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ABSTRACT
Specific diets to manage sugar malabsorption are reported to reduce clinical symptoms of irritable
bowel syndrome (IBS). However, the effects of diets for malabsorbed sugars on gut microbiota
signatures have not been studied, and associations with clinical outcomes in IBS have not been
characterized. 22 IBS patients positively tested for either lactose-, fructose-, sorbitol- or combined
malabsorptions were subjected to 2-weeks sugar elimination and subsequent 4-weeks re-
introduction. 7 IBS patients tested negative for sugar malabsorption were used as controls.
Nutrition and clinical symptoms were recorded throughout the study. Fecal samples were serially
collected for 16S rRNA amplicon and shotgun-metagenome sequencing.

Dietary intervention supervised by nutrition counseling reduced IBS symptoms during the
elimination and tolerance phases. Varying clinical response rates were observed between subjects,
and used to dichotomize our cohort into visual analogue scale (VAS) responders and non-
responders. Alpha -and beta-diversity analyzes revealed only minor differences regarding 16S
rRNA-based fecal microbiota compositions between responder and non-responder patients dur-
ing baseline or tolerance phase. In shotgun-metagenome analyzes, however, we analyzed micro-
bial metabolic pathways and found significant differences in pathways encoding starch
degradation and complex amino acid biosynthesis at baseline between IBS controls and malab-
sorbers, and notably, between diet responder and non-responders. Faecalibacterium prausnitzii,
Ruminococcus spp. and Bifidobacterium longum largely informed these metabolic pathways.

Our study demonstrates that diet interventions for specific, malabsorbed carbohydrates
reshaped the metagenomic composition of the gut microbiota, with a small community of
bacterial taxa contributing to these changes rather than a single species.
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Introduction

Irritable bowel syndrome (IBS) is a highly prevalent
functional intestinal disorder characterized by
abdominal pain, discomfort and bloating associated
with disturbed bowel habits and a substantial reduc-
tion in quality of life.12 The diagnosis is made on
symptom-based criteria according to international
consensus guidelines and the exclusion of organ
pathologies.3 Several pharmacological and psycholo-
gical approaches have been established to treat the
disorder with varying success.4,5

As up to 60% of patients report that particular food
can trigger IBS-associated symptoms,6–8 diet inter-
ventions have become of particular interest in the
clinical management of IBS. Currently, the most

widely adopted approach is to reduce fermentable
oligosaccharides, disaccharides, monosaccharides
and polyols (FODMAPs) in the diet which leads to
an improvement in IBS symptoms.9–12 A gluten-free
diet has also been shown to ameliorate IBS symptoms,
but this diet is controversial in the standard-of-care of
the disorder.13,14 Although potentially beneficial,
these restrictive diets may increase risks for nutri-
tional inadequacy and for disordered eating habits.15

A reduction in prebiotics such as starches, fructans
and galacto-oligosaccharides can also lead to gut
microbiota changes leading to a reduction in benefi-
cial microbes and microbial metabolites.16–18

Consequently, more targeted and patient-tailored
dietary interventions are needed for the treatment of
IBS. A few clinical studies with specific carbohydrate-
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restricted diets have been carried out in IBS patients
with comorbid fructose and lactose intolerances,
which can occur in up to 70% of these cohorts.19–22

Diets reduced in malabsorbed sugars are reported to
induce global symptom relief in a substantial number
of patients, however, complete symptom resolution
was not achieved.20,22 It is currently unknown to what
extent other factors, such as the patient’s gut micro-
biota, contribute to clinical response variation and
symptom variability.

The gut microbiota has been shown to be altered
in patients with IBS.23 A systemic review demon-
strated that IBS is associated with lower relative abun-
dances of commensal bacteria like Lactobacillus,
Bifidobacterium and Faecalibacterium prausnitzii in
patients’ feces.24 Moreover, fecal bacterial profiles
have been shown to predict clinical responses to low
FODMAPs diet in IBS patients.25 There is a large gap
in data on the effects of carbohydrate-specific
dietary interventions on symptom severity and intest-
inal microbiota changes, especially with regard
to IBS and frequently occurring comorbid sugar
malabsorption.

