachnospirales;s_ Anaerobutyricum hallii
CAGO0067;0_Oscillospirales;s_Dysosmobacter welbionis
CAGO00142;0_Oscillospirales;s__Lawsonibacter asaccharolyticus
CAG00429;0_ Oscillospirales;g_ Dysosmobacter;s__
CAGO00157;0_Oscillospirales;g__Agathobaculum;s__

CAGO00197;0__Lachnospirales;s__Clostridium_Q sp003024715
CAGO00184;0_Oscillospirales;s_ Evtepia gabavorous

CAGO00083;0__Bacteroidales;s_ Alistipes finegoldii
CAG00138;0_Lachnospirales;s__Anaerobutyricum soehngenii
CAGO00267;0_Bacteroidales;s_ Alistipes_A sp900240235
CAGO0O0171;0__Bacteroidales;s_ Alistipes communis
CAGO00194;0_ Bacteroidales;s__Alistipes senegalensis
CAGO00307;0__Lachnospirales;s__UBA7182 sp003480725
CAGO00187;0_Oscillospirales;s_ER4 sp900317525
CAGO00045;0__Bacteroidales;s__Alistipes shahii
CAGO00374;0_Lachnospirales;s_ CAG-81 sp900066785
CAGOO111;0_Oscillospirales;g_ CAG-110;s__
CAGO0O0177;0__Bacteroidales;s_ Alistipes sp000434235
CAG00275;0_ Oscillospirales;s_Dysosmobacter sp001916835
CAGO00207;0__Lachnospirales;s_Eubacterium_F sp000433735

CAGO00085;0__Bacteroidales;g_ Prevotella;s__
CAGO00090;0_ Oscillospirales;g_ CAG-103;s__
CAGO00192;0_ Oscillospirales;g_ CAG-103;s__
CAG00132;0_ Christensenellales;s_ SFELO1 sp004557245
CAGO00025;0_Lachnospirales;s__Roseburia hominis

CAG00239;0__Lactobacillales;s__Enterococcus faecalis
CAGO00206;0_ Oscillospirales;s__ Anaerotruncus massiliensis

at12 mo. White asterisks indicate weight-loss-adjusted P < 0.05.d, Counts of ato
atbaseline and 12 mo after surgery in participants divided by T2D remission at

12 mo. Lines connect samples from the same individual (the change after surgery
covaries with remission; LongDat). Boxes show median and IQR; whiskers specify
+1.5xIQR. e, Spearman’s correlation between ato counts and BCFA/SCFA at
baseline. f, Spearman’s correlation between ato counts at baseline and CAP1 at

12 months. g, MGS that were significantly altered after surgery and contain
atleast one terminal gene for butyrate production pathways (statisticsin
Supplementary Tables 7 and 8). MGS are coloured by the encoded terminal
genes. Pvalues are from false discovery rate-adjusted two-sided Wilcoxon
signed-rank tests unless otherwise specified. RYGB, n = 39 participants; SG, n = 38
participants, each with paired samples at baseline and 12 months.

no longer observed at the 5 year follow-up (Extended Data Fig. 7).
Notably, similar results were observed using the remission definition of
HbA1c 6.5% (compared to 6.0% used previously; Extended Data Fig. 8).

After SG, the BCFA/SCFA ratio at 12 months was higher in those
in remission at 12 months (Fig. 8c) but not after 5 years (Fig. 8d). This
result suggests that BCFA/SCFA is a marker of the current metabolic
state of the microbiome and its host and is not applicable to long-term
predictions, whereas the microbiome shift over the first year in SG is
predictive of long-term T2D remission.

Next, we built a model based on extreme gradient boosting
(XGBoost) using CAP1and baseline values of features associated with
12 month T2D remission to test their importance for long-term pre-
diction of 5 year remission. In addition to gene richness and CAP1, the

most predictive features were L. eligens, A. senegalensis, C. minuta, as
well as ato, 4hbt and buk (Fig. 8e and Extended Data Fig. 9).

Discussion

We identified features of the gut microbiota linked to long-term T2D
remission following two types of bariatric surgery by analysing the
microbiota from the Oseberg randomized controlled trial'®". All
patients lost weight to varying extents, but the major microbiota shift
(CAP1) wasindependent of the extent of weight loss. We show that insu-
lin secretion and GLP-1responses in individuals with T2D were linked
with specific gut microbiota configurations, represented by CAP1.
Additionally, baseline abundances of features positively associated with
CAP1 were also predictive of 5 year remission. These results support
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Fig.7 | Specific microbiome alterations after RYGB and SG linked to T2D
remission. a, Left column, effect size (Cliff’s delta) of features with changes in
relative abundance after RYGB or SG classified as either ‘entangled with effect’
of remission or ‘reducible to effect’ of remission (yellow points, longDat; see
Methods). Right column, effect size (Cliff’s delta) of features with changes
inrelative abundance after RYGB or SG classified as either ‘entangled with
effect’ or ‘reducible to effect’ with change in fermentation ratio (BCFA/SCFA;
blue points, longDat; see Methods). Black circles, covarying with BCFA/SCFA
ratioin all samples; purple circles, covarying with BCFA/SCFA ratio in RYGB
group; pink circles, covarying with BCFA/SCFA ratio in SG group. b-g, Counts

of selected features at baseline and 12 mo after surgery in samples divided by
surgery type and T2D remission at 12 mo. Lines connect samples from the same
individual. h, Abundance of KEGG module M00417 at baseline and 12 mo after
surgery in participants with RYGB divided by T2D remission at 12 mo. Boxplots
show the median (centre), IQR (25th-75th percentiles) and whiskers extending
to1.5xIQR. P values are from unadjusted two-sided Wilcoxon signed-rank
tests. RYGB, n =39 participants; SG, n = 38 participants, each with paired
samples at baseline and 12 months. Additional statistics for panels a-lare
presented in Supplementary Table 9.

the hypothesis that gut microbiota heterogeneity influences metabolic
status and responses to treatments, including bariatric surgery®.
Whole-genome metagenomic studies have shown that RYGB and
SG alter the gut microbiota with shared as well as procedure-specific
effects?®?*738, Qverall, these studies report larger microbiota shifts

following RYGB'**%* but had limited power to detect features associ-
ated with T2D remission’. We observed amore heterogeneous micro-
biome compositioninSG, indicated by the large CAP1range observed
12 months after this surgical procedure. However, higher CAP1 was
associated with greater insulin secretion (BGS) and incretin responses
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Fig. 8| The microbiome shift is predictive of long-term remissionin SG.

a, Percentage of participants with RYGB or SG in remission from T2D at the 12 mo
or 5year (5Y) follow-up. b. CAP1 of the faecal microbiota at 12 mo in samples
divided by surgery type and T2D remission at 5 year follow-up. c. BCFA/SCFA
ratioin12 moinsamples divided by surgery type and T2D remission at 12 mo
follow-up.d, BCFA/SCFAratioin12 moinsamples divided by surgery type and
T2D remission at 5 year follow-up. Circles indicate samples from participants
who were not in remission at the 5 year follow-up; grey and yellow colours

0.20

indicate no remission or remission at the 12 month follow-up, respectively.

e, Bar plots showing features important for predicting S year T2D remission from
baseline values using XGboost (extreme gradient boosting). Boxplots show the
median (centre), IQR (25th-75th percentiles) and whiskers extending to 1.5x IQR.
Pvalues are from unadjusted two-sided Wilcoxon signed-rank tests. RYGB, n = 39
participants; SG, n =38 participants, each with paired samples at baseline and

12 months.

(circulating GLP-1) 12 months after SG and with 5 year T2D remission.
Importantly, postoperative dietary intake differences between the
surgery groups in this cohort*® did not explain this shift. However,
these associations explained a small fraction of the variance, consist-
ent with the modest effect sizes observed for individual parameters
in microbiome studies.