We hypothesize that interventions to reduce
malabsorbed sugars in the diet affect the gut micro-
biota in IBS patients with sugar malabsorptions, and
that microbial profiles are associated with the clinical
outcome. To investigate this hypothesis, we per-
formed a single-center clinical study in IBS patients
diagnosed with lactose, fructose and/or sorbitol
malabsorption. Patients first underwent an elimina-
tion diet and later a malabsorbed sugar re-
introduction up to individually tolerated amounts.
Stool samples were collected serially from these
patients and non-malabsorbing IBS controls, and

were used for 16S rRNA amplicon and shotgun-
metagenome sequencing for metabolic pathway
analyzes.

Results

Participants

37 patients with formally diagnosed IBS were
recruited for the study (30 IBS patients with HBT-
diagnosed carbohydrate malabsorption in the inter-
vention group and 7 IBS patients without a sugar
malabsorption as controls). 8 participants of the inter-
vention group exited the study either in EL or TO and
were excluded from analysis. Detailed demographic
characteristics of all 29 patients are summarized in
Supplementary Table 1. The intervention group did
not differ from the controls except for the body mass
index (BMI) who presented with higher median BMIs
(Supplementary Table 1). IBS subtypes were classified
by BSS1 into IBS-C (constipation dominant subtype,
BSS 1 + 2 in >25% of bowel movements and <25% of
defecations with BSS types 6 or 7), IBS-D (diarrhea
dominant, BSS 6 + 7 in >25% of bowel movements
and<25%of defecationswithBSS types 1 or 2) or non-
classified (IBS-U, BSS 3–5 and not accurately classified
into IBS-C, -D or -M; IBS-M was not observed in out
cohort according to current classification criteria1)
were not different between controls and patients
with malabsorptions (Supplementary Table 1). QoL
parameter did not differ between both groups
(Supplementary Table 2). HBTs revealed that 13 par-
ticipants malabsorbed a single sugar (lactose: 1; fruc-
tose: 2; sorbitol: 10 patients each), and 9 had combined
carbohydrate malabsorptions (lactose + sorbitol: 2;

Table 1. Summary of IBS symptoms and nutrition over the course of the study in the intervention cohort.

Symptom Score
Baseline

Responder Non-responder
Elimination

Responder Non-responder
Tolerance

Responder Non-responder

Abdominal
pain [0–10]

6.5 (10) 5.0 (8) 2.0 (1.3) # 3.0 (1.8) 2.0 (2.5) * 3.0 (1.8) *

Meteorism [0–4] 2.0 (3.0) 3.0 (3) 1.0 (1.0) 2.0 (1.5) 2.0 (1.0) # 2.5 (1.0)
BSS [1–7] 4.0 (6.0) 3.0 (1.0) 4.0 (5.0) 3.5 (2.5) 4.0 (1.5) 3.0 (1.8)
Nutrition
Energy [kcal/d] 2002 (578) 2268 (540) 1924 (609) 1867 (204) 1990 (572) 2063 (338) *
Fat [g/d] 91.9 (17.7) 94 (19.5) 90.0 (24.4) 83.3 (31.7) 91.8 (27.3) 79.0 (19.6)
Carbohydrates [g/d] 175.3 (67.3) # 226.8 (74.2) 163.6 (66) 176.9 (30) 195.8 (49.2) # 206.2 (32.3) **
Protein [g/d] 90.1 (33.7) 78.0 (13.2) 86.5 (29.7) 72.7 (15.6) 77.4 (37.8) 72.4 (10.8)
Fiber [g/d] 14.2 (13.1) 16.1 (8.1) 21.0 (7.6) 15.5 (7.7) 18.0 (8.5) 17.6 (8.3)

Data are presented as median (IQR); responder, n = 12; non-responder, n = 10. * p < 0.05,
** p < 0.01 by Friedman test for non-parametric repeated measures over the course of the study;
# p < 0.05 responder vs. non-responder (Mann–Whitney tests).