The ability of the microbiome to attain this configuration after
surgery was also linked to baseline glucose metabolism (for example,
HbAIlc and fasting blood glucose) and gut microbiota gene richness,
consistent with previous observations?. Furthermore, microbiome
features, including Christensenellales and Alistipes spp., as well as the
atoand 4hbtbutyrate production pathways, were associated with diabe-
tes remission, whichis consistent with the 4hb¢ pathway being causally
linked with insulin secretion in response to glucose challenge®. After
RYGB, a larger and more consistent microbiome shift was observed
across participants, resulting in limited variation between individuals
and few correlations with metabolic parameters. This suggests that
other factors may impact remission after RYGB, including T2D duration®.

As reported in previous studies, bariatric surgery increased
host mucin degradation>*"*?, probably reflecting the increase of

Akkermansia spp.*. However, the abundance of R. gnavus, a muco-
lytic proinflammatory bacterium associated with several features
of the metabolic syndrome®, low gene richness' and inflammatory
bowel disease**, decreased after surgery. Based on our network analy-
ses, the abundance of R. gnavus was lower in microbiota with high
CAP1 at 12 months after surgery and was negatively associated with
insulin secretion (BGS) after both RYGB and SG, suggesting a shared
microbiome-associated link withimproved 3 cell functionindepend-
ent of surgery type.

Analysis of the functional potential showed that the gut micro-
biota at 12 months after surgery was more fermentative in nature,
displaying increased potential for production of acetate after SG,
propionate after RYGB and butyrate after either surgery. Consistent
withtheincreased fermentative potential, methanogenesis (consum-
ing hydrogen, a main product of anaerobic fermentation) increased
after both RYGB and SG. Methanogenesis from carbon dioxide and
hydrogen, driven by M. smithiiin the human gut, has been linked to a
lean phenotype and metabolic health'**>*¢ as well as fasting*” and
slow transit time*®. In our study, methanogenesis was associated with
high gene richness and high CAP1, particularly after SG, consistent
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with previous studies showing a link between M. smithii and acetate
production in communities with high diversity enriched in Chris-
tensenellaceae®. As increased methanogenesis was associated with
T2D remission 12 months after surgery, our results suggest a role
for methanogenesis in favouring fermentative metabolism and T2D
remission after both RYGB and SG.

In RYGB, we observed increased abundance of Escherichia spp.
and oxygen-dependent metabolic pathways, including aerobic respira-
tion. These features were linked to high CAP1and T2D remission spe-
cificallyinRYGB and occurred together with protein fermentation and
anaerobic fatty acid metabolism, consistent with previous reports*'.
BothRYGB and SG accelerate gastric emptying and intestinal transit®.
However, RYGB is characterized by more extensive anatomical rear-
rangements, influencing bile acid circulation and nutrient delivery*°
and possibly intestinal redox conditions. The increase of Escherichia
spp. specifically in RYGB may therefore reflect this more complex eco-
logical restructuring of the gut environment and alterationsin luminal
redox balance. Furthermore, aerobicrespiration may resultin energy
dissipation, and previous reports have shownan association between
increased £. coli and decreased fat mass after RYGB®.

Quantification of fermentation products combined with longi-
tudinal data and functional profiling of the microbiome showed that
the potential for SCFA production increased but the faecal levels of
these metabolites decreased after surgery. In line with this result,
other studies have shown that the functional potential for butyrate
production does not correlate with faecal butyrate levels®”. Our results
suggestincreased SCFA use after surgery, either by the host, which may
belinked to decreased inflammationand increased GLP-1(refs.51,52),
or by microbial cross-feeding, as described for gut bacteria consum-
ing acetate and lactate for butyrate production®***. Accumulation of
SCFA in faeces might reflect the current metabolic status of the host,
andincreased faecal SCFA levels have previously been associated with
obesity and features of the metabolic syndrome®~°. Increased faecal
propionate has been found in obesity* and has been causally linked
with increased risk of T2D". We observed that faecal propionate and
butyrate decreased only inindividuals with T2D remission, driving the
increase in the BCFA/SCFA ratio, and BCFA/SCFA was associated with
remission in SG. Therefore, measurement of faecal BCFA/SCFA ratios
might be useful to follow host-microbiome interactions relevant for
metabolic health and T2D. However, faecal concentrations cannot
be used to directly infer microbiome fermentation capacity, as SCFA
and BCFA levels reflect the combined outcome of microbial produc-
tion, host absorption and excretion. Dedicated flux studies would be
required to directly estimate microbial production.