GUT MICROBES 621



fructose + sorbitol: 2; lactose + fructose + sorbitol: 5
patients; Supplementary Table 1).

Symptoms

During the baseline period, the medians of the
overall gastrointestinal symptoms were 65 mm
for the patients with carbohydrate malabsorption
(min – max: 40–90) and 60 mm for the controls
(min – max: 30–70) on the VAS. Malabsorbing
patients further went into a single or combined
lactose-, fructose-, sorbitol-minimized diet
depending on the positively tested sugar malab-
sorption. Comparing VAS of BL vs. EL/TO in the
overall cohort, we observed a significantly lower
score at EL and TO compared to BL with substan-
tial variability among individual participants, espe-
cially during TO phase after re-introduction of the
malabsorbed sugars (Figure 1B and Supplementary
Figure 1A; ANOVA with repeated measures: fac-
tor (time): p < .0001). Overall, pain intensity was
significantly lower after the intervention, and
meteorism was significantly reduced after EL,
whereas no change was observed for overall BSS
(Supplementary Figure 1B). These individual dif-
ferences in responses to tolerance diets are fre-
quently observed in clinical IBS practice. We
hypothesized that the elimination of
a malabsorbed sugar for a short period of time
will later allow nutrition counseling-supported tol-
erance to the sugar by some patients. To measure
this, we stratified the cohort into diet responders
vs. non-responder based upon VAS scores at the
end of the TO phase (visit 4). Responders (n = 12)
showed a reduction in VAS score greater than
25 mm (baseline – visit 4 at the end of the toler-
ance phase), whereas non-responder displayed lit-
tle or no reduced VAS scores (n = 10; Figure 1C,
left; and Supplementary Figure 1 for individual
changes over time; ANOVA with repeated mea-
sures: factor (response): p = .068; interaction (time
* response): p < .0001). Overall, responder patients
reported a significantly lower VAS score at the end
of the TO phase compared to non-responders
(Figure 1C, right, p = .005 (Mann–Whitney test
for responders vs. non-responders), uncorrected;
p = .016 after Bonferroni correction); VAS scores
at baseline were not significantly different between
responders and non-responders (VAS scores

[median (IQR)]: Resp: 70 (50); NR: 55 (20),
p > .05 (Mann–Whitney test)); other IBS symp-
toms were also not different at baseline (see
Supplementary Table 5). On a symptom level,
pain intensity decreased significantly throughout
the course of the study in both groups, but we did
not detect differences in pain scores between diet
responder and non-responder (Table 1). Bloating
symptoms and BSS scores also decreased during
diet intervention, but a repeated measures analysis
over time did not reach statistical significance
(Table 1). Comparing meteorism scores between
responder and non-responder groups we found
a significant difference at the end of the TO
phase (p = .019, uncorrected; p = .058 after
Bonferroni correction), but not for BSS (p = .70).
Applying the SF-36 questionnaire for QoL mea-
sures, diet responders showed a significant
increase of scores for the items physical function-
ing, bodily pain and general health during and
after intervention, but there were not significant
changes in individual scores in the non-responder
group (Supplementary Table 3).

Diet

Baseline dietary intake parameters did not differ
between controls and the intervention cohort
(Supplementary Table 4) and were comparable to
published datasets in IBS diet intervention
studies.9,16 During the diet intervention, we
observed a slight decrease in daily total energy
intake, mainly driven by a significant reduction in
carbohydrate intake across all groups (Friedman
test, p = .016) (Figure 1D). Fat and protein intake
remained unaffected by the sugar diets. Analyzing
the two subgroups, we observed that only the non-
responders displayed a significant reduction in
energy (p = .001, uncorrected; p = .0023 after
Bonferroni correction) and carbohydrate intake
(p = .002, uncorrected; p = .005 after Bonferroni
correction) when comparing EL to BL (Table 1),
whereas in the responder group these parameters
changed only marginally.

Studying the tested malabsorbed carbohydrates in
the intervention cohort, individual or combined sugar
malabsorptions were almost equally distributed
between responders and non-responders (Figure 1E).
Regarding the intake of lactose, fructose and sorbitol
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Figure 1. Clinical response to diet intervention in sugar malabsorbing IBS patients. (A) Flow diagram illustrating the study phases. (B)
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in participants with either a single or combined sugar
malabsorption, we found a significant change of lac-
tose intake (ANOVA: p = .003), fructose intake
(ANOVA: p = .0372) and sorbitol intake (ANOVA:
p = .0049) over time (Figure 1F). Overall, these results
implicate good compliancewith diet restrictions in the
intervention cohort, but they do not explain the dif-
ference in VAS scores between responder and non-
responder groups, as both display reduced intake of
the malabsorbed sugars in the EL phase of our study.

Gut microbiome analyzes

16S rRNA sequencing
In a first microbiome sequencing approach, 16S
rRNA amplicon sequencing was successfully carried
out on almost all samples collected (all control parti-
cipants at baseline [n = 7 samples]; malabsorber/

intervention cohort at baseline [n = 21], during EL
[n = 18] and TO [n = 18 samples]).We analyzed alpha
diversity as a measure of microbial community diver-
sity using the Simpson’s index and observed no sig-
nificant difference between participants in the diet
intervention arm and the control IBS patients at base-
line (Figure 2A; p = .87). During intervention, the
alpha-diversity index did not change, and there was
no difference between diet responder vs. non-
responder (Figure 2A; ANOVA: p = .43 [factor
time]; p = .82 [factor responder]). In addition, we
did not observe correlations between VAS scores
and Simpson’s indices at baseline or after TO (see
Supplementary Figure 2).

After correction for very rare OTUs in the fecal
samples (less than 0.5% relative abundance of any
taxa in any sample excluded), we found 652 dif-
ferent OTUs in the patients’ stool samples. The
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relative abundances of bacterial families in the
control and intervention cohort for all time points
is shown in Figure 2B. In order to statistically
analyze the taxonomic differences between groups,
we used the linear discriminant analysis (LDA)
effect size (LEfSe) method: Comparing the fecal
microbiome of controls and patients with sugar
malabsorptions at baseline, five taxa comprising
the genera Adlercreutzia and Ruminococcus and
the families Coriobacteriaceae, Christensenellaceae
and Ruminococcaceae were significantly different
in the two cohorts (Supplementary Figure 3A
and 3B).

We further analyzed beta-diversity analyzing con-
trol patients vs. patients in the intervention cohort
(at all time points) dichotomized into diet responders
vs. non-responders by principle coordinate
analysis (PCoA)/non-metric multidimensional scal-
ing (NMDS) analysis on generalized UniFrac dis-
tances of 16S rRNA-related OTUs and observed
a significant group difference (Supplementary Figure
3C). Significant beta-diversity differences in the gut
microbiome signatures between responders and non-
responders were not observed at baseline
(Supplementary Figure 3D, left), in EL or TO phase
(Figure 2C and Supplementary Figure 3D, right).

Shotgun-metagenome sequencing
16S rRNA sequencing allows reliable taxa resolution
only up to the genus level and does not provide
information about the functional characteristics such
as representation of metabolic pathways. Thus, we
performed shotgun-metagenome sequencing on
fecal samples from controls (n = 7) and on samples
fromdiet intervention patients at baseline (n = 23) and
at TO phase (n = 21). We did not analyze samples
from patients at EL phase as there were no taxa differ-
ences observed by 16S rRNA sequencing. We first
compared the relative abundances of metabolic path-
ways between controls and patients with carbohydrate
intolerances using the HUMAnN2 metagenome ana-
lysis algorithm.26 Supplementary Figure 4 shows the
most abundant pathways (411 metabolic pathways
annotated in total in this study cohort) with differ-
ences in scaled relative abundances displayed in color
stacks. To explore differences in pathway abundances
between controls and malabsorbers, we carried out
a LEfSe analysis and found that pathways covering
branched amino acid synthesis, L-isoleucine