The species showing strong associations with T2D remissionin the
full cohortindependent of the extent of weight loss were uncharacter-
ized Christensenellales, L. eligens and Alistipes spp., which increased
12 months after surgery and were predictive of 5 year T2D remission,
also from baseline. In line with our results, the abundance of these
bacteria has been linked with human metabolic health. L. eligens is
a universal human gut bacterium®, inducing the production of the
anti-inflammatory cytokine IL-10 in vitro®®. L. eligens is decreased in
atherosclerosis®® and is a signature marker decreased in liver cirrhosis,
together with Alistipes spp.®°.Inameta-analysis of 8,117 faecal metage-
nomes from Europe, the USA, Israel and China®, L. eligens and Alistipes
spp. were negatively associated with T2D, independent of age, sex and
metformin medication. Furthermore, Alistipes spp. have been associ-
ated withinsulin sensitivity® and decreased risk of developing T2D over
alSyear follow-up in Finnish individuals®>. Within Christensenellales,
members of the Christensenellaceae family have been associated
with host health®and have been linked to healthy ageing*®; moreover,
C. minuta is decreased in obesity and T2D**°* and is shown to have
anti-inflammatory effects in vitro and in mouse models®.

This study has some limitations. Our analyses were based on
species-level taxonomic resolution, which may mask strain-level

functional diversity and limit mechanistic interpretation. Addition-
ally, only participants who provided stool samples were included in the
microbiome analyses, and these individuals had slightly lower baseline
HbAIlc than the full Oseberg cohort. Although this may introduce
selection bias at the cohort level, there were no significant metabolic
or microbiota differences between the randomized surgery groups
within the microbiome subset; therefore, the validity of the compari-
sons between RYGB and SG is unlikely to be affected.

In conclusion, we identified several gut bacteria predictive of
long-term T2D remission after bariatric surgery independent of the
extent of weight loss. These bacteria may represent interesting can-
didates for the development of next-generation probiotics or other
microbiome-based interventions targeting T2D. However, as these
bacteria are not well characterized or not yet isolated, more work is
needed tounderstand their rolein the human gutand the interactions
with the host.

Methods

Ethical approval

The study protocol™ was approved by the Regional Committees for
Medical and Health Research Ethics in Norway (2012/1427/REK s@r-@st
B).Informed consent was obtained from all participants.

Participant recruitment and clinical data collection

The Oseberg study is a single-centre, triple-blind, randomized con-
trolled trial conducted at Vestfold Hospital Trust (Ténsberg, Nor-
way) (ClinicalTrials.gov registration: NCT01778738)'¢. Patients with
severe obesity and T2D who were scheduled for bariatric surgery
were screened for eligibility according to the following criteria: age
18 years or older, current body mass index of 33.0 kg m™ or higher
with previously verified body massindex of 35.0 kg mor higher and
T2D (HbAlc of 26.5% (48 mmol mol™) or use of antidiabetic medica-
tions with HbAlc of 26.1% (43 mmol mol™)). Sex was recorded for
all participants and considered in the study design. Informed con-
sent was obtained from all participants. Participants did not receive
financial compensation.