biosynthesis and starch degradation are found to be
more present in controls, whereas pathways for phos-
phopantothenate or queuosine biosynthesis are
overrepresented in subjects with malabsorptions
(Figure 3A). In Supplementary Table 6, we present
median pathway abundances and FDR-corrected
p-values after Kruskal–Wallis pairwise comparisons.
Comparing the metabolic pathway abundances
between responder and non-responder patients at
baseline we found no discriminative features with an
absolute LDA score > 2.0. Similarly, LEfSe revealed no
significant difference in pathway abundances between
metagenome samples from theBL vs. TO study phases
within themalabsorber/intervention group. However,
during TO we found a significant overrepresentation
of several pathways in the responder groupwith starch
degradation, tRNA charging and branched amino
acid biosynthesis again were the most discriminative
features in LEfSe (Figure 3B). The association of these
pathways with clinical response remained significant
after multivariate testing using fiber ingestion as
a covariate and FDR-adjusting formultiple hypothesis
testing27 (Supplementary Table 7).

The pathways of starch degradation and branched
amino acid biosynthesis discriminated control sub-
jects from patients with malabsorptions and respon-
der vs. non-responder after diet intervention. We
asked whether specific bacterial species, and at
which abundance, can contribute to these metabolic
pathways in our cohort. As presented in Figure 3C, we
found Faecalibacterium prausnitzii, Eubacterium,
Ruminococcus and Roseburia spp. to contribute to
starch degradation, and Faecalibacterium prausnitzii,
Akkermansia muciniphila, Coprococcus eutactus,
Odoribacter splanchnicus, Ruminococcus obeum and
Bifidobacterium longum to encode branched chain
amino acid synthesis and L-isoleucine biosynthesis.
We further investigated the correlation of abundances
between these metagenomic pathways and the
selected taxa and observed significant correlations
for Faecalibacterium, Bifidobacterium longi and rumi-
nococci (Supplementary Table 8 and Supplementary
Figure 5). Finally, we investigated the relative abun-
dances of these species in the gut microbiota of our
study cohort, and found that Faecalibacterium praus-
nitzii, Ruminococcus bromii, Akkermansia mucini-
phila or Bifidobacterium longum were less abundant
in non-responders, especially at TO phase, but none
reached statistical difference on its own (Figure 3D).
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However, if we summed the relative abundances of
each of these selected species for each group, we found
a significant difference at TO phase with responders
having a significantly higher abundances of the
summed species than non-responders (Figure 3E).
In synopsis, these results suggest that not a single
member of the gut commensal microbiota informs
a microbial metabolic pathway, but it is rather deter-
mined by a defined ecology of variousmembers of the
commensal microbiota.

Discussion

Despite growing interest in the crosstalk between gut
microbiota and dietary modulations in IBS, there is
little data on the impact of specific carbohydrate
diets on clinical symptoms and their association
with specific intestinal microbiota profiles in IBS
patients with carbohydrate malabsorptions. In the
present study, we fill this gap by demonstrating
that the clinical response to malabsorbed sugar-
minimized/reduced diets is significantly associated
with a specific, functional gut microbiota profile.

Previous studies already found that di- or mono-
saccharidemalabsorptions and intolerances occur fre-
quently in patients with functional gastrointestinal
disorders.19–22 However, the prevalence rates for mal-
sorptions of, e.g., lactose or fructose do not differ
between healthy subjects and IBS patients when mea-
sured by objective diagnostic tools such as an
HBT.28,29 Rates of sorbitol malabsorption are also
reported to be similar between patients with IBS and
healthy controls.30 Nevertheless, the overall gastroin-
testinal symptoms increased significantly more in
patients after sugar challenge tests, as demonstrated
in fructose malabsorbing IBS patients. Adherence to
a lactose-, fructose- or sorbitol-minimized diet can
reduce IBS-associated symptoms.20,22,31,32 Despite
some limitations in our study (as noted below), we
also observed that a dietary restriction of a single or
combinedmalabsorbed carbohydrate can significantly
ameliorate IBS symptoms. However, when the sugar
was continuously reintroduced to the diet with sup-
port from nutritional counseling, we observed that
approximately 45% of all patients did not respond or
lost initial relief toward the dietary intervention during
the tolerance phase. This contrasts previous studies
that reported non-response rates in only up to 20%
of study participants.20,22 Such a difference in our

response rate may be due to our rather stringent
response criteria that were informed by the
FODMAPs study of Halmos and colleagues,9 and
parallels recently published response rates in a meta-
analysis evaluating low FODMAPs diet in IBS.33 We
can also exclude noncompliance, as we recorded
a range of nutritional data in all study phases, and
observed that the intake of lactose, fructose and sorbi-
tol were significantly reduced during the elimination
phase. Fructose intake remained low during the toler-
ance period in the non-responder subgroup, exclud-
ing an excess in fructose intake as a major cause for
symptom relapse. In contrast to lactose, which was
also onlymarginally re-introduced into the diet by our
patients at TO, sorbitol intake almost returned back to
baseline levels in both groups and fructose intakewent
up in responders. Despite some heterogeneity in diet
compositions and malabsorption across our study
cohort, this result indicates that additional factors
other than digestion and carbohydrate absorption by
the host can contribute to the clinical response
observed in our study. One explanation for this sur-
prising finding could come from changes in gut
microbiota signatures and intrinsic metabolic capaci-
ties of the gut microbiota.

Our findings are consistent with other previously
published data in the literature, Halmos et al. reported
that a low FODMAPs diet significantly changes the
gut microbiota of IBS patients.16 A study by Bennet
and colleagues observed that the clinical response to
a low FODMAPs diet is determined by the baseline
fecal microbial composition with adult non-
responder patients showing a dysbiotic microbiota
with an overrepresentation of Streptococcus and
Dorea.25 Similarly, in children with IBS, clinical
response to a low FODMAPs diet was also linked to
a specific set of intestinal bacteria.34 Analysis of fecal
metagenomic revealed changes in normal micro-
biome organization that suggest an association with
disease state, especially in IBS and obese patients.
Alterations in this organization can be affected by
metabolites and enzymatic products mediated by
diet.35 This coincides with a study recently published
by Wilson and colleagues who also found that a low
FODMAP diet can influence gut microbiota in
a beneficial way. They determined that fecal metabo-
lites may predict if an IBS patient responds positively
to dietary modulations.36 These trends in the litera-
ture highlight the need for in depth gut metagenomic
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studies for targeted IBS therapies. Unlike previously
published data, our study looks at specific sugar
malabsorptions and associations of microbial metage-
nomic signatures with clinical responses to dietary
interventions.

In our clinical study, we focused on whole micro-
biota ecologies rather than individual commensals.
The alpha-diversity index was not different between
controls and malabsorbers and did not change during
intervention. This is congruent with previous results
from a low FODMAPs intervention study by
Staudacher et al.11 Beta-diversity differences between
controls vs. diet responder and non-responder
patients were overall significant, but rather modest
between the responders and non-responders at TO
phase indicating that the diet intervention had only
little effect on the 16S rRNA composition. Analysis of
metagenomic metabolic pathways for the fecal micro-
biota showed that the microbial ecologies of IBS con-
trols and malabsorbing patients differed a priori in
metabolic pathways of starch degradation and amino
acid biosynthesis (i.e., l-isoleucine biosynthesis or
branched amino acid biosynthesis). This pattern was
also found to be different between clinical VAS
responder and non-responder patients at the end of
the tolerance phase (but not at baseline between the
two groups). This result demonstrates that the dietary
intervention, especially during the sugar elimination
period, reshaped the gut microbiota and its metabolic
capacity in responder subjects such that it may poten-
tially increase the metabolism of complex carbohy-
drates, starches and/or dietary fibers. In this context,
we may speculate that the increased metabolic capa-
city of the intestinal microbiota could allow respon-
ders to digest previously malabsorbed sugars like
fructose and sorbitol. In addition, this change in
metabolic microbiota output can lead to an increase
in beneficial microbial products, such as essential and
complex amino acids. These pathways are also essen-
tial for the synthesis of short-chain fatty acids.
Products such as butyrate, propionate, or acetate, are
all of particular importance for gut mucosal home-
ostasis, metabolism and homeostatic gut-brain axis
signaling.17We further evaluated which gut commen-
sal species contribute to these pathways in particular,
and fond Faecalibacterium prausnitzii, Ruminococcus
spp., Akkermansia muciniphila and Bifidobacterium
longum to inform these two pathways in our cohort.
These species have previously been found to be