The main exclusion criteria were previous major abdominal sur-
gery, cancer, severe medical conditions associated with increased risk
of complications, drug or alcohol addiction, pregnancy and severe
gastro-oesophageal reflux disease. Detailed exclusion criteria can
be found in the study protocol®. Eligible participants were randomly
allocated to either RYGB or SG in a 1:1 ratio; see protocol for descrip-
tion of interventions'. A surgeon, not involved in patient follow-up,
generated the randomization sequence using acomputerized random
number generator with a block size of ten. Allocations to personnel
and patients were concealed by using sequentially numbered, sealed
opaqueenvelopes. The allocation was revealed to the bariatric surgeon
inthe operating theatre on the day of surgery, but the blinding was not
lifted for the patient or personnel involved in patient follow-up until
lyear after surgery.

The present study includes 77 patients (39 RYGB and 38 SG) of the
109 originally randomized participants who provided faecal samples
both before and 12 months after surgery (Extended Data Fig. 10). The
patients who provided faecal samples were on average 8 years older
(P<0.001) and had lower HbAlc (7.8% (1.5%) vs 8.9% (1.9%)) than the
patients who did not provide faecal samples at both time points (n = 32).
There were, however, no differencesin any other baseline characteris-
tics (Supplementary Table 10). The analyses were not stratified by sex
because of the limited sample size.

Dietary habits in the participants were assessed, before and after
surgery, using a dietary food frequency questionnaire (FFQ). A reg-
istered dietician interviewed all patients individually, at baseline
and at the 12 month follow-up, and completed the FFQ together with
the patient. The patients and the assessor were blinded to the allo-
cated treatment on both occasions. The FFQ was developed by the
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Department of Nutrition at the University of Oslo in Norway, and
the nutrient intake and energy intake estimated from the FFQ have
been validated against doubly labelled water and Acti-Reg®® %, Given
that energy and micronutrient intake were reduced after surgery, we
used macronutrient intakes normalized to energy intake to inves-
tigate whether changes in nutrient intake could explain changes in
microbiome features.

Data on weight loss and T2D remission status at 5 year follow-up
were available for 33 out of 38 participants in the SG group and 37 out
of 39 participantsin the RYGB group. Two definitions of T2D remission
were used: HbAlc < 6.0% (42 mmol I!) or HbAlc < 6.5% (48 mmol [7Y),
both cut-offs without the use of glucose-lowering medication.

Laboratory analyses

Whole-blood HbAlc was analysed ona Tosoh high-performance liquid
chromatography G8 analyser (Tosoh Corporation). Glucose (Vitros
5.1, Ortho-Clinical Diagnostics, until October 2017, and Cobas 8000
analyser, Roche Diagnostics, thereafter), C-peptide and insulin (Cobas
6000 and Cobas e601analyser, Roche Diagnostics) and GLP-1 (radioim-
munoassay specific for the carboxyl terminus of the GLP-1, antibody
code no. 89390; RRID:AB_2892195) were analysed in serum obtained
before and during the oral glucose tolerance test (OGTT).

Calculation of insulin secretion and insulin sensitivity
Prehepaticinsulin secretion rate (ISR) was calculated from C-peptide
concentrations by deconvolution, using the ISEC software pro-
gramme®. We estimated BGS, ameasure of OGTT-derived insulin secre-
tion, asthe dose-response relationship between ascending post-OGTT
glucose levels and ISR values. Time to peak glucose concentration
was determined for each individual by plotting the ISR values against
the corresponding glucose levels until the time to peak glucose in
a cross-correlation analysis’. The slope of this linear relationship
represents BGS.

To estimate total body insulin sensitivity and the AIRg, we used
the Bergman minimal model with MINMOD Millennium software’.
AlIRg is defined as the area under the curve during the first 10 min
for serum insulin levels. We also calculated the homoeostasis model
assessment (HOMA) indices for insulin sensitivity and secretion
using the computer-based HOMA2 Calculator’?, which incorporates
fasting C-peptide and glucose levels. The HOMA2B index estimates
steady-state [ cell function, while the HOMA2S index estimates
steady-state insulin sensitivity, both expressed as percentages rela-
tive to anormal reference population.

Sample collection and metagenome sequencing

The participants were instructed to collect a faecal sample at home
using a collection kit. Samples were stored at room temperature,
delivered to the clinic within 24 h of collection and stored at -80 °C
until extraction.