associated with beneficial responses following low
FODMAPs diets in IBS, e.g., Faecalibacterium praus-
nitzii andRuminococcus spp.,34 orAkkermansiamuci-
niphila were observed to be linked with clinical
responses after FMT – induced microbiota manipula-
tions in IBS, and Bifidobacterium longum associated
with mood alleviation in IBS.37 None of these bacteria
was prominent on its own in our patient subgroup,
highlighting current concepts inmicrobiome research
that defined ecologies, and not a single bacterium,
contribute to health and disease phenotypes.38

Despite these novel insights into diet – micro-
biome interactions, we would like to add that our
study has limitations. Reliable subgroup analyzes
for specific carbohydrate malabsorptions and IBS
subtypes based on BSS scores could not be carried
out because of a single-center design and limited
patient number. Sample size calculations for study
statistics are generally difficult in exploratory stu-
dies; we followed cohort sizes in similar IBS stu-
dies with carbohydrate diet interventions.39–41

Recent literature also reported pitfalls of HBTs,
a widely used diagnostic tool for carbohydrate
malabsorption.42 Especially the issue of blinding
has been a matter of discussion as these tests are
usually performed open and IBS patients are prone
to anticipation effects. In a recent study by Wilder-
Smith et al., however, an HBT for fructose did not
reveal significant difference in tolerance or malab-
sorbtion in patients with functional gastrointest-
inal disorders when performed open vs. blinded.43

Although gut metagenome studies go far beyond
conventional 16S rRNAmicrobiome sequencing, and
add a functional component to the microbiome ana-
lysis, our study is associative in nature. It has also
recently been demonstrated that different parts of
the intestinal tract harbor a different luminal and
mucosal commensal microbiota.44 This may be rele-
vant as wemeasured microbial metagenomes in feces,
and not in the small bowel where sugar uptake occurs.
As a result, we can only speculate about the mechan-
isms underlying microbiota effects on sugar malab-
sorption in IBS. We also cannot exclude any placebo
effects that potentially contributed to beneficial VAS
responses in the responder cohort, as our study was
not randomized and double-blinded. At this point, we
would like to mention a study by Shepherd et al.41

who investigated the effects of fructose diet on
IBS symptoms in fructose malabsorbing patients.
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Intriguingly, diet adherence significantly affected IBS
symptoms with non- or partially adherent patients
showing less symptom relief. Despite non-
randomization, non-blinding and no placebo diet
control, diet with full adherence improved clinical
symptoms making the placebo component as
a response trigger less likely. Still, there is
a possibility that thismay have affected gutmicrobiota
signatures via “brain-to-gut” top-down signaling
mechanisms, however, we are not aware of systematic
studies approaching the latter question.

Furthermore, it needs to be discussed that changes
in the gut microbiota of the intervention group
might occur independent of the diet intervention
along temporal fluctuations of the gut microbiota.
In the analysis of the beta-diversity of non-
malabsorbing controls vs. malabsorbing IBS patients
(responders vs. non-responders) at baseline, we did
not see a different clustering of these different patient
subgroups (data not shown). We also did not find
major changes in microbiota compositions between
controls andmalabsorbers at baseline. At least to our
understanding, this excludes a change in microbial
signatures independent of the diet intervention.
However, there might be subgroup effects that can-
not be revealed due to the limited sample size.

In conclusion, our study demonstrates for the
first time that fecal microbial metagenomic signa-
tures on the level of metabolic pathways are asso-
ciated with the presence of sugar malabsorptions
in IBS patients and with their clinical responses
after carbohydrate-specific diet intervention.
Future studies are required to test the robustness
of our findings and evaluate therapeutic strategies
to favorably manipulate the gut microbiota in
patients that do not respond to diet interventions
for a more beneficial clinical outcome.
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