Totalgenomic DNA wasisolated from 100-150 mg of faeces using
arepeated bead-beating method’®. Samples were placed in Lysing
Matrix E tubes (MP Biomedicals) and extracted twice in lysis buffer
(4%w/vSDS, 500 mmol I NaCl, 50 mmol I"*EDTA, 50 mmol I Tris-HClI,
pH 8) with bead beating at 5.0 m s™ for 60 s in a FastPrep-24 instru-
ment (MP Biomedicals). After each bead-beating cycle, samples were
heated at 85 °C for 5 minand centrifuged at full speed for 5 minat4 °C.
Supernatants from the two extractions were pooled, precipitated with
isoproanol and purified using the QIAmp DNA purification kit (QIA-
GEN). Total DNA was eluted in 100 pl of AE buffer (10 mmol I Tris-Cl,
0.5 mmol I EDTA, pH9.0).

A1pgsample of total faecal DNA was prepared for sequencing
using the TruSeq DNA Nano library preparation kit (Illumina) after
random fragmentation using a S220 Focused-ultrasonicator (COVA-
RIS). Libraries were sequenced on a NextSeq500 system (Illumina) as
paired-end 150 bp reads.

Pre-processing and taxonomic and functional annotation of
metagenome data

Raw metagenome reads were quality filtered, and human reads were
removed using kneaddata 0.10.0 with default settings (https://hut-
tenhower.sph.harvard.edu/kneaddata/). Taxonomy was assigned to
high-quality paired-end reads using Kraken2 (ref. 74) and the UHGG
database (v.2.0)** (https://www.ebi.ac.uk/metagenomics/genome-cata-
logues/human-gut-v2-0). Classification to species level was performed
using Bracken (v.2.6.2)”. Gut microbiota composition was analysed
using Bray-Curtis dissimilarity. High-quality reads were also aligned
to a gene catalogue generated from faecal metagenomes of Swedish
subjects with pre-diabetes, T2D and normal glucose tolerance, using
Bowtie2 with parameters -U-no-sq-no-head -p 16-very-sensitive.
Gene abundance profile was further rarefied to 14.8 million reads per
sample. Gene richness was calculated as the number of unique genes
inrarefied datasets with 11 million reads per sample. For metagenome
functional analysis, genes were annotated using the KEGG database™ ",
and generead counts were collated into functional gene families (KOs).
Differential abundance of KOs was assessed using DESeq2 (ref. 77). KOs
were summarized into GMM profiles using Omixer-RPM*. Covered
genes were also clustered into co-abundant gene clusters using the
canopy method’®. We obtained 429 co-abundant gene clusters with
more than 700 genes, defined as MGS. The abundance of MGS across
samples was represented by the medianabundanceinagene group’.
Taxonomic annotation of MGS was performed with the Genome Tax-
onomy Database (GTDB)”’ using the GTDB toolkit®’. Targeted analysis
of butyrate production potential was performed for five terminal
genesinfourbiosynthetic pathways (4hbt, but, atoA/D and buk) using
ahidden Markov model®* and HMMER search (hmmer.org, v.3.2.1) on
amino-acid-translated genes (six frames). Results with a full sequence
score of >100 were used. An MGS was assigned butyrate-producing
potential if it included at least one complete terminal gene for one of
the pathways. The potential for butyrate production pathwaysin each
sample was determined by combining the gene counts annotated to
the different terminal genes.

Measurement of SCFAs and BCFAs

Faecal SCFAs and BCFAs were measured using gas chromatog-
raphy coupled to mass spectrometry detection. A faecal sample
of 25-50 mg was mixed with internal standards, added to glass
vials and freeze-dried. All samples were acidified with HCI, and
SCFAs were extracted with two rounds of diethyl ether extraction.
The organic supernatant was collected, the derivatization agent
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma-Aldrich)
was added and samples were incubated at 20 °C room temperature
overnight. SCFAs were quantified with a 7890A gas chromatograph
equipped with aDB-5MS UltraInert column (30 m, 0.25 mm, 0.25 um),
coupled to a 5975C mass spectrometer (Agilent Technologies). Iso-
topically labelled standards of isovaleric acid, propionic acid and
sodium salts of acetate, isovalerate and butyrate were obtained from
Sigma-Aldrich. Quantification was made using a one-point calibra-
tion against the corresponding isotopically labelled internal stand-
ard. For each analyte, the most intense ion or fragment was selected
for quantification.

Statistical analysis

This is an exploratory analysis of the participants in the randomized
controlled trialwho provided faecal samples both before and 12 months
after surgery. No a priori power calculations were performed for the
analyses. Statistical analyses were performed using the R environment
and language®.. Data distribution was assumed to be normal for vari-
ablesanalysed using parametric tests (Supplementary Table1), but this
was not formally tested. Differential abundance after surgery compared
tobaseline was assessed using anon-parametric Wilcoxon signed-rank
test. Differences between groups were assessed using the Wilcoxon
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rank-sum test. Tests for explained variance in microbiome composition
were performed using permutational MANOVA with 9,999 permutations
using adonis2 in vegan 2.7-3 (ref. 82). Coefficients for features related
to the variance explained were extracted using adonis. For the deter-
mination of surgery-constrained variance in composition, capscale in
vegan was used. Featuresin count data (species, KOs, GMMs, butyrate
terminal genes) were analysed for change over time and surgery using
generalized linear modelsin LongDat (v.1.1.0)** Analysis was performed
using ‘count’ as the data type for dependent variables in longdat_disc.
Features were considered significantif the adjusted P values (false dis-
coveryrate adjustment with the Benjamini-Hochberg procedure) from
Wilcoxon signed-rank tests were <0.05 (for species) or <0.1 (for GMMs)
andifthe change over time did not covary with achange in medication
(statin, antihypertensive, proton pump inhibitors). Similarly, we tested
whether the change in considered features covaried with changes in
T2Dstatus or clinical parameters over time. Effect sizesreportedinthe
figures are featuresinwhich changes were classified as either ‘entangled
with covariate’ or ‘reducible to covariate’. Feature abundances at the
12 month follow-up were correlated with CAP1 and gene richness at
12 months using Spearman correlation and adjusting for weight loss
using the function pcor inthe ppcor package®. Networks of interacting
featuresat 12 monthsincluded Spearman’srho correlationslarger than
0.3 or smaller than —0.2 and false discovery rate-adjusted P < 0.1. The
model predicting 5 year remission using baseline features, abundances
and CAP1at12 months was performed using XGboost (extreme gradient
boosting), amachine learning method using sequential decisiontrees.
Variablesincluded were baseline abundances of the top abundant T2D
remission-associated species and baseline counts of terminal genes for
butyrate production. The optimal values for hyperparameters for each
outcome were detected by performing agrid search on several possible
combinations of different variables. The hyperparametersincluded the
number of trees, learning rate, minimal loss to expand on aleaf node,
maximum tree depth and subsample proportion. All other parameters
were used at their default values. The package XGBoost (v.1.6.0.1) was
usedinR (v.4.1.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Whole genome sequencing data have been deposited inthe European
Nucleotide Archive (ENA) under study accession number PRJEB59861
with public access. Access to clinical data collected from this study,
including de-identified individual participant data, willbe made avail-
able upon email request to J.H. (joran.hjelmeseth@siv.no). Data will
beshared withinvestigators whose proposed use of the datahasbeen
approved by the Oseberg Steering Committee and is according to the
consent given by the participants and Norwegian laws and legislation.
Summarizing source data for figures are provided in Supplemen-
tary Tables; individual feature source data for figures are available at
Zenodo viahttps://doi.org/10.5281/zenod0.19203868 (ref. 85). Source
dataare provided with this paper.

Code availability
Code for figure regeneration is provided at Zenodo via https://doi.
org/10.5281/zenod0.19203868 (ref. 85).
